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ABSTRACT 

This research examines the effect of paternal alcohol consumption on fetal 

growth and on the sperm epigenetic and noncoding RNA profile. Earlier studies have 

found links between paternal preconception alcohol consumption and fetal growth, 

offspring behavior and programming of metabolism in the adult offspring. These studies 

have historically focused on transmission of alcohol exposure mediated changes in 

sperm DNA methylation and small noncoding RNAs.  

Building on this set of research, we conduct our own analysis using a mouse 

model of voluntary chronic alcohol consumption. We examine the ability of paternal 

alcohol exposures to cause late-term fetal growth deficits. By measuring fetal and 

placental parameters at gestational day 16.5, we identify significant growth restriction 

accompanied by reduced placental efficiency in a sex-independent manner and 

significant enlargement of placentae of the male offspring. Using transcriptomic 

analyses in combination with chromatin immunoprecipitation for the regulatory protein 

CCCTC-binding factor (CTCF), we show that paternal alcohol influences placental gene 

regulation by altering patterns of large-scale chromatin architecture. Next, using small 

RNA sequencing, we show that alcohol significantly alters the abundance of different 

small noncoding RNA subpopulations in sperm. Using mass spectrometry, western 

blotting and Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq), 

we further show that alcohol alters the populations of specific histone modifications 

globally and this is accompanied by differential enrichment of these histones at genes 

that are involved in neurodevelopment, cell adhesion and embryo development. Finally, 
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using the same approach we characterize changes in sperm histone profiles during 

epididymal transit. We find that histones associated with enhancers and a subset of gene 

promoters are differentially enriched in the caput and cauda epididymides. 

Findings from our studies illuminate the complex epigenetic basis of the 

paternally transmitted effects of environmental exposures. They contribute to the 

existing literature by studying the impact of alcohol on sperm-retained histones and 

noncoding RNAs as well as its effects on placental epigenetics. Future studies looking at 

the early embryo developmental program in response to paternal environmental 

exposures can use similar methods to assess contributions of the sperm epigenome.  
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NOMENCLATURE 

 

ChIP Chromatin Immunoprecipitation 

CMA3 Chromomycin A3 

CpG 5'-Cytosine-phosphate-Guanosine-3' 

CTCF CCCTC-binding factor 

DNA Deoxyribonucleic acid 

FASDs Fetal Alcohol Spectrum Disorders 

FPKM Fragments Per Kilobase or transcript per Million mapped reads 

GD Gestational Day 

H3/H4 Histone H3/H4 

miRNA microRNA 

MS Mass Spectrometry 

PFA para-formaldehyde 

PBS phosphate buffered saline 

PTM Post-translational modification 
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tRF tRNA fragments 
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1. INTRODUCTION  

Alcohol is a notorious teratogen and periconceptional exposures have been 

linked to a spectrum of growth, structural and central nervous system deficits in the 

fetus, known as Fetal Alcohol Spectrum Disorders (FASDs),  that perpetuate into 

childhood, adolescence and even adulthood (Moore and Riley, 2015). The prevalence of 

high rates of FASDs, alcohol-related birth defects and neurodevelopmental disorders 

across continents informs us that management of FASDs is a significant burden for 

every community (Roozen et al., 2016). Due to the link with gestational exposures, 

research into FASD has focused on the singular role of the mother (Carter et al., 

2013)(Figure 1.1). However, a growing body of research has linked paternal 

preconception alcohol with deficits in fetal growth, offspring behavior, long-term 

metabolic outcomes (Abel, 2004; Chang et al., 2017; Finegersh et al., 2015; Rompala et 

al., 2019; Zhang et al., 2019).  
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Figure 1.1 Line plot of research outputs in PubMed studying Fetal alcohol spectrum Disorders by 

parent of exposure 

In this dissertation, I outline research from our lab examining the effects of 

paternal alcohol consumption on fetal growth deficits. In doing so, we study the 

underlying epigenetics that associate with altered transcriptional networks in the 

placenta of alcohol-sired fetuses. Furthermore, our research also determines epigenetic 

mechanisms that transmit the memory of environmental exposures to the offspring via 

sperm chromatin and small noncoding RNAs. Lastly, we examine histone modifications 

in post-testicular sperm and uncover a highly dynamic process of chromatin 

reorganization during the period of epididymal maturation. 

In Chapter 2, we evaluate the impact of chronic paternal alcohol consumption on 

fetal and placental growth. Previously, our lab has shown that chronic alcohol exposure 

in male C57BL/6J mice led to fetal growth restriction in only the female offspring, 
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which was measured at gestational day 14.5 (GD 14.5) (Chang et al., 2017). Here, we 

found that during the exponential growth phase of the fetus, which occurs after GD 14.5 

(Mu et al., 2008), larger and more significant growth deficits were apparent in a sex-

independent manner (Bedi et al., 2019). Pregnancies from alcohol-exposed and control 

sires were terminated at GD 16.5 and fetal and placental mass and morphometrics 

informed us of fetal growth restriction and reduced placental efficiencies, that were more 

severe in male offspring. 

This chapter also determines the effects of chronic alcohol exposure on male 

reproductive physiology. While our previous study found no significant effect of alcohol 

on sperm motility, count or fertility (Chang et al., 2017), we did not assess all aspects of 

male reproductive health. Other studies done in rodent models using sexually mature males 

have reported a wide spectrum of effects from defects in sperm in vitro fertilization dynamics 

including nuclear decondensation (Sanchez et al., 2018) to hormonal imbalances and testicular 

damage (Anderson et al., 1980; Martinez et al., 2009) and, in some cases, no deleterious effects 

were observed at all (Cicero et al., 1990). Here, we thoroughly assess markers of reproductive 

physiology including gross testicular, epididymal and seminal vesicle weights, serum 

testosterone levels and seminiferous tubule morphology. We also analyze changes in sperm 

viability, DNA damage and chromatin damage in response to alcohol. We found no difference in 

any of the abovementioned markers and conclude that the chronic preconception alcohol model 

we use does not associate with adverse effects on male reproductive physiology or sperm 

viability. 

Sperm carry a vast payload of small noncoding RNAs including microRNAs, piRNAs, 

tRNAs and tRFs (Amanai et al., 2006; Hutcheon et al., 2017; Peng et al., 2012). While their roles 
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during early development are still poorly understood, several studies have implicated alterations 

in the abundance of specific sets of these RNAs in the transmission of adverse health outcomes. 

As examples, small ncRNAs altered in response to paternal environmental exposures such as 

high fat diet (Chen et al., 2016a) and stress (Rodgers et al., 2015) can, in isolation, induce similar 

defects when injected into naïve one-cell stage embryos. We isolate sperm RNA from alcohol-

exposed sires, and use deep sequencing for RNAs smaller than 100nts. By mapping the resulting 

reads to known databases of microRNAs, piRNAs, tRNAs and tRFs, we determine the small 

noncoding RNA profile of sperm in response to alcohol. We report that alcohol alters the 

abundance of small RNA populations, particularly the ratio of tRFs to piRNAs is lower than in 

control sperm. Also, we identify three microRNAs, mir-142, mir-21 and mir-30a, that are 

significantly altered in alcohol exposed sperm.  

In Chapter 3, we follow up on data from our previous study where we discovered altered 

transcriptional clusters of genes in the placenta of alcohol-sired fetuses (Chang et al., 2017). 

Here, we show that alcohol exposure induces altered localization of the insulator binding protein, 

CCCTC-binding factor (CTCF), at multiple loci, including several gene clusters that are 

dysregulated in the placental transcriptome. In order to do so, we use chromatin 

immunoprecipitation followed by sequencing (ChIP-seq) to determine regions of enrichment for 

CTCF in the placental genome. Our research shows that paternal exposures can have an impact 

on long-range chromatin dynamics of the placenta by influencing the binding of regulatory 

proteins to their DNA elements. 

In Chapter 4, we examine post-testicular sperm maturation in the context of histone 

posttranslational modifications (PTMs) and the enrichment of different histone PTMs in sperm 

isolated from the caput and cauda epididymis. Here, we present novel evidence highlighting the 

active remodeling of sperm chromatin that occurs in the epididymal transit of sperm. We use a 
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mass spectrometry (MS)-based analysis to first identify differentially enriched histone PTMs 

across the two sperm populations. We then proceed to verify the candidate PTMs with high 

degree of change and abundance by western blotting. Based on our findings, we select H3K27ac 

and H3K9me2, both of which are associated with enhancers, as well as in the case of H3K27ac, 

gene promoters, and use ChIP-seq to identify differential genomic regions of enrichment. Our 

work uncovers a highly dynamic sperm epigenome in the period of epididymal maturation 

suggesting that this is an important window wherein paternal exposures can influence the 

epigenetic landscape and have undesirable effects on the offspring. 

In the final chapter, we examine the effects alcohol has on the sperm-retained histone 

PTMs. Using MS, western blotting and ChIP-seq we identify differential enrichment of histone 

modifications H3K4me3 and H3K9me2 in alcohol exposed sperm. Using pathway analysis, we 

identify an intersection of the affected gene networks in neurodevelopment, cell adhesion and 

embryo development. This is the first study that identifies these changes in the context of 

paternal alcohol exposure and will inform future studies that assess the role of the paternal 

exposures in the transmission of FASD phenotypes and other alcohol related deficits in 

offspring. 
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2. ALTERATIONS IN SPERM-INHERITED NONCODING RNAS ASSOCIATE 

WITH LATER-TERM FETAL GROWTH RESTRICTION INDUCED BY 

PRECONCEPTION PATERNAL ALCOHOL USE* 

2.1. Introduction 

Developmental plasticity refers to the dynamic ability of one genotype to 

produce multiple phenotypes in response to different environmental stimuli (Hochberg et 

al., 2011). This phenomenon enables the best chances of reproductive success but can 

also associate with the development of functional deficits and disease. Indeed, there are 

multiple instances where the predisposition of offspring to develop diseases later in life 

can be traced to a fetal compensation to an early life stressor (Feil and Fraga, 2012). For 

example, small-for-gestational-age babies have an increased risk of developing 

metabolic diseases, such as type two diabetes, and both cardiovascular morbidity and 

mortality as adults (Gluckman et al., 2009; Padmanabhan et al., 2016). These 

observations helped found the Developmental Origins of Health and Disease hypothesis, 

and established the current recognition of the importance intrauterine development has in 

lifelong health. 

Less well defined are the abilities of parental life history to influence organism 

phenotype. Although not as well characterized as intrauterine encounters, parental 

exposures prior to conception also exert a significant impact on offspring health and 

 

* Reprinted with permission from “Alterations in sperm-inherited noncoding RNAs associate with late-

term fetal growth restriction induced by preconception paternal alcohol use” by Bedi et al. 2019. 

Reproductive Toxicology, 87, pp. 11-20, Copyright [2019] by Bedi et al. 
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development (Lane et al., 2014). Thus, in addition to uterine programming, the processes 

of germline programming that occur during gametogenesis also have the ability to 

impact offspring phenotype and influence the developmental plasticity of the next 

generation. Recently, preconception male exposures to a range of environmental factors 

have been linked to alterations in the developmental program of sperm and correlated 

with increased rates of structural and metabolic defects in the next generation (Anway et 

al., 2005; Carone et al., 2010; Chang et al., 2017; Chen et al., 2016a; Dias and Ressier, 

2014; Donkin et al., 2016; Esakky et al., 2016; Fullston et al., 2013; Gapp et al., 2014a; 

Lambrot et al., 2013; Ng et al., 2010; Radford et al., 2012, 2014; Rompala et al., 2018; 

Sharma et al., 2016; Shea et al., 2015; Sun et al., 2018; Terashima et al., 2015; Wei et 

al., 2014; Zeybel et al., 2012). These studies challenge the singular importance of 

maternal in utero exposures and implicate paternal exposure history as an additional and 

important mediator of both developmental defects and environmentally-induced disease. 

The molecular mechanisms by which preconception stressors heritably influence 

cellular phenotypes are still very poorly understood. Molecular processes that allow the 

stable propagation of either chromatin-states or epigenetic information from one 

generation of cells to the next are hypothesized to play a role in transmitting the cellular 

memories of past exposures through gametogenesis to the offspring (Rando and 

Simmons, 2015). Specifically, mature sperm carries epigenetic information in patterns of 

DNA methylation, the region-specific retention of histones and DNA binding factors 

(like CTCF), as well as populations of small noncoding RNAs (ncRNAs). However, 

studies examining paternally-inherited abnormalities in growth and metabolic function 
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have provided evidence to both support and refute the involvement of sperm-inherited 

changes in DNA methylation in the transmission of these phenotypes (Carone et al., 

2010; Chang et al., 2017; Ng et al., 2010; Radford et al., 2012; Shea et al., 2015; Sun et 

al., 2018; Wei et al., 2014). Similarly, although select regions of the sperm genome 

retain histones, it is unclear if this epigenetic information persists through the 

remodeling of the paternal genome during syngamy, or have the ability to transmit 

through the cell cycle (Henikoff and Shilatifard, 2011; O’Doherty and McGettigan, 

2015). The strongest candidate to date has been the transmission of paternally inherited 

ncRNAs. In these studies, the injection of either total sperm RNAs or a subset of sperm 

RNAs (for example, microRNAs or tRNA-derived small RNAs) into normal zygotes can 

recapitulate some paternal phenotypes induced by mental or metabolic stressors (Chen et 

al., 2016b). However, the mechanisms through which the effects of sperm-inherited 

ncRNAs persist into later life remain poorly defined (Conine et al., 2018). 

In the United States, 70% of men drink and 40% drink heavily, with 8.3% 

reporting the routine consumption of more than two drinks per day (Naimi et al., 2003; 

White et al., 2006). Despite the nearly ubiquitous and constant exposure during 

reproductive ages, we currently have a very poor understanding of the effects chronic 

preconception alcohol use has on male reproductive physiology and the sperm-inherited 

developmental program. Using a mouse model of voluntary consumption, our lab 

recently described an association between chronic preconception paternal alcohol use 

and deficits in both placental function and offspring growth (Chang et al., 2017, 2019a). 

Importantly, these phenotypes did not associate with any measurable alterations in 
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sperm-inherited patterns of DNA methylation (Chang et al., 2017). Therefore, the 

question of how the memory of chronic alcohol use transmits to the offspring remains 

unresolved. 

Mechanistic studies in rodents have revealed that alcohol impairs the endocrine-

reproductive axis, indicating male alcohol use may impact foundational aspects of 

reproductive function (Canteros et al., 1995; Young Lee et al., 2010). In addition, 

multiple studies in humans and rodents have indicated that chronic alcohol use 

negatively impacts the integrity of the sperm nucleus (Anifandis et al., 2014; Joo et al., 

2012; Rahimipour et al., 2013; Sanchez et al., 2018; Talebi et al., 2011). Finally, using 

an inhalation model of exposure, Rompala and colleagues recently described alcohol-

induced alterations in the profile of sperm derived ncRNAs (Rompala et al., 2018). 

However, whether facets of male reproductive function, sperm nuclear structure or the 

profile of sperm-inherited ncRNAs are altered in our model of voluntary alcohol 

consumption and associate with the development of the observed growth defects remains 

to be resolved. 

2.2. Materials and Methods 

2.2.1. Animal Work 

All experiments were conducted under AUP 2017–0308 and approved by the 

Texas A&M University IACUC. Individually caged C57BL/6J (RRID: 

IMSR_JAX:000664) postnatal day 90 adult males were obtained and housed in the 
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Texas A&M Institute for Genomic Medicine, fed a standard diet (catalog# 2019, Teklad 

Diets, Madison, WI, USA) and maintained on a 12-hour light/dark cycle. In this study, 

we employed a voluntary model of alcohol exposure known as Drinking in the Dark. 

This model of exposure avoids the stress associated with forced feeding and mitigates 

the known impact of stress on the sperm-inherited epigenetic program (Gapp et al., 

2014a). Using methods described previously (Chang et al., 2017), males were provided 

limited access to ethanol during a four-hour window, beginning one hour after the 

initiation of the dark cycle. During this four-hour window, experimental males were 

provided access to a solution of 10% (w⁄v) ethanol (catalog# E7023, Millipore-Sigma, 

St. Louis, MO, USA) and 0.066% (w⁄v) Sweet’N Low (Cumberland Packing Corp, 

Brooklyn NY, USA). Control males received a solution of 0.066% (w⁄v) Sweet’N Low 

alone. After each session, the amount of fluid consumed by each mouse was recorded. 

Once consistent patterns of drinking were established, males were maintained on 

this protocol for a period of 70 days. Subsequently, two naturally cycling females were 

placed in a new cage along with each exposed male. During these matings, males were 

not provided access to the alcohol/control preconception treatments. The next morning, 

matings were confirmed by the presence of a vaginal plug and both the male and female 

mice were returned to their original cages. Males were allowed a 24-hour rest period, 

during which the preconception exposure was resumed and then used in a subsequent 

mating. This procedure was repeated until each male had produced a minimum of two 

pregnancies. Subsequently, males were euthanized by CO2 asphyxiation and cervical 

dislocation, blood collected post-mortem and the male reproductive tract excised. 
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Pregnant dams were maintained on a Breeder diet (catalog# 5058, LabDiet, St. Louis, 

MO, USA), subjected to minimal handling and euthanized by CO2 asphyxiation and 

cervical dislocation on gestational day 16.5. The female reproductive tract was excised, 

the gestational sac removed and fetal tissues weighed. 

2.2.2. Measurement of Physiological Parameters 

Male plasma alcohol concentrations were measured using the Ethanol Assay Kit 

(catalog# ECET100, BioAssay Systems, Hayward, CA, USA) according to the 

manufacturer’s protocol. Levels of serum testosterone were determined using an ELISA 

at the Ligand Assay and Analysis Core at the University of Virginia Center for Research 

in Reproduction. Serum levels of corticosterone were measured using the Corticosterone 

ELISA kit (catalog# EC3001–1, AssayPro, St. Charles, MO, USA) according to the 

recommended protocol. 

2.2.3. Sperm and Tissue Collection & Histology 

The male reproductive tract, liver, and spleen were excised, trimmed of fat and 

their weights recorded. To collect mature sperm, cauda epididymides and roughly 1 cm 

of vas deferens were placed in 500 μL of pre-warmed (37ºC) Human Tubal Fluid (HTF) 

medium (catalog# ZHTF-100, Zenith Biotech, Blue Bell, PA, USA) in 12 well plates. 

Four or five incisions were made to the cauda to allow sperm to swim out and the vas 

deferens were carefully squeezed using forceps to expel their contents. Plates were 

allowed to incubate at 37ºC for 10 minutes. Sperm counts were performed by diluting a 
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10µl aliquot 1:50 in diH2O and counting on a Neubauer chamber slide. Post-incubation, 

HTF media containing mature sperm were carefully layered over a pre-warmed (37ºC) 

gradient consisting of 350 μL each of 40% and 80% PureSperm (catalog#s PS40 and 

PS80, Spectrum Technologies, Healdsburg, CA, USA) in 1.5 mL microcentrifuge tubes 

and spun at 650g for 25 min. The pellet was then washed in 1mL of 1% BSA in PBS, 

and either immediately fixed for microscopic analyses or spun down, snap frozen in 

liquid Nitrogen and stored at −80ºC. To determine cell counts, 10 μL of caudal sperm 

from the last wash was used. Using microscopy, the purity of all samples was judged to 

be greater than 99%. After removal of encapsulating tunica, one testis from each animal 

was snap frozen in liquid nitrogen. The other testis was punctured with a 21 G needle 

and then fixed overnight in Bouin’s solution. Bouin’s fixed testes were paraffin 

embedded and stained using standard procedures for Hematoxylin and Eosin (H&E). 

H&E-stained sections were imaged under bright field using the Leica DMi8 microscope 

(Leica microsystems, Germany). Cross-sectional areas of tubules were measured using 

the area line tool in the Leica Application Suite X (LAS X) analysis software package. 

All tubules exhibiting longitudinal sectioning were excluded, while all tubules cut 

transversely into cross-sections were included in the analysis. Two non-sequential 

stained sections per animal were analyzed and a total of three animals per treatment were 

used in the comparison of calculated areas. 
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2.2.4. CMA3 staining 

An equal volume of 3:1 methanol:acetic acid was added to PBS suspended sperm 

and samples incubated at 4ºC for 5 min. Samples were spread on glass slides and 

allowed to air dry at room temperature. Slides were treated for 20 minutes with 100 μL 

CMA3 solution: 0.25 mg/mL CMA (catalog# C2659, Millipore-Sigma, St. Louis, MO, 

USA) and 10mM MgCl2, McIlvain’s buffer (17 mM citric acid, 164 mM Na2HPO4, pH 

7.0). Slides were rinsed with PBS and mounted with Prolong Gold Antifade Mountant 

(catalog# P36930, Thermo-Fisher, Waltham, MA, USA) and then kept at 4ºC overnight. 

Evaluation of fluorescence was done for a minimum of 200 spermatozoa on each slide. 

2.2.5. Sperm TUNEL Assay 

The APO-DIRECT kit (catalog# 556381, BD Pharmingen, San Jose, CA, USA) 

was used for terminal deoxynucleotidyl transferase dUTP nick-end-labeling (TUNEL) to 

assess DNA damage. Approximately 3 million sperm per sample were resuspended in 

4% PFA at room temperature for 1 hour. Samples were then spun down at 300xg for 5 

minutes and washed twice with PBS. Pellets were suspended in ice-cold 70% ethanol 

and held at −20ºC for at least 12–18h. Following this incubation, preparation and 

staining of samples and appropriate controls were carried out as per manufacturer’s 

instructions. Stained samples were settled onto poly-L-lysine coated glass slides, 

mounted in Prolong Gold Antifade Mountant, and visualized on a Leica DMi8 

microscope with SOLA SE 365 light source and Chroma filters for FITC detection. 

Total cell counts and sperm morphology of the PFA fixed sperm was visualized by 
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differential Interference contrast microscopy at 63x. At least three fields of view and 200 

sperm were scored for each sample to determine percent TUNEL positive. 

2.2.6. Sperm RNA isolation 

Approximately 10 million mature sperm per sample were lysed in 1mL TRIzol 

Reagent (catalog# 15596018, Thermo-Fisher, Waltham, MA, USA) plus 10 µl β-ME 

(catalog# M3148, Millipore-Sigma, St. Louis, MO, USA) using homogenizing pestles 

(catalog# 6478820, Electron Microscopy Sciences, Hatfield, PA, USA). Subsequently, 

200µl of 1-Bromo-3-chloropropane (catalog# B9673, Millipore-Sigma, St. Louis, MO, 

USA) was added to separate the aqueous phase, which was collected and precipitated 

using an equal volume of isopropanol. After two ice-cold, 70% ethanol washes, RNA 

samples were reconstituted in RNase free water and stored at −80ºC. 

2.2.7. Sperm RNA sequencing 

Illumina single-end cDNA libraries were synthesized from size-selected RNAs 

(<50 bases) derived from 100 ng of sperm total RNA using the TruSeq Stranded mRNA 

kit. Four biological replicates per treatment group were multiplexed and sequenced on a 

single HiSeq2000 lane (Illumina) within the sequencing core of the Whitehead Institute. 

Using Bowtie2 (RRID:SCR_016368) and Tophat (RRID:SCR_013035), small RNA 

reads were aligned to the Mus musculus (UCSC version mm10) reference genome 

(Langmead and Salzberg, 2012). Small RNA reads with a single allowable mismatch 

were selected for further analysis. Small RNA annotation was performed by separately 
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aligning reads to the microRNA database(http://www.mirbase.org/), tRNA database 

(http://gtrnadb.ucsc.edu/), and piRNA database (http://pirnabank.ibab.ac.in/index.shtml), 

as described previously (Sharma et al., 2018). Differentially expressed microRNAs were 

quantified using the miRDEEP2 ver2.0.0.7 pipeline (Friedlander et al., 2012). The 

referenced tRNA database holds sequences for both tRNA anticodons and tRNA 

fragments (tRFs), which are selected as reads partially matching the tRNA anticodon but 

are less than 34 nucleotides in length (Sharma et al., 2016). To quantify differentially 

expressed tRFs, piRNAs, and tRNAs, total counts of mapped reads were calculated 

using the featureCounts pipeline (Liao et al., 2014) and then normalized to the total 

mapped reads of each class of small RNA species, as described previously (Sharma et 

al., 2016). Generated volcano plots contrast the differential enrichment of ncRNAs by 

raw p-value and not by FDR selection. 

2.2.8. Data Handling and Statistical Analysis 

For all experiments, measures were input into the statistical analysis program 

GraphPad (RRID:SCR_002798; GraphPad Software, Inc., La Jolla, CA, USA) and 

statistical significance was set at alpha = 0.05. For all datasets, normality was first 

verified using the Brown-Forsythe test. In this study, the effect of treatment was assessed 

using either an unpaired Student’s t-test or two-way analysis of variance test (ANOVA), 

with differences among the means evaluated using Sidak’s posthoc test of contrast. In all 

instances, we have marked statistically significant differences with an asterisk. For the 

comparisons of testicular, epididymal and seminal vesicle weights expressed as a 

http://www.mirbase.org/
http://gtrnadb.ucsc.edu/
http://pirnabank.ibab.ac.in/index.shtml
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percentage of total paternal body weight, as well as the percentage of TUNEL and 

CMA3 positive sperm, data were arcsine transformed and an unpaired t-test with 

Welch’s correction applied. To calculate the tRFs:piRNA ratio, the percentage of 

mapped tRFs per sample was divided by the percentage of mapped piRNAs and 

differences compared between treatments using an unpaired student’s t-test. 

2.3. Results 

2.3.1. Daily ethanol exposures induce pharmacologically meaningful blood alcohol 

concentrations but do not impact paternal body weight 

To define the long-term impact alcohol exposure has on both reproductive 

function and the male-inherited developmental program, we returned to our established 

mouse model of chronic alcohol exposure (Chang et al., 2017, 2019a). Here, postnatal 

day 90 adult males were provided limited access to either the ethanol or control 

preconception treatments during a four-hour window, that began one hour into the night 

cycle. Once consistent patterns of alcohol consumption were established, males were 

maintained on this protocol for a period of 70 days, which corresponds to the length of 

two complete spermatogenic cycles and ensures that sperm formed prior to alcohol 

treatment are not able to confound the resulting phenotypes. For each male, the amount 

of fluid consumed per day was recorded. No differences in fluid consumption between 

the two preconception treatment groups were observed (Figure 2.1 A). 
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Figure 2.1 Chronic alcohol exposure using a limited access model induces physiologically relevant 

plasma alcohol levels but does not alter paternal weight. A) Average daily fluid consumption 

compared between the preconception treatment groups (n=11). B) Average plasma alcohol levels 

between preconception treatment groups, as measured one month after the beginning of treatment 

(n=9). C) Average weight of males in each treatment group over the experimental course (n=11). 

Average weekly weight gain of males in each preconception treatment group (n=11). Data were 

analyzed using an unpaired t-test, error bars represent the standard error of the mean (**** p < 

0.0001). Reprinted with permission from “Alterations in sperm-inherited noncoding RNAs 

associate with late-term fetal growth restriction induced by preconception paternal alcohol use” 

by Bedi et al. 2019. Reproductive Toxicology, 87, pp. 14, Copyright [2019] by Bedi et al 

The rodent model we employed (Drinking in the Dark) promotes the daily, 

voluntary consumption of ethanol in sufficient quantities to achieve pharmacologically 

meaningful blood alcohol concentrations, typically around 125 mg/dL or 1.5x the legal 

limit (Figure 2.1 B). In the United States, 16% of men report engaging in high-risk 

drinking, which is defined as exceeding five or more standard drinks on any day within a 

given week and importantly, 8.3% of men routinely consume more than two drinks per 

day (Grant et al., 2017). Therefore, the blood alcohol levels observed in our model of 
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preconception male alcohol exposure are physiologically relevant. Further, chronic, 

daily alcohol use among males is both prevalent and a significant health concern. During 

the treatment course, no differences in body weight or changes in the rate of weight gain 

were observed between the preconception treatment groups (Figure 2.1 C-D). 

2.3.2. Chronic paternal alcohol exposure induces late-term fetal growth restriction 

and reductions in placental efficiency within the offspring 

In our previous studies examining the offspring of alcohol-exposed males, we 

identified fetal growth restriction in only the female offspring at gestational day 14.5 

(Chang et al., 2017), while at birth, both male and female offspring exhibited significant 

growth restriction (Chang et al., 2019a). Therefore, we examined fetal growth at day 

16.5 of gestation, which corresponds to the period when the mouse fetus experiences a 

dramatic increase in growth rate (McCarthy, 1965). After 70 days of exposure, males 

undergoing the described preconception treatments were mated to unexposed females, 

and at gestational day 16.5, dams were sacrificed and offspring evaluated for growth. No 

differences in litter size were observed between the preconception treatment groups 

(Figure 2.2 A). At this developmental stage, the male and female offspring of alcohol-

exposed sires displayed a ~15% reduction in fetal weight (p < 0.01), a ~10% reduction in 

crown-rump length (p < 0.01) and a respective 9% and 14% reduction in the weight of 

the gestational sac (p < 0.05) (Figure 2.2 B-D). These reductions in fetal growth were 

accompanied by an 18% increase in the placental weight of the male offspring of 

alcohol-exposed sires, while placental weights of the female offspring were identical to 
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the controls (Figure 2.2 D). Collectively, a respective 28% and 17% reduction in 

placental efficiency (grams of fetus produced per gram of placenta (Wilson and Ford, 

2001)) was observed for the male and female offspring of the alcohol-exposed sires 

(Figure 2.2 E) . These observations indicate that the growth restriction associated with 

paternal alcohol use predominantly manifest during the later phases of pregnancy and 

correlate with reductions in placental efficiency. 

 

 

Figure 2.2 Chronic preconception paternal alcohol exposure induces fetal growth restriction and 

decreased placental efficiency in the offspring at gestation day 16.5. A) Comparison of litter size 

between matings sired by control and ethanol-exposed males (n=5 control 6 alcohol). Comparisons 

of B) fetal weight, C) crown-rump length, D) gestational sac weight and E) placental weights 

between male and female offspring sired by control and ethanol-exposed males (n=10 male and 

12 female offspring). F) Placental efficiencies (gram of fetus produced per gram of placenta) 

compared between the male and female offspring of ethanol-exposed sires (n=10 male and 12 

female offspring). Data were analyzed using either an unpaired t-test or a two-way ANOVA 

followed by Sidak’s post hoc analysis. Error bars represent the standard error of the mean (* 

p<0.05, ** p < 0.01). Reprinted with permission from “Alterations in sperm-inherited noncoding 

RNAs associate with late-term fetal growth restriction induced by preconception paternal alcohol 

use” by Bedi et al. 2019. Reproductive Toxicology, 87, pp. 14, Copyright [2019] by Bedi et al 
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2.3.3. Chronic paternal alcohol use does not overtly impact male reproductive 

physiology 

To better understand how the memory of chronic paternal alcohol use transmits 

to the offspring, we began by examining large-scale measures of male reproductive 

function. No differences in the absolute or proportional weights of the testis, epididymis 

or seminal vesicles, as well as the spleen or liver could be identified (Figure 2.3 A-E). 

Mean values and variations in serum testosterone levels we similar between the 

treatment groups and were consistent with established values (Bartke et al., 1973) 

(Figure 2.3 F). Histological examinations of testicular sections could not identify any 

overt morphological differences and no changes in the mean surface area of the 

seminiferous tubules could be identified between the preconception treatment groups 

(Figure 2.3 G-I). From these results, we conclude that the dose and duration of chronic 

alcohol exposure employed here do not overtly impact male reproductive physiology. 
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Figure 2.3 Chronic alcohol exposure does not impact macro measures of male reproductive 

physiology. Comparisons of proportional A) testicular, B) epididymal, C) seminal vesicle, D) 

spleen and E) liver weights between preconception treatment groups (n=11). F) Levels of plasma 

testosterone were compared between preconception treatment groups (n=6). Representative 

hematoxylin and eosin-stained sections of G) control and H) alcohol-exposed testes (n=3, with 

two, non-consecutive sections examined for each testis). I) Surface area of sectioned seminiferous 

tubules was determined using the LASX software package and compared between preconception 

treatment groups (n=3). Percent organ weights were arcsine transformed and an unpaired t-test 

with Welch’s correction used to compare treatments. For all other comparisons, an unpaired t-test 

was applied. Error bars represent the standard error of the mean. Reprinted with permission from 

“Alterations in sperm-inherited noncoding RNAs associate with late-term fetal growth restriction 

induced by preconception paternal alcohol use” by Bedi et al. 2019. Reproductive Toxicology, 87, 

pp. 15, Copyright [2019] by Bedi et al 

2.3.4. Chronic paternal alcohol use does not impact sperm production, morphology, 

viability or large-scale measures of chromatin structure 

We next assayed the impact of chronic male alcohol use on sperm production. 

No differences in total sperm counts or changes in sperm morphology could be identified 

between treatment groups (Figure 2.4 A-B). Using the TUNEL assay, we were unable to 

identify any increases in sperm DNA fragmentation (Figure 2.4 C). Chromomycin A3 
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(CMA3) is a fluorochrome, which has been shown to compete with protamines for 

binding to the minor groove of DNA and is, therefore, indicative of compromised 

nuclear packaging. Using this stain, we could not detect any increases in the sperm of 

males chronically exposed to alcohol (Figure 2.4 D). Thus, we were unable to identify 

any large-scale changes in sperm production, DNA fragmentation (TUNEL assay) or 

nuclear packaging (CMA3 staining). 

 

Figure 2.4 Chronic paternal alcohol exposures do not measurably impede sperm production or 

alter either sperm DNA fragmentation or nuclear packaging. A) Total sperm counts were 

compared between preconception treatment groups (n=11). Representative light micrographs 

comparing B) control and C) alcohol-exposed sperm (n=11). The percentage of D) TUNEL 

positive and E) CMA3 positive sperm were compared between preconception treatment groups 

(n=4). Data comparing the percentage of stained sperm were arcsine transformed and an unpaired 

t-test with Welch’s correction applied. All other comparisons were conducted using an unpaired 

t-test. Error bars represent the standard error of the mean. Reprinted with permission from 

“Alterations in sperm-inherited noncoding RNAs associate with late-term fetal growth restriction 

induced by preconception paternal alcohol use” by Bedi et al. 2019. Reproductive Toxicology, 87, 

pp. 16, Copyright [2019] by Bedi et al 
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2.3.5. Chronic paternal alcohol alters the profile of sperm-inherited non-coding 

RNAs 

Using an inhalation model of exposure, Rompala and colleagues recently 

described alterations in sperm derived ncRNAs induced by a 5-week exposure to alcohol 

(Rompala et al., 2018). These studies achieved similar blood alcohol levels (125–

175mg/dL) to those observed in our model. However, whether these separate models of 

exposure and different durations induce similar or distinct impacts on the profile of 

sperm-inherited ncRNAs is unknown. To examine this further, mature sperm were 

collected from the cauda epididymides and vas deferens of the control and ethanol-

exposed males used to sire the offspring analyzed in Figure 2.2 . The purity of sperm 

was judged to be greater than 99% as evaluated by microscopy. Similar to previous 

reports (Peng et al., 2012), isolated RNAs predominantly ranged from 20 to 40 

nucleotides in length (Figure 2.5 A). Small RNAs from control and ethanol-exposed 

males were subjected to deep sequencing analysis, with an average of 25 million 

mappable reads obtained per sample (n=4). Similar to previous studies describing the 

small RNA profiles of mouse sperm (Peng et al., 2012; Rompala et al., 2018; Sharma et 

al., 2016), we found that the majority of small RNA reads mapped to transfer RNA-

derived small RNAs (~60% tRFs) and Piwi-interacting RNAs (~30% piRNAs) (Figure 

2.5 B). The remaining small RNAs predominantly mapped to transfer RNAs (~5% 

tRNAs) and microRNAs (~5% miRNAs) (Figure 2.5 B). A recent study by Sharma et 

al., described proportional changes in the ratio of tRFs and piRNAs as sperm undergo 

maturation in the epididymis (Sharma et al., 2018). Here, a progressive increase in tRFs 
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and a loss of piRNAs were observed as sperm mature. Although sperm derived from 

alcohol-exposed males tended to have proportionally fewer mappable tRFs and a greater 

abundance of piRNAs, individually, these trends did not reach statistical significance 

(p=0.0552 and p=0.1086) (Figure 2.5 C-D). However, a ratio comparing tRFs:piRNAs 

revealed a significant shift (p<0.05) between the two preconception treatment groups 

(Figure 2.5 E). Further, while populations of tRNAs were similar between treatments, 

we observed a significant (p=0.03), ~30% increase in the abundance of miRNAs in 

sperm derived from alcohol-exposed males (Figure 2.5 F-G). These observations reveal 

that chronic alcohol consumption shifts the profile of sperm-inherited non-coding RNAs, 

with miRNAs exhibiting the greatest change. 

 

 

 



 

25 

 

 

Figure 2.5 Alcohol-induced alterations to the profile of sperm-inherited non-coding RNAs. A) 

Representative graph depicting the size distribution of RNAs isolated from sperm. B) The 

proportional abundance of transfer RNA-derived small RNAs (~60% tRFs) Piwi-interacting 

RNAs (~30% piRNAs), transfer RNAs (~5% tRNAs) and microRNAs (~5% miRNAs) between 

sperm derived from the two preconception treatment groups (n=4). Individual comparison of the 

percentage of C) tRFs and D) piRNAs mapped between preconception treatment groups. E) The 

ratio of tRFs:piRNAs in sperm derived from control and alcohol-exposed males. Individual 

comparison of the percentage of F) tRNAs and G) miRNAs mapped between preconception 

treatment groups. For comparison of percentages mapped, data were arcsine transformed and an 

unpaired t-test with Welch’s correction applied. All other comparisons were conducted using an 

unpaired t-test. Error bars represent the standard error of the mean (* p<0.05). Reprinted with 

permission from “Alterations in sperm-inherited noncoding RNAs associate with late-term fetal 

growth restriction induced by preconception paternal alcohol use” by Bedi et al. 2019. 

Reproductive Toxicology, 87, pp. 16, Copyright [2019] by Bedi et al 

2.3.6. Alterations in the abundance of miR21, miR30, and miR142 in alcohol-

exposed sperm 

Using the Bowtie2 and miRDEEP2 pipelines, we compared the abundance of 

individual candidate small non-coding RNAs between control and alcohol-exposed 

sperm. No differentially enriched tRFs, piRNAs or tRNAs could be identified between 

treatment groups (Figure 2.6 A-C). In contrast, three differentially enriched miRNAs 
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could be identified between treatments (miR21, miR30, and miR142) (Figure 2.6 D). Of 

these, miR21 and miR142 were abundantly enriched in both treatment groups (miR21 

500 (C) and 900 (A) fpkm, miR142 600 (C) and 300 (A) fpkm). However, differences in 

the abundance of these two candidates offset each other, and therefore, do not explain 

the 30% increase in miRNA enrichment observed in alcohol-exposed sperm (Figure 2.5 

F). In contrast to these candidates, the remaining miRNAs identified displayed large 

variations both across and within treatment groups (Figure 2.6 E). Collectively, these 

observations indicate that the 30% increase in miRNA abundance represents a general 

increase and is not linked to any specific candidate. Recently, alterations in the profile of 

sperm-inherited miRNAs induced by chronic stress have been directly linked to 

increased circulating levels of corticosterone (Short et al., 2016). We, therefore, assayed 

the levels of this hormone in our model. No differences in corticosterone could be 

identified between preconception treatment groups (Figure 2.6 F). Therefore, the 30% 

increase in miRNA enrichment and differences in miR21, miR30 and miR142 cannot be 

linked to alcohol-induced changes in the profile of circulating corticosterone. 
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Figure 2.6 Alcohol-induced changes in the abundance of sperm-inherited miR21, miR30, and 

miR142. Volcano plots comparing the differential enrichment of candidate A) tRFs, B) piRNAs, 

C) tRNAs and D) miRNAs of sperm derived from the two preconception treatment groups. E) 

Heatmap comparing the variation of sperm derived miRNAs between treatment groups. F) 

Comparison of circulating levels of corticosterone between preconception treatment groups. An 

unpaired t-test was applied to compare the levels of corticosterone. Error bars represent the 

standard error of the mean, miRNAs identified with either blue or red dots were differentially 

enriched (p<0.05). Reprinted with permission from “Alterations in sperm-inherited noncoding 

RNAs associate with late-term fetal growth restriction induced by preconception paternal alcohol 

use” by Bedi et al. 2019. Reproductive Toxicology, 87, pp. 17, Copyright [2019] by Bedi et al 

2.4. Discussion 

Using a mouse model of voluntary alcohol consumption, our group recently 

described an association between chronic preconception paternal alcohol use and deficits 

in both placental function and fetal growth within the offspring (Chang et al., 2017). 

Subsequent studies revealed that these alcohol-induced growth phenotypes were 

accompanied by a prolonged period of fetal gestation and sex-specific patterns of 
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postnatal growth restriction (Chang et al., 2019a). These deficits in growth are similar to 

phenotypes described in long-term clinical studies of children with fetal alcohol 

spectrum disorders (Carter et al., 2013; Moore and Riley, 2015) and join a growing body 

of literature indicating preconception paternal alcohol use is a significant, yet under-

recognized contributor to alcohol-induced growth defects (reviewed here (Day et al., 

2016; Finegersh et al., 2015)). However, the question of how the memory of chronic 

alcohol use transmits from father to offspring remains unresolved. 

The literature examining the impacts of chronic alcohol use on male reproductive 

physiology is varied and highly inconsistent (Condorelli et al., 2015; Van Heertum and 

Rossi, 2017). To this point, of three published studies using similar rodent models of 

exposure, two identified systemic decreases in testosterone concentrations (Anderson et 

al., 1980; Emanuele et al., 2001), while the third was unable to identify any reproducible 

changes (Salonen et al., 1992). Similarly, the human literature is equally varied, with 

studies describing both alcohol-associated decreases and increases in testosterone levels  

(Jensen et al., 2014; Muthusami and Chinnaswamy, 2005; Valimaki et al., 1990). 

However, combined with the negative correlations observed between alcohol use and 

successful outcomes in human in vitro fertilization (Klonoff-Cohen et al., 2003; Rossi et 

al., 2011), the prevailing feeling is that this teratogen exerts a negative effect on male 

reproductive function (Condorelli et al., 2015; Van Heertum and Rossi, 2017). 

In this study, we returned to our voluntary model of alcohol consumption to 

determine the impact chronic ethanol use has on male reproductive physiology and the 

association of sperm-inherited noncoding RNAs with the transmission of alcohol-
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induced growth defects. Here, we first confirmed that chronic preconception paternal 

alcohol exposure induced fetal growth restriction in the offspring and extended our 

previous findings by demonstrating that these deficits in growth primarily manifest 

during the later phase of pregnancy (Figure 2.2). We then assayed large-scale measures 

of male reproductive health, including testicular, epididymal and seminal vesicle 

weights, as well as testicular morphology and testosterone levels. However, we were 

unable to identify changes in any of these criteria. In addition, no differences in total 

sperm counts, sperm DNA fragmentation or sperm nuclear packaging were observed 

between the preconception treatment groups. Combined with the observed similarities in 

litter size between preconception treatments, we conclude that the dose and duration of 

alcohol exposure employed in our model do not impact macro-measures of male 

reproductive physiology. 

As no observable changes in either sperm DNA methylation (Chang et al., 2017) 

or macro-measures of nuclear structure (Figure 2.4) could be observed, we examined 

alcohol-induced alterations in the profile of sperm-inherited noncoding RNAs. Using an 

inhalation model of exposure, Rompala and colleagues recently identified alcohol-

induced changes in the profile of tRFs and miRNAs, as well as select mitochondrial 

small mRNAs in sperm (Rompala et al., 2018). In contrast to these observations, we 

were only able to identify differences in select miRNAs, none of which were consistent 

with this published study. Although both models result in sex-specific patterns of 

postnatal growth restriction (Rompala et al., 2017a), these two separate models of 

exposure may induce distinct epigenetic changes. However, we did observe some 
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similarities between our dataset and previous works examining the impact of paternal 

stress on offspring phenotype. Specifically, miR-30 and miR-21 were both up-regulated 

in the present study as well as in that of three previous reports examining stress-induced 

changes in sperm noncoding RNAs (Gapp et al., 2014a; Rodgers et al., 2013; Short et 

al., 2016). Although the levels of plasma corticosterone observed in our mice were 

higher than those reported by Rodgers et al. (Rodgers et al., 2013), we presume this 

difference is due to the techniques used to measure corticosterone levels and note that 

our results are consistent with those of two other publications employing ELISA-based 

measurements (Kim et al., 2013; Short et al., 2016). Regardless, we could not identify 

any changes in the levels of plasma corticosterone between treatment groups, indicating 

alcohol may alter sperm-inherited noncoding RNAs through distinct mechanisms. 

Importantly, the three differentially enriched candidate miRNAs identified in this study 

are all known to be modulated by alcohol exposure (Osterndorff-Kahanek et al., 2018; 

Saad et al., 2015). 

Recent studies indicate that dynamic changes in the levels of tRFs, piRNAs, and 

miRNAs are a core feature of sperm maturation (Sharma et al., 2018). Specifically, 

progressive increases in tRFs are observed during epididymal transit, while conversely, 

piRNAs become reduced. These changes are hypothesized to be integral to sperm 

maturation and the reproductive success of the conceptus (Sharma et al., 2018). In this 

study, we observed a shift in the ratio of tRFs and piRNAs indicating that the sperm of 

alcohol-exposed males has proportionally fewer tRFs and more piRNAs. This may 

indicate that the complement of non-coding RNAs in alcohol-exposed sperm are less 
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mature than the controls. Of note, miR21, which is comparatively rare in testicular 

sperm populations, is nearly absent in the in the epididymal soma but is highly abundant 

in epididymosomes of the caput region of the epididymis (Belleannee et al., 2013; Nixon 

et al., 2015; Reilly et al., 2016). This suggests that the alcohol-induced shifts in 

noncoding RNAs may primarily be mediated by effects on epididymal trafficking. 

However, further studies are needed to confirm this hypothesis. 

At this point, we do not know if the modest changes in noncoding RNA 

abundance identified in this study are directly linked to the alcohol-induced growth 

restriction phenotypes observed in the offspring. The comparative contribution of sperm-

inherited RNAs to the vast repertoire found in the early conceptus is negligible (Yang et 

al., 2016) and further, no mechanisms have been identified by which this small 

contribution could stably alter the gene expression profile of the early embryo and the 

long-term health of the offspring. In light of this, it is challenging to see how modest 

changes (50% decrease in miR142, 1.5-fold increases in miR21 and miR30) in the 

identified candidates could induce fetal growth restriction with the consistency observed 

in our model, as well as mediate the long-term impacts on offspring metabolic health. 

One possibility is that the paternally-inherited RNAs are post-transcriptionally modified 

to confer dramatically enhanced stability, which may potentiate their impacts beyond 

preimplantation development and influence the processes of lineage specification (Chen 

et al., 2016b). It may also be that unrelated alterations in sperm histone retention and 

chromatin looping mediate the observed effects or a combinatorial interaction between 

multiple epigenetic mediators. Finally, we have not ruled out the possibility that these 
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phenotypes may be due to alcohol-induced changes in the seminal plasma. In previous 

studies, ablating the seminal vesicle gland induced placental hypertrophy in late 

gestation and sex-specific effects on the long-term growth and metabolic health of the 

offspring (Bromfield et al., 2014). Although the effects on offspring growth were 

opposite to those observed in our model, the impact on placental growth is compelling. 

Future studies using IVF will be necessary to determine the impact of male seminal 

plasma in mediating the effects of paternal alcohol use on the offspring. 
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3. PRECONCEPTION PATERNAL ALCOHOL EXPOSURE INDUCES SEX-

SPECIFIC CHANGES IN PLACENTAL GENE EXPRESSION AND ALTERED 

CTCF LOCALIZATION ACROSS MULTIPLE GENE CLUSTERS 

3.1. Introduction 

Although cited as the consequence of maternal drinking, emerging preclinical 

research demonstrates that male alcohol use before conception also associates with fetal 

alcohol spectrum disorder (FASD) phenotypes. Similar to other models of altered 

paternal epigenetic programming, preconception male alcohol exposures result in 

behavioral, growth, metabolic, and physiologic effects in the offspring (Rompala et al., 

2019). Collectively, these studies indicate that paternal alcohol use before conception is 

a significant contributing factor to the incidence and variation of FASD phenotypes. 

Further, they reveal that, in addition to acute toxicity, heritable alterations in the 

developmental program also drive the development of alcohol-induced structural and 

behavioral defects. However, the mechanisms by which alcohol heritably alters the 

developmental program, transmitting the memory of exposure across life stages, remain 

unknown.  

Although perceived as a childhood disorder, FASD growth deficits are, in fact, 

lifelong and associate with long-term immune dysfunction, hyperinsulinemia, and other 

endocrine disruptions (Carter et al., 2013; Castells et al., 1981; Day et al., 2002; Moore 

and Riley, 2015). Despite more than fifty years of study, the breadth and developmental 

origins of these defects remain poorly described. However, like other models of altered 
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developmental programming, disruptions in placental morphogenesis and function are 

suspected of playing a significant role (Kalisch-Smith et al., 2019). 

Parental exposure history, external stressors, and genetic susceptibilities all 

converge to negatively influence placental growth and function (Nugent and Bale, 2015; 

Rosenfeld, 2015).  Notably, despite a wide range of exposures, multiple, divergent 

models of altered developmental programming exhibit many similar patterns of placental 

dysfunction, which correlate with related patterns of behavioral, and metabolic defects 

later in life.  In addition, researchers postulate that variance in the patterns of fetal-

placental growth between males and females underly the emergence of sex-specific 

phenotypic differences in adult offspring (Kalisch-Smith et al., 2017; Rosenfeld, 2015).  

Therefore, understanding how altered developmental programming, either before 

conception or during early life, influences the formation and function of the placenta is 

crucial to defining the developmental basis of multiple exposure-associated phenotypes. 

Previous studies from our lab indicate that preconception male drinking is 

associated with fetal growth restriction, placental overgrowth, and sex-specific patterns 

of postnatal growth restriction and metabolic dysfunction (Bedi et al., 2019; Chang et al., 

2017, 2019a, 2019b). These observed differences in placental growth and gene 

expression, through altered placental-endocrine signaling, may program some of the sex-

specific growth and metabolic defects we observe in adulthood (Chang et al., 2019a, 

2019b). Several tissues exhibit sex-biased gene expression patterns, including the brain, 

liver, kidney, and immune system (Mayne et al., 2016; Qu et al., 2015; Rinn et al., 

2004). Significantly, sex-specific differences in the gene expression profiles of these 
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tissues underly variations in xenobiotic metabolism, cancer aggression, and the 

incidence of autoimmune disease between males and females (Ruggieri et al., 2010; 

Waxman and Holloway, 2009). However, few studies have examined sexually 

dimorphic changes in placental gene expression or correlated these differences with sex-

specific phenotypic outcomes. 

Differential patterns of gene expression observed between males and females are 

the consequence of sex-specific enhancer-promoter interactions (Matthews and 

Waxman, 2020; Sugathan and Waxman, 2013). Enhancers are short DNA elements that 

bind large conglomerates of transcription factors and regulate the transcription of genes 

located several kilobases or even megabases away (Reiter et al., 2017). The folding of 

nuclear DNA into organized loops bridges the large gaps between gene promoters and 

gene enhancers, enabling clusters of genes to be regulated by a common set of 

enhancers. Chromatin architectural proteins, including the zinc finger proteins CCCTC-

Binding Factor (CTCF) and the Cohesin complex, organize and facilitate inter-loop 

bridges between genes and their respective enhancers (Handoko et al., 2011; Ji et al., 

2016; Kagey et al., 2010; Rao et al., 2014; Whalen et al., 2016). Significantly, CTCF 

also plays a role in folding the sperm genome, and CTCF binding site accessibility 

transmits to the early embryo (Arpanahi et al., 2009; Jung et al., 2017, 2019). Thus, if 

alcohol induces alterations in CTCF localization during spermatogenesis, these 

abnormalities may transmit to the early offspring and stably alter chromatin looping in 

the developing conceptus. Therefore, we hypothesized that differences in placental 
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growth and gene expression induced by preconception paternal alcohol exposure would 

correlate with alterations in CTCF localization. 

Here, we report that both the male and female progeny of alcohol-exposed sires 

displayed altered expression of similar cohorts of genes but that the direction of change 

was diametrically opposite between males and females. Notably, many of these 

candidate genes localized to co-regulated gene clusters, suggesting a higher order of 

transcriptional control was perturbed. In focusing on the male offspring, we find that, 

similar to previous studies examining transcriptional control across gene clusters (Espitia 

Jaimes et al., 2018; Handoko et al., 2011; Mishiro et al., 2009), disrupted gene 

expression patterns correlate with reductions in CTCF occupancy at gene promoters and 

putative enhancers. Unexpectedly, altered CTCF occupancy does not correlate with 

changes in placental DNA methylation. These data reveal that paternally inherited, DNA 

methylation-independent epimutations induced by alcohol alter the positioning of CTCF 

chromatin boundary elements, which correlate with the emergence of sexually dimorphic 

changes to a common set of genes. 

3.2. Materials and Methods 

3.2.1. Animal Studies and Tissue Collection 

All experiments were conducted under AUP 2014-0087 and approved by Texas 

A&M University IACUC. In the outlined experiments, the male mice were of a 

C57BL/6(Cast7) background, while female mice were C57BL/6J (RRID: 

IMSR_JAX:000664). We obtained the C57BL/6(Cast7) strain of mice from the 
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Bartolomei laboratory, the derivation of which is described here (Mann et al., 2003). We 

have previously described the preconception paternal alcohol exposures, animal 

breeding, and tissue collections for the samples used here (Chang et al., 2017). Briefly, 

on postnatal day 90, we provided adult C57BL/6(Cast7) males with limited access to 

ethanol (EtOH) during a four-hour window, immediately after the initiation of their sleep 

cycle. During this time, we provided experimental males access to either a solution of 

10% (w⁄v) EtOH and 0.066% (w⁄v) Sweet’N Low (Cumberland Packing Corp, Brooklyn 

NY, USA) (experimental), while we exposed control males to 0.066% (w⁄v) Sweet’N 

Low alone. After 70 days of exposure, we paired exposed C57BL/6(Cast7) males with 

naive C57BL/6J dams and collected fetal-placental tissues on day 14.5 of gestation 

(GD14.5). 

3.2.2. Sex Determination 

We isolated genomic DNA using the DNeasy Blood and Tissue Kit (catalog # 

69504; Qiagen, Germantown MD, USA) and carried out PCR amplification of the Zfy 

and Xist genes. Primers are listed in Table 1. 

3.2.3. RNA sequencing and Data processing 

We isolated total RNA from GD14.5 fetal placentae using the RNeasy Plus Mini 

Kit (catalog # 74134; Qiagen, Germantown MD, USA), according to the manufacturer's 

instructions. We generated RNA-libraries using the Illumina RNA-seq preparation kit 

followed by pooling and high-throughput sequencing on an Illumina HiSeq 2500 
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(Genomic Core at Whitehead Institute for Biomedical Research, Cambridge, MA, USA). 

We mapped the raw reads to the mm10 database using tophat (Trapnell et al., 2012) and 

then assembled reads using cufflinks. We then used Cuffdiff to assign each gene an 

expression value in FPKM and report the statistical significance using an FDR-corrected 

p-value of q<0.05 (Trapnell et al., 2012). Finally, we performed functional analysis of 

differentially expressed genes using the Ingenuity Pathway Analysis (IPA) version 2.0 

(Jiménez-Marín et al., 2009). 

3.2.4. Analysis of gene expression using Reverse Transcription Quantitative 

Polymerase Chain Reaction (RT-qPCR) 

We isolated RNA from placental tissues using Trizol (catalog# 15596026; 

Thermo-Fisher, Waltham, MA, USA) and treated 1ug RNA with DNAase I (catalog# 

AMPD1; Sigma, St. Louis MS, USA) according to the recommended protocols. We 

mixed isolated RNAs with 1µL 10mM dNTP (catalog # 18427-013; Thermo-Fisher, 

Waltham, MA, USA), 1µL random hexamer oligonucleotides (catalog# 48190011; 

Thermo-Fisher), 11µL water and incubated at 70℃ for 5min. After cooling on ice, we 

added SuperScriptII reaction buffer, DTT, and SuperScriptII, according to the 

SuperScriptII system (catalog# 18064-071; Thermo-Fisher). We then incubated samples 

at 25℃ for 5 minutes, 42℃ for 50 minutes, 45℃ for 20 minutes, 50℃ for 15 minutes 

and finally 70℃ for 5 minutes. We measured the relative abundance of individual genes 

using the Dynamo Flash master mix (catalog# F-415XL; Thermo Scientific), according 
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to the manufacturer's protocol, on a Bio-Rad CFX38 PCR system. Primers are listed in 

Table 1. 

3.2.5. Chromatin Immunoprecipitation (CHIP) Analysis 

We dispersed placentas into single-cell suspensions using 100μm cell strainers 

(catalog # 352360; Corning Life Sciences, Corning, NY, USA), as described previously 

(Veazey et al., 2015). We performed Chromatin Immunoprecipitations (ChIP) as 

previously described (Chang et al., 2019b). We purified eluted DNA using Qiaquick 

PCR Cleanup kit (catalog# 28106; QIAGEN). The antibodies we used include: anti-

H3K4me1 (catalog# 39297; Active Motif, Carlsbad, CA, USA); anti-H3K27ac (catalog# 

39133; Active Motif); anti-CTCF (catalog# 07-729, Millipore-Sigma, Burlington, MA, 

USA); anti-Rad 21 (catalog# ab992; Abcam, Cambridge, MA, USA). All antibodies 

were used at 1 ug/reaction, including the negative control IgG (catalog# SC-2027; Santa 

Cruz Biosciences, Santa Cruz, CA, USA). After purification, we shipped a portion of the 

purified ChIP DNA samples to the Whitehead Genomic Services (Cambridge, MA), 

where 200-400 bp size selected DNA libraries were generated using the Swift 2S DNA 

Library prep kit (catalog# 44384; Swift Biosciences, Ann Arbor, MI, USA). The 

libraries were sequenced as single-end 50-bp reads with an average depth of 35 million 

reads per sample. Finally, using qPCR, we assayed precipitated DNAs for relative 

enrichment using the Dynamo Flash supermix (catalog# F-415XL; Thermo Scientific) 

on a Bio-Rad CFX38 PCR system. Primer sequences are listed in Table 2. 
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3.2.6. ChIP-Sequencing Data Processing 

We uploaded all sequence files to the Galaxy server  (Afgan et al., 2018) 

(usegalaxy.org) for further processing. We then used Trimmomatic (Bolger et al., 2014) 

to trim FASTQ files for end quality and remove adapters. We then mapped trimmed 

reads to the mouse reference genome (mm10) using the Burrows-Wheeler Alignment 

tool BWA (Li and Durbin, 2009), and we only retained reads with a minimum MAPQ 

score of 20 for downstream analysis as BAM files.  

3.2.6.1. Peak calling and differential peak analysis 

We used MACS2 (Feng et al., 2012) to analyze CTCF ChIP-seq datasets and to 

call peaks enriched against mapped reads obtained from Input files with an FDR 

threshold of 0.1. We determined the fragment size ‘d’ from alignment results using the 

MACS2 predictd tool, and we used this data as the extension size for the MACS2 

callpeak tool. We converted Bedgraph treatment file outputs to BigWig files for 

visualization in Integrative Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013). We 

extracted peaks from the narrowpeaks outputs common to all Control samples and all 

Treatment samples using BEDTools (Quinlan and Hall, 2010). We only considered 

intersecting peaks if at least a 0.25 fraction of the genomic intervals overlapped in both 

samples. We characterized the peaks unique to the Treatment group as “gained peaks” 

while those found only in Control samples were “peaks lost”. We used the bdgdiff 

function in MACS2 to identify differential peaks with likelihood ratio > 1000.  
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3.2.6.2. DNA sequence motif analysis 

We extracted genomic DNA sequences from the resulting datasets into a fasta 

file. Next, we analyzed these large nucleotide datasets sequences for Motif discovery, 

enrichment analysis, and clustering using MEME-ChIP (Ma et al., 2014). We then 

compared the resulting enriched motif sequences to known motifs in the HOCOMOCO 

Mouse motif database using the motif comparison tool Tomtom (Gupta et al., 2007). 

3.2.6.3. Visualization of peaks and regions of interest 

We converted all peak files to BigWig files and visualized the separate tracks in 

IGV. We then loaded the BED files marking genomic intervals of peaks gained or lost 

directly from Galaxy to IGV. Finally, we downloaded and visualized the published 

annotation BED file ENCSR121NJX demarcating known candidate cis-regulatory 

elements in the C57BL6 placenta, which we obtained from the ENCODE portal 

(https://www.encodeproject.org/) (Consortium et al., 2020). 

3.2.7. Data treatment and Statistical analysis 

For analysis of gene expression, the replicate cycle threshold (Ct) values for each 

transcript were compiled and normalized to the geometric mean of the three reference 

genes including, succinate dehydrogenase complex, subunit A (Sdha NM_023281), 

mitochondrial ribosomal protein L1 (Mrpl1 NM_053158) and hypoxanthine-

phosphoribosyl transferase (Hprt NM_013556) (Carnahan et al., 2013). We calculated 

normalized expression levels using the ddCt method described previously (Schmittgen 

https://www.encodeproject.org/
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and Livak, 2008). We then transferred the derived relative fold change values from each 

biological replicate into the statistical analysis program GraphPad (GraphPad Software, 

Inc., La Jolla, CA), where we then verified data for normality using a Shapiro-Wilk test. 

We set significance at p-value < 0.05 and utilized a two-way analysis of variance 

(ANOVA), followed by Tukey's HSD analysis, to contrast the effects of sex and 

preconception treatment. In all instances, we have marked statistically significant 

differences with an asterisk. 

For qPCR-based analysis of candidate gene regulatory region enrichment, we 

first normalized ChIP samples to 1% input, using the formula previously described 

(Mukhopadhyay et al., 2008). Next, to independently examine alterations in each post-

translational modification, we normalized the means from each independent sample to 

the control average. We then tabulated the results of 3 independent experiments and 

calculated the cumulative means and standard error of the mean. Finally, the Values 

from each biological replicate were transferred into the statistical analysis program 

GraphPad (GraphPad Software, Inc., La Jolla, CA). We verified normality using a 

Shapiro-Wilk test and then used a student's unpaired t-test to assess differences. 

3.2.8. Reduced Representation Bisulfite Sequencing (RRBS) and Data Processing 

For each sample, we digested 300 ng of placental DNA with MSP1 (2 hours, 

enzyme 20U/sample) at 37°C followed by TaqαI (2 hours, 20U/sample) at 65°C. We 

then size-selected the digested DNA for fragments larger than 300 bp and subjected 

samples to bisulfite treatment using the Methylamp DNA Bisulfite Conversion Kit 
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(catalog# P-1001; Epigentek, Farmingdale, NY, USA). We verified that the DNA was 

>99% converted, then performed library preparation by DNA end polishing and adaptor 

ligation followed by library amplification using indexed primers. We eluted the purified 

library in 12 μl and verified integrity using a Bioanalyzer and KAPA Library 

Quantification. We sequenced 10 nM of sample libraries on an Illumina HiSeq 2500 

(EpigenTek Farmingdale, NY, USA). We merged replicate Fastq files into a single fastq 

file and performed quality analysis using Fastqc. We trimmed the reads using 

TrimGalore (-q 20, adapter AGATCGGAAGAGC, --length 20, --rrbs) and processed the 

sequences using the Babraham Bioinformatic’s program, Bismark 

(www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_User_Guide.pdf). The 

reference bisulfite genome was produced via “bismark_genome_preparation”, and 

“bismark” was run against the converted genome (--non_directional, --bowtie1, -n 1, -q). 

We sorted and indexed the resulting BAM files using the “samtools sort” and “samtools 

index” programs. We converted the sorted/indexed BAM files into SAM files using the 

“samtools view” program. We performed the remaining analysis using MethylKit in 

RStudio. 

3.2.9. Western Blot 

Placentas were homogenized in pH 7.5 Tris lysis buffer including 50mM Tris, 

1mM EGTA, 150mM NaCl, 1% Triton X-100, 1% β-mercaptoethanol, 50mM NaF and 

1mM Na3VO4. Samples were separated on 8% sodium dodecyl sulfate-polyacrylamide 

gels by electrophoresis and then transferred to PVDF membranes. Primary antibodies 

file:///C:/Users/yudib/Documents/Paperwork%20for%20PhD/Dissertation/www.bioinformatics.babraham.ac.uk/projects/bismark/Bismark_User_Guide.pdf
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used in this study were anti-CTCF (catalog# 07-729, Millipore); anti-beta actin (catalog# 

ab8227, Abcam). We visualized blots using secondary antibodies conjugated to 

horseradish peroxidase (Life Technologies, Waltham, MA) and an enhanced 

chemiluminescence detection system (Pierce, Rockford, IL). We determined the relative 

expression of CTCF as a ratio to β -actin by quantifying band intensities using ImageJ 

(National Institutes of Health, Bethesda, MD). Each experimental group contains eight 

different animals (n = 8). 

3.3. Results 

3.3.1. The placentae of offspring sired by alcohol-exposed males exhibit sex-specific 

changes to a common cohort of genes. 

To better understand alterations in placental physiology induced by paternal 

alcohol exposure, we returned to the RNA-sequencing data sets generated from placental 

samples isolated on gestational day 14.5 (Chang et al., 2017). This stage represents the 

earliest phase at which we can detect alterations in fetal growth and placental efficiency. 

Using more current informatic tools and a more robust FDR-corrected p-value of 

q<0.05, we reanalyzed these data and identified a higher-confidence set of differentially 

expressed genes. Specifically, we identified 287 differentially expressed genes between 

placentae derived from the male offspring of control and alcohol-exposed males, with 

283 displaying decreased expression and only 4 displaying an increased expression 

(Figure 3.1 A). In the female offspring of alcohol-exposed sires, we identified 265 

differentially expressed genes, with 12 downregulated and 153 upregulated genes 
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(Figure 3.1 A). Out of the 387 significantly altered genes in male placentas and 357 in 

females, 218 genes were common to both groups. Unexpectedly, most of these candidate 

genes displayed diametrically opposite patterns of change in male offspring 

(downregulation) compared to the female offspring (upregulation) (Figure 3.1 B). From 

these observations, we conclude that although a similar cohort of genes become 

misregulated in the placental tissues of offspring sired by alcohol-exposed sires, the 

direction is sex-specific. 
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Figure 3.1 Preconception paternal alcohol exposure induces sexually dimorphic changes to a 

common cohort of genes, including candidates located in the albumin, apolipoprotein, and 

fibrinogen gene clusters. A) Comparison of the placental transcriptome between male (left) and 

female (right) offspring sired by males exposed to the control and ethanol preconception 

treatments. Analysis produced using cuffdiff, with an FDR-corrected p-value (q<0.05; n=2). B) 

Heatmap comparing the differential expression of candidate genes between placentae derived from 

the male and female offspring of control and ethanol-exposed sires. Using RT-qPCR, we assayed 

the expression of candidate genes belonging to the C) apolipoprotein, D) albumin, and E) 

fibrinogen gene families. Gene expression was normalized to the geometric mean of transcripts 

encoding Sdha, Mrpl1, and Hprt. (n=8) Error bars represent the standard error of the mean, * P < 

0.05, ** P < 0.01. Note: Apoa1, Apo3c, Apoa4, and Apoa5 all localize to the apolipoprotein gene 

cluster on mouse chromosome 9. 
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3.3.2. Dysregulated genes localize to gene clusters 

In both males and females, the top five scored molecular and cellular functions of 

the identified differentially expressed genes were molecular transport, protein synthesis, 

lipid metabolism, small molecule biochemistry, and vitamin and mineral metabolism, 

which all play important roles in placental function during development. In addition to 

the emergence of these functional groups, several gene families colocalizing to gene 

clusters all displayed changes in gene expression. Therefore, we assayed the expression 

of genes within three of the identified clusters. Given that placental growth phenotypes 

induced by paternal alcohol exposure are more severe in the male offspring (Bedi et al., 

2019; Chang et al., 2017), we focused our validation analysis on male placentae. 

Consistent with our revised RNA-seq analysis, transcript levels of multiple 

apolipoproteins, including Apoa1, Apoa2, Apoa4, Apob, Apoc2, Apoc3, Apoe, and 

Apom were significantly reduced in male offspring sired by alcohol-exposed sires 

(Figure 3.1 C). Interestingly, Apoa1, Apo3c, and Apoa4, which all localize to the 

apolipoprotein gene cluster located on mouse chromosome 9, were downregulated, while 

in contrast, the lone remaining gene in this cluster, Apoa5 remained unchanged. Unlike 

the other genes in this cluster, Apoa5 is not regulated by the centrally located apoCIII 

enhancer (Gao et al., 2005). In addition to the apolipoproteins, we also observed reduced 

transcription of other critical transport proteins, including Alb, Afp, Afm, Gc, and Ttf, 

and finally, the fibrinogen proteins Fga, Fgb, and Fgg (Figure 3.1 D-E). Notably, the 

transcriptional dysregulation we observed in these candidate genes impacted most, if not 

all, of the genes located in their respective clusters, with nearly the entire complement of 



 

48 

 

the albumin, apolipoprotein, and fibrinogen gene clusters demonstrating simultaneous 

down-regulation. These reductions are similar to observations reported in experiments 

examining changes in gene expression induced by depletion of chromatin factors 

facilitating enhancer-promoter looping (Handoko et al., 2011; Mishiro et al., 2009). 

3.3.3. Alterations in CTCF binding within the placentae of the male offspring sired 

by alcohol-exposed sires 

To determine if alterations in the localization of chromatin-binding proteins 

contribute to alterations in placental gene expression observed in the offspring of 

alcohol-exposed sires, we used chromatin immunoprecipitation followed by deep 

sequencing of isolated DNAs (ChIP-seq). In human cells, CCCTC-binding factor 

(CTCF) facilitates the chromatin organization required to control the expression of genes 

within the apolipoprotein and fibrinogen gene clusters (Espitia Jaimes et al., 2018; 

Mishiro et al., 2009). Significantly, deletion of either the CTCF sites within these loci or 

RNA-interference mediated depletion of CTCF protein simultaneously reduces gene 

expression across these gene clusters by half. As we observed a similar phenomenon in 

placentae derived from the male offspring of alcohol-exposed sires, we focused our 

analysis on CTCF localization in male placentae. 

Our sequencing experiments yielded a good correlation between experimental 

replicates (Figure 3.2 A). The identified peaks demonstrated strong enrichment of the 

consensus CTCF binding site (Figure 3.2 B; p=1.1e-1146), and principal component 

analysis identified a clear separation between samples derived from the different 
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preconception treatment groups (Figure 3.2 C). Consistent with previous studies 

examining CTCF localization, 30% of reads mapped to distal intergenic regions while 

the remainder mapped to gene bodies (45%) and promoters (25%) (Figure 3.2 D). Using 

MACS2 with a minimal intersection of 100bp, we identified 6,252 high-confidence 

peaks in all samples derived from the offspring of control males and 7,072 in offspring 

sired by alcohol-exposed males (Figure 3.2 E). Notably, 99% of identified peaks mapped 

to placental regulatory regions identified by the ENCODE consortium (Consortium et 

al., 2020).    

Of the high-confidence CTCF peaks we identified, 4366 were consistent between 

both treatment groups. However, compared to placental tissues isolated from the 

offspring of controls, the male offspring of alcohol-exposed sires lost 1916 peaks and 

gained 2711 unique peaks (Figure 3.2 E). When we mapped these peaks to the nearest 

gene and examined this list using IPA, we identified an enrichment of pathways 

participating in molecular transport, cellular movement, and tissue morphology (Figure 

3.2 F). We then directly contrasted differential patterns of CTCF binding to the 287 

differentially expressed transcripts we identified in Figure 3.1 above, 203 of which 

mapped to known genes. Of these differentially expressed genes (DEGs), 25% exhibited 

altered CTCF binding within 100kb of their transcriptional start sites (TSS); 44 (15%) 

exhibited increased CTCF binding, and 30 (10%) displayed reductions. These data are 

consistent with recent studies examining RNAi-depletion of CTCF, demonstrating that 

25% of differentially expressed genes are directly bound by this protein (Khoury et al., 

2020; Nora et al., 2017; Ren et al., 2017; VonHandorf et al., 2018).  
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Interestingly, while the overall proportion of peaks gained or lost were evenly 

distributed across gene bodies, a higher proportion of DEGs corresponded to increased 

CTCF binding 1-5 and 5-10 kb away and reduced CTCF occupancy 10-50 and 50-100 

kb away from the affected gene TSS (Figure 3.2 G). These observations suggest that an 

increase in CTCF binding has a more significant effect on gene regulation within 10 kb, 

and a reduction in CTCF strength affects genes located more distally. 
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Figure 3.2 Chromatin immunoprecipitation analysis reveals preconception paternal alcohol 

exposure induces alterations in placental CTCF localization. A) Correlation analysis between 

placental samples derived from the male offspring of control and ethanol-exposed sires (n=4). B) 

Strong enrichment of the consensus CTCF binding site in precipitated DNA. C) Principle 

component analysis and D) genomic distribution of CTCF precipitated fragments compared 

between the preconception treatment groups. E) Venn diagram and F) Integrated Pathway Analysis 

comparing differential patterns of CTCF binding between male placentae derived from control and 

ethanol-exposed sires. G) Correlation of CTCF peaks gained (left) and lost (right) with the 

transcriptional start sites of the differentially expressed genes identified in Figure 3.1. 

Similar to previous studies, we observed alterations in CTCF peak height and 

width across multiple loci corresponding to regulatory regions shared among multiple 
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tissue types (Figure 3.3). Importantly, in further support of a role for altered CTCF 

binding in modifying the expression of our identified candidate genes, we identified 

altered CTCF enrichment at multiple loci across the identified gene clusters 

(representative peaks from the albumin and apolipoprotein gene clusters shown below). 

 

 

 

Figure 3.3 Altered placental CTCF enrichment between the offspring of control and ethanol-

exposed sires. Integrative Genome Viewer tracks of chromosomal regions exhibiting differential 

CTCF enrichment. Regions include the apolipoprotein cluster on chromosome 9 (middle right) 

and the albumin cluster located on chromosome 5 (bottom panel). 
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3.3.4. Reductions in CTCF occupancy within candidate gene clusters 

We returned to the apolipoprotein, albumin, and fibrinogen gene clusters to 

validate our ChIP-seq studies, as these regions all displayed altered CTCF binding and 

co-incident patterns of transcriptional dysregulation. Using qPCR, we assayed the 

enrichment of CTCF at select regions across these gene clusters (representative map of 

the albumin cluster is presented in Figure 3.4 A). We selected candidate enhancers (E)  

and candidate insulators (I) based on the enrichment of CTCF from our datasets, recent 

studies of these gene clusters in mouse and human liver (Espitia Jaimes et al., 2018; 

Matthews and Waxman, 2018; Mishiro et al., 2009), as well as published profiles of 

H3K27ac and H3K4me1 derived from CHIP-seq profiles in trophectoderm stem cells 

(Shen et al., 2012). These studies identified altered enrichment of CTCF across multiple 

distal enhancer and promoter regions within loci across all three of the examined gene 

clusters (Figure 3.4 B-D). Interestingly, most of these changes localized to promoter 

regions or tissue-specific enhancers. Using the albumin cluster as an example, the large 

enhancer located upstream of the albumin gene (Matthews and Waxman, 2018) is absent 

in placental cells, as is the upstream CTCF peak. However, the region upstream of alpha-

fetoprotein contains multiple CTCF binding sites, which are reduced in placentae 

derived from alcohol-exposed males. In contrast, one of the CTCF peaks located within 

the gene body of alpha-fetoprotein, present in both liver and placental cells, increased in 

placentae derived from alcohol-exposed males (Figure 3.3 bottom panel). These results 

indicate that select CTCF sites across these gene clusters display altered enrichment in 

placentae derived from the offspring of ethanol-exposed males. 
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Figure 3.4 Validation of altered CTCF binding within candidate gene clusters. A) Map of the 

albumin gene cluster with known CTCF peaks previously identified in mouse liver 53 demarcated 

in blue, and enhancer regions upstream of alpha-fetoprotein (Afp) identified in red. Altered CTCF 

enrichment within the (B) albumin, (C) apolipoprotein, and (D) fibrinogen gene clusters. We 

performed chromatin Immunoprecipitation (ChIP) analysis on cellular extracts derived from 

GD14.5 placentae using antibodies recognizing CTCF. We assayed precipitated extracts for the 

enrichment of promoter regions, candidate Enhancers, or Insulators within the indicated loci. ChIP 

experiments were performed on a total of 8 placentae across five different litters, and data analyzed 

using a two-way ANOVA followed by Uncorrected Fisher's LSD. Error bars represent the standard 

error of the mean, * P < 0.05, ** P < 0.01, **** P < 0.0001. 

3.3.5. Alterations in CTCF occupancy do not correlate with changes in the Cohesin 

complex member Rad21 or broad changes in enhancer associated histone 

posttranslational modifications 

CTCF and the cohesion complex are both required for DNA looping (Nora et al., 

2017), which form insulated loops, a subset of which facilitate promoter-enhancer 

interactions (Ren et al., 2017; VonHandorf et al., 2018). Importantly, Cohesin lacks 

sequence-specific DNA binding activity and requires DNA binding factors, like CTCF, 

to be loaded onto chromatin (Ciosk et al., 2000). Therefore, altered CTCF binding would 

be expected to influence both CTCF binding and enhancer function. Using ChIP, we 
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examined placental extracts for the enrichment of Cohesin complex member Rad21. In 

addition, we also examined the enrichment of histone H3, lysine four monomethylation 

(H3K4me1), and histone H3, lysine 27 acetylation (H3K27ac), given their association 

with poised and active gene enhancers, respectively (Creyghton et al., 2010). 

Unexpectedly, using primers targeting the candidate regions exhibiting altered 

CTCF enrichment within the albumin, apolipoprotein, and fibrinogen gene clusters 

above, we did not observe any alterations in Rad21 binding, which was constant across 

all examined loci (Figure 3.6). Further, only one region displayed a decrease in 

H3K27ac enrichment, while we observed reduced H3K4 me1 at seven out of the 43 loci 

examined (Figure 3.5). From these data, we conclude that altered CTCF localization 

does not influence Rad21 enrichment or consistently alter colocalizing post-translational 

histone modifications. 
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Figure 3.5 Consistent Rad21 binding and modest alterations in enhancer-associated histone 

posttranslational modifications in placentae derived from the male offspring of alcohol-exposed 

sires. We used ChIP qPCR to assay the enrichment of the Cohesin component Rad21 and histone 

h3 lysine four mono-methylation (H3K4 me1) and lysine 27 acetylation (H3K27 ac) in the (A) 

albumin, (B) apolipoprotein, and (C) fibrinogen gene clusters. In these studies, we selected 

candidate loci exhibiting altered CTCF enrichment. ChIP experiments were performed on a total 

of 8 placentae across five different litters, and data analyzed using a two-way ANOVA followed 

by Uncorrected Fisher's LSD. Error bars represent the standard error of the mean, * P < 0.05, ** 

P < 0.01. 

3.3.6. Changes in DNA methylation do not correlate with alterations in gene 

expression and CTCF binding. 

To further investigate the basis to altered CTCF enrichment, we examined 

placental DNA methylation. Cell-specific CTCF occupancy correlates with DNA 

methylation patterns (Bell and Felsenfeld, 2000; Fedoriw et al., 2004; Stadler et al., 

2011; Wang et al., 2012; Xu and Corces, 2018). Similarly, patterns of altered DNA 

methylation associate with programmed changes in placental gene expression (Susiarjo 
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et al., 2013). Therefore, we utilized bisulfite mutagenesis and second-generation deep 

sequencing to determine if changes in CTCF occupancy and gene expression correlated 

with alterations in DNA methylation. Using DNA samples isolated from 2 male and two 

female placentae from each treatment, we achieved an average of 112 million reads for 

each sample, each with Q30 scores over 90%. Using Babraham Bioinformatic's program 

Bismark, we mapped reads against a converted mouse genome and used the RStudio 

Bioconductor package methylkit to analyze mapped reads. Consistent with previous 

studies, we identified similar placental DNA methylation profiles between sexes (Decato 

et al., 2017; Price et al., 2012). 

As previously reported, placental samples exhibited a reduced global methylation 

profile, displaying 56% (+/- 0.7) CpG methylation as compared to the ~70% commonly 

observed in somatic tissues (Eckhardt et al., 2006; Hon et al., 2013; Schroeder et al., 

2013). Similar to our studies of alcohol-exposed sperm, we could not detect any 

differences in global levels of DNA methylation between the preconception treatment 

groups in any of the CpG, CHG, or CHH contexts (Figure 3.6 A). Further, informatic 

analysis of mapped reads identified a strong correlation between treatment groups, and 

clustering analysis failed to separate placental samples by preconception treatment 

(Figure 3.6 B-C).  

To identify differentially methylated regions of the genome, we analyzed our 

datasets for alterations in individual CpGs, as well as between non-overlapping 1000 

base pair windows or 'tiles' of the genome (Lister et al., 2009). Setting rigorous cutoff 

values of 30x coverage, a minimal change in DNA methylation of 20%, a q-value of 
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0.01, and p-value of less than 0.05 (Ziller et al., 2015), 

(http://www.roadmapepigenomics.org/protocols), we were unable to identify any high-

confidence differentially methylated regions. As global levels of DNA methylation are 

lower in the placenta (Eckhardt et al., 2006; Hon et al., 2013; Schroeder et al., 2013), we 

reduced the stringency of our analysis in the hopes of identifying more modest changes. 

When we lowered these criteria to include values of 5x coverage, a minimal change in 

DNA methylation of 5%, a q-value of 0.05, and a p-value of less than 0.05, we identified 

19 differentially methylated CpGs (Table ) and 26 differentially methylated tiles Table ). 

These same regions emerged when we analyzed male and female samples separately 

(data not shown).  

The individual CpGs predominantly mapped to intergenic regions (57%), with 

30% mapping to gene bodies and only 14% mapping to promoter regions (Figure 3.6 D). 

Similarly, 82% of the differentially methylated tiles mapped to intergenic regions, 13% 

mapping to gene bodies, while none of the identified tiles fell within promoter regions. 

These results are entirely consistent with other genome-wide studies of DNA 

methylation, which demonstrate that DNA methylation predominantly maps to gene 

bodies and intergenic regions (Eckhardt et al., 2006; Edwards et al., 2010; Lister et al., 

2009). Of the 45 loci identified using this strategy, 80% displayed an increase in 

methylation, while only nine displayed reductions. Here, individual CpGs displayed 

more significant % change (+17% / -28%) versus the more modest (+/- ~10%) 

differences observed in the tiling analysis.  

http://www.roadmapepigenomics.org/protocols
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Interestingly, 70% of the differentially methylated features (9 of the 19 identified 

differentially methylated CpGs and 23/26 of the differentially methylated tiles) fell 

directly into an integrated transposable element, endogenous retrovirus, or some other 

class of repetitive sequence (Table  and Table ). These observations could be significant, 

as previous studies examining the epigenetic inheritance of the agouti locus have 

revealed alcohol-induced changes in patterns of DNA methylation within an integrated 

IAP element, which associate with heritable alterations in the transcriptional control of 

this locus (Kaminen-Ahola et al., 2010). However, none of the identified differentially 

methylated loci mapped to within +/- 1 million base pairs of either the promoter regions 

or gene bodies of the differentially expressed candidates identified in Figure 3.1. 

Similarly, only one of the 45 differentially methylated regions mapped to a CTCF peak. 

This region, located on chromosome 17, falls within the gene encoding the Rn45s 

ribosomal RNA. Although not the same specific CpG, we also identified this general 

locus in our studies of differentially methylated sperm (Chang et al., 2017). Further, this 

region has emerged from other studies examining altered developmental programming, 

suggesting the epigenetic modification of this locus may associate with programmed 

alterations in fetal growth (Holland et al., 2016; Sánchez-Martín et al., 2015). However, 

in each instance, our experiments identified single CpGs, not large regions, and none of 

the differentially methylated sites we identified fell within recognized CTCF binding 

sites. 
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Figure 3.6 Preconception male alcohol exposure does not impact the global DNA methylation 

profile of the offspring placentae. (A) Global DNA methylation profiles of placental tissues 

derived from control and alcohol-exposed males across CpG, CHG, and CHH contexts (n=4). (B) 

Pearson correlation analysis between genomic DNA methylation profiles of offspring placentae 

(n=4). (C) Clustering analysis between the DNA methylation profiles of offspring placentae sired 

by control and alcohol-exposed males. (D) Association of differentially methylated CpGs (top) 

and non-overlapping 1000 base pair tiles (bottom) with genomic features. 

3.4. Discussion 

Analysis of placentae derived from the offspring of alcohol-exposed sires 

identified sex-specific changes to a common cohort of genes, with widespread changes 

in expression across the albumin, apolipoprotein, and fibrinogen gene clusters. Our 
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previous studies observed fetal-placental growth deficits that cumulatively associated 

with a 10% increase in gestational length (Chang et al., 2019a). However, we were 

unable to identify the underlying cause of the delayed parturition. Here, we report the 

misregulation of multiple genes involved in growth factor signaling and fetal maturation. 

We observed altered expression of Alb, Afp, Afm, and Gc, located within the 

albumin cluster, all highly expressed in the placenta and fetal liver (McLeod and Cooke, 

1989). Albumin (Alb) and the other serum transport protein identified, transferrin (Trf), 

are both synthesized by trophoblast cells and serve functions integral to the transport of 

thyroid hormones during pregnancy (McKinnon et al., 2005). In mice, defects in thyroid 

hormone transport have well-characterized impacts upon fetal growth and maturation 

(Beamer et al., 1981), which primarily manifest later in development (Adams et al., 

1989) and are associated with delayed maturation of the lungs (deMello et al., 1994). 

Within this same gene cluster, Gc (vitamin D binding protein) is also expressed in 

trophoblast cells and serves to move vitamin D into fetal circulation (Dror, 2011). 

Disruptions in vitamin D transport impair fetal growth, and in both humans and mice, 

also delay the maturation of the lungs (Saadoon et al., 2017). Genes within the 

apolipoprotein gene cluster play central roles in cholesterol homeostasis, which is crucial 

to both the endocrine function of the placenta as well as lung maturation (Rooney, 

1989). In humans and rodents, glucocorticoid signaling increases the cholesterol content 

of the fetal lung as part of the maturation process (Aszterbaum et al., 1993), and both 

low- and high-density lipoproteins are required by alveolar cells within the fetal lung to 

produce pulmonary surfactant (Rooney, 1989). In both mice and humans, induction of 
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lung surfactant proteins during maturation is a major milestone promoting the initiation 

of parturition (Ratajczak and Muglia, 2008).  

Finally, during pregnancy, multiple genes within the fibrinogen gene cluster 

exhibit up-regulation proportional to advancing gestational age, support proper 

development of fetal-maternal vascular communication, and are induced as part of the 

inflammatory process associated with parturition (Fuller and Zhang, 2001; Iwaki et al., 

2002; Manten et al., 2004; Palumbo et al., 2004). Therefore, we posit that, alterations in 

placental gene expression across these three clusters collectively delay maturation of the 

fetal lungs, extending the length of gestation. Future studies will examine the offspring 

of alcohol-exposed sires for progressive increases in pulmonary surfactant protein A and 

other contractile protein factors to verify this assertion.       

Altered expression across the albumin, apolipoprotein and fibrinogen gene 

clusters prompted us to consider that preconception paternal alcohol exposure had 

altered CTCF localization. Within these gene clusters, genomic DNA folds into a 

complex three-dimensional loop, which moves the promoter regions of co-regulated 

genes into the proximity of cluster-specific regulatory elements (Espitia Jaimes et al., 

2018; Matthews and Waxman, 2018; Mishiro et al., 2009). Significantly, using cultured 

human cells, researchers have demonstrated that depleting CTCF protein using siRNAs 

or deleting individual CTCF binding sites using Cas9 causes the loop structures of the 

apolipoprotein and fibrinogen gene to collapse, reducing the expression of multiple 

genes spanning across these clusters (Espitia Jaimes et al., 2018; Mishiro et al., 2009). 
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Based on these studies, we hypothesized that male placentae derived from the offspring 

of alcohol-exposed sires would display altered CTCF occupancy.  

We focused our analyses on male placentae, as the overgrowth phenotypes were 

more consistent in males than females (Bedi et al., 2019; Chang et al., 2017, 2019a). Our 

ChIP-seq analysis and qPCR validation confirmed altered CTCF enrichment at multiple 

loci, including within these three gene clusters. Consistent with recently published 

studies of the albumin cluster in mouse liver (Matthews and Waxman, 2018), we were 

able to identify CTCF enrichment within the Afp gene body, which demonstrated 37% 

increased enrichment in samples derived from the alcohol treatment group (Figure 3.3, 

bottom; likelihood ratio of 2,829,863). However, the previously described CTCF peak 

located ~55kb upstream of the Alb promoter in the liver was absent in the placenta, with 

the next closest peak ~75kb upstream. This more upstream peak exhibited reduced 

enrichment in the placenta derived from alcohol-exposed sires. These observations 

indicate that the liver and placenta share some common CTCF binding sites, as well as 

tissue-specific ones, many of which are influenced by preconception alcohol exposures. 

These data are also consistent with recent reports indicating CTCF exerts a powerful 

impact on localized gene expression within the domain but that most impacted genes are 

not directly bound by this protein (Khoury et al., 2020; Nora et al., 2017; Ren et al., 

2017). Finally, they reinforce the assertion that environmental exposures can influence 

CTCF localization (VonHandorf et al., 2018).  

During spermatogenesis, CTCF plays a major role in organizing the sperm 

genome (Arpanahi et al., 2009; Jung et al., 2017, 2019). Thus, if alcohol induces 



 

64 

 

alterations in CTCF localization during spermatogenesis, these abnormalities may 

transmit to the offspring and stably alter chromatin looping on the paternally inherited 

allele. In support of this assertion, CTCF exclusively binds the maternal allele of the 

IGF2-H19 imprint control locus, while the paternal allele remains unbound. Importantly, 

this pattern is independently established during the respective production of the sperm 

and egg and is maintained into adulthood of the offspring (Fedoriw et al., 2004).  

Based on these published works, it is tempting to speculate that alcohol exposure 

disrupts CTCF-localization in the sperm-inherited genome, which transmits to the 

offspring and disrupts gene-chromatin looping on paternal-inherited chromosomes. 

However, we could not identify any changes in DNA methylation within alcohol-

exposed sperm (Chang et al., 2017), nor could we identify any correlation between 

altered placental DNA methylation and CTCF binding, even at low stringency. Thus, 

whether the observed alterations in CTCF localization are truly causal in programming 

gene expression, or merely another symptom of altered developmental programming, 

remains unknown. From our perspective, the induction of diametrically opposite gene 

expression patterns in males and females is more suggestive of sex-specific adaptations 

rather than the direct inheritance of altered programming. Future studies will examine 

CTCF localization in alcohol-exposed sperm, determine if affected loci transmit to the 

offspring and if these changes impact patterns of chromatin looping between affected 

gene promoters and enhancers. 
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4. ENHANCER-ASSOCIATED HISTONE MODIFICATIONS ARE REMODELED 

DURING THE EPIDIDYMAL MATURATION OF MOUSE SPERM 

4.1. Introduction 

Although gestational stressors have well-established effects on offspring growth 

and development, preconception exposures have only recently emerged as having a 

critical influence on the health and fitness of the next generation. Indeed, an increasing 

number of studies now reveal the potential of parental lifestyle choices and exposure 

history to impart inter- or transgenerational phenotypic changes to the offspring 

(Fleming et al., 2018). Therefore, understanding how and when germline programming 

occurs is essential to deciphering the developmental origins of disease and, concerning 

preconception male exposures, addressing a major blind spot in the field of 

developmental toxicology. 

Male germ cell specification and differentiation are characterized by dramatic 

changes in chromatin structure, ranging from erasure and re-establishment of DNA 

methylation during the embryonic phases to the critical role of post-translational histone 

modifications during meiosis (Reviewed (Larose et al., 2019)). During sperm 

production, stage-specific alterations in chromatin structure are accompanied by the 

trafficking of multiple histone variants, many of which are unique only to sperm, that 

prepare the sperm nucleus for transcriptional quiescence and nuclear compaction (Le 

Blévec et al., 2020). Finally, during the late stages of spermatogenesis, where germ cells 
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differentiate into round spermatids (spermiation), the majority of histones are evicted 

and replaced with protamines (Gatewood et al., 1987).  

Despite the essential role of protamines in nuclear compaction, a small subset of 

the paternal genome remains packaged in nucleosomes. Depending on the method of 

analysis, these nucleosome enriched regions co-localize with regulatory regions of 

developmentally crucial genes (Arpanahi et al., 2009; Brykczynska et al., 2010; Erkek et 

al., 2013; Gardiner-Garden et al., 1998; Hammoud et al., 2009; Royo et al., 2016; 

Yamaguchi et al., 2018; Yoshida et al., 2018) and gene-poor domains enriched in 

repetitive elements (Carone et al., 2014; Samans et al., 2014; Sillaste et al., 2017; 

Yamaguchi et al., 2018; Zalenskaya et al., 2000). The retention of nucleosomes, along 

with region-specific patterns of post-translational modifications are hypothesized to 

contribute to the establishment of the embryonic transcriptional program (Du et al., 

2017; Flyamer et al., 2017; Jung et al., 2017). In support of this assertion, markers of 

poised chromatin can be traced from the establishment of the male germline during early 

embryonic development through meiosis into fertilization-competent sperm (Lesch et al., 

2013). 

Notwithstanding the recent discovery that sperm pick up additional epigenetic 

information in the form of secreted noncoding RNAs during maturation (Chen et al., 

2016a), the established dogma has long been that all facets of chromatin-based 

epigenetic programming are complete before exiting the testis (Kota and Feil, 2010; 

Larose et al., 2019; Rando, 2016). In large part, this dogma has persisted because the 

nuclear compaction established during spermiation is thought to physically exclude 
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enzyme complexes involved in chromatin modification. However, studies in rodents 

(Ariel et al., 1994; Skinner et al., 2019) and recent clinical data (Donkin et al., 2016) 

suggest that patterns of DNA methylation are subject to change during epididymal 

maturation. These observations raise the prospect that histone post-translational 

modifications may also be modified during sperm maturation. Large-scale proteomic 

studies have reported changes in select histone post-translational modifications between 

elongating spermatids and mature sperm (Luense et al., 2016). However, this previous 

study never determined whether these changes occurred in the testis or during 

epididymal transit. This question is significant as it would imply that periconceptional 

male exposures could alter chromatin-based epigenetic programming.  

Using a mouse model, we investigated the hypothesis that sperm chromatin post-

translational modifications are subject to change during epididymal transit. To avoid the 

bias associated with antibody-based methods, we utilized nano-liquid chromatography, 

triple quadrupole mass spectrometry (nanoLC-MS) to characterize 80 different histone 

variants and post-translational modifications. We find that multiple post-translational 

modifications change between the caput and cauda regions of the epididymis and that the 

majority of these differentially enriched modifications are associated with gene 

enhancers. Using western blotting of sperm extracts, we confirm that changes in histone 

H3 lysine 27 and lysine 64 and di methylation of histone H3 lysine 9 occur between the 

caput and cauda portions of the mouse epididymis, and that these changes correlate with 

the presence of Class I histone deacetylase enzymes HDAC1 and HDAC3. These 

observations raise the prospect that paternal stressors immediately before conception 
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may alter chromatin-based epigenetic programming of enhancers, influencing the 

transcriptional program of the early embryo. 

4.2. Materials and Methods 

4.2.1. Mouse Sperm Isolation and Histone Acid Extraction 

Experiments involving mice were conducted under AUP 2017-0308 and 

approved by the Texas A&M University IACUC. We obtained postnatal day 90 adult 

C57BL/6N (RRID:IMSR_JAX:005304) males from the Texas A&M Institute for 

Genomic Medicine. We maintained males on a standard diet (catalog# 2019, Teklad 

Diets, Madison, WI, USA) and 12-hour light/dark cycle. After dissection, we separately 

placed the initial segment of the caput and the entire portion of the cauda, plus 

approximately 1 cm of vas deferens, into 12 well plates containing 500 μL of pre-

warmed (37 °C) Human Tubal Fluid medium (catalog# ZHTF-100, Zenith Biotech, Blue 

Bell, PA, USA). We then made four or five incisions to each separated section of the 

epididymis to allow sperm to swim out. We incubated plates at 37°C for 30 min, 

collected sperm and diluted a 10 μL aliquot 1:50 in diH2O to count cells using a 

Neubauer chamber slide. We washed the samples in PBS, then incubated sperm in 

somatic cell lysis buffer (0.1 % SDS, 0.5 % Triton- X-100) for thirty minutes on ice, 

confirmed purity using microscopy, then centrifuged and washed samples in PBS, snap 

froze the sperm pellets and stored them at -80°C. 

We acid extracted histones using a modified version of the previously described 

procedure (Garcia et al., 2007). We resuspended frozen sperm pellets in Nuclei Isolation 
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Buffer-250 with 0.3% NP-40 (15mM Tris-HCl (pH 7.5), 60mM KCl, 15mM NaCl, 5mM 

MgCl2, 1mM CaCl2, 250mM Sucrose, 1mM DTT, 10mM sodium butyrate, and 1:100 

Halt protease inhibitor (Cat# PI78437, Thermo Fisher Scientific, Pittsburgh, PA, USA)) 

and rotated them at 4°C for 30 minutes. We verified sperm lysis using microscopy and 

then centrifuged samples at 600g for five minutes. We washed the samples twice using 

Nuclei Isolation Buffer-250 with no NP40 and after the second centrifugation, 

resuspended the pellet in five volumes of 0.2M H2SO4, then rotated the samples 

overnight at 4°C. We then centrifuged samples at 4,000 x g for 4 minutes, transferred 

histone-enriched supernatant to new tubes and added Trichloroacetic Acid to a final 

concentration of 20% by volume, then incubated samples for two hours on ice. We 

centrifuged samples at 10,000 x g for five minutes at 4°C, discarded the supernatant and 

resuspend the pellet in 1mL cold acetone/0.1% HCl. We then washed the pellet twice 

with 100% acetone, air dried the sample and resuspended the pellet in water. 

4.2.2. Ram Sperm Isolation and Histone Acid Extraction 

Experiments utilizing rams were conducted under AUP 2017-0210 and approved 

by the Texas A&M University IACUC. After euthanasia, we isolated the reproductive 

track from 14-month-old rams. We made large incisions all across the proximal and 

distal loops of the caput, as well as the entire cauda, then separately placed the caput and 

cauda into 50ml conical tubes filled with warmed PBS, and then incubated the tubes in a 

37°C water bath for 30 minutes to allow sperm to swim out. We washed sperm twice in 

fresh PBS, then incubated the sperm in somatic cell lysis buffer (0.1 % SDS, 0.5 % 
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Triton- X-100) for thirty minutes on ice. We washed cells in PBS, incubated sperm in 

50mM DTT for 30 minutes at room temperature, then sonicated cells for five minutes 

(five 30 second pulses) using a Bioruptor sonication system (Diagenode, Denville, NJ, 

USA). We pelleted cells by centrifugation, resuspended the pellet in Nuclei Isolation 

Buffer-250 with no NP40, and incubated the samples at 4°C with constant rotation for 30 

minutes. We pelleted cells by centrifugation, resuspended the pellet in 0.2M H2SO4, 

sonicated the samples again for five minutes (five 30 second pulses), and then incubated 

the samples overnight at 4°C with constant rotation. We then added Trichloroacetic Acid 

to the supernatant to a final concentration of 20% by volume, and incubated samples on 

ice for two hours. We centrifuged samples at 10,000 x g for five minutes at 4°C, 

discarded the supernatant and washed the pellet twice in ice cold acetone. We let the 

samples air dry for 20 minutes and then resuspend the pellet in water. 

4.2.3. Mass Spectrometry 

We assayed the profile of sperm histones using the ModSPec service from Active 

Motif (Carlsbad, CA, USA). Pelleted histone peptides were resuspended in 0.1% TFA in 

water and analyzed on a TSQ Quantiva triple quadrupole (QqQ) mass spectrometer 

directly coupled with an UltiMate 3000 Dionex nano-liquid chromatography system 

(Thermo Fisher Scientific, Pittsburgh, PA, USA). Peptides were first loaded onto an in-

house packed trapping column (3cm×150μm) and then separated on a New Objectives 

PicoChip analytical column (10 cm×75 μm). Both columns were packed with New 

Objectives ProntoSIL C18-AQ, 3μm, 200Å resin. The chromatography gradient was 
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achieved by increasing percentage of buffer B from 0 to 35% at a flow rate of 0.30 

μl/min over 45 minutes. Solvent A: 0.1% formic acid in water, and B: 0.1% formic acid 

in 95% acetonitrile. The QqQ settings were as follows: collision gas pressure of 1.5 

mTorr; Q1 peak width of 0.7 (FWHM); cycle time of 2 s; skimmer offset of 10 V; 

electrospray voltage of 2.5 kV. Targeted analysis of unmodified and various modified 

histone peptides was performed. This entire process was repeated three separate times 

for each sample. 

4.2.4. Total Protein Isolation and Western Blotting 

We homogenized fresh sperm in Tris-lysis buffer (50 mM Tris, 1 mM EGTA, 

150 mM NaCl, 1% Triton X- 100, 1% b-mercaptoethanol, 50 mM NaF, 1 mM Na3VO4; 

at pH 7.5). We separated protein extracts (either sperm total protein or acid extracted 

histones) on 10% sodium dodecyl sulfate polyacrylamide gels and transferred proteins to 

PVDF membranes. Blots represent pooled caput spermatozoa collected from eight to ten 

males, while cauda sperm consist of mature sperm isolated from one or the pooled sperm 

from two males. The primary antibodies we used in this study are as follows: 

antiH3K9me2 (Cat# 39240, Active Motiff Carlsbad, CA, USA), antiH3K27me3 (Cat# 

07-449; RRID:AB_310624; Millipore-Sigma, St. Louis, MO, USA),  antiH3K27ac (cat#  

ab4729; RRID:AB_2118291; Abcam, Cambridge, MA, USA), antiH3K64ac (Cat# 

ab214808, Abcam) antiH3K36ac (Cat# ab177179, Abcam), antiH4K20me3 (Cat# 

ab9053; RRID:AB_306969; Abcam), anti-panacetyl-Histone H3 (Cat# 06-599; 

RRID:AB_2115283; Millipore-Sigma) and antiH3 (Cat# ab1791; RRID:AB_302613; 
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Abcam). We visualized blots using secondary antibodies conjugated to horseradish 

peroxidase (catalog no. sc-2004; RRID:AB_631746; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) and an enhanced chemiluminescence detection system (LI-COR, 

Lincoln, Nebraska USA). 

4.2.5. Data analysis 

Raw mass-spec files were imported and analyzed in Skyline with Savitzky-Golay 

smoothing (MacLean et al., 2010). All Skyline peak area assignments for monitored 

peptide transitions were manually confirmed. A minimum of 3 peptide transitions were 

quantified for each modification. For each monitored amino acid residue, each modified 

(and unmodified) form was quantified by first calculating the sum of peak areas of 

corresponding peptide transitions, then the sum of all modified unmodified forms 

determined. Finally, each modification is then represented as a percentage of the total 

pool of modifications. This process was carried out for each of the three separate mass 

spec runs, and the raw data imported into Excel to calculate the mean and standard 

deviation for each modified and unmodified form of the corresponding amino acid 

residue. 

For the analysis of western blots, we quantified band intensities using the 

densitometry feature of ImageJ (RRID:SCR_003070; National Institutes of Health, 

Bethesda, MD, USA) and after importing the obtained values into Excel, derived a ratio 

of the intensity of the modified histone divided by the intensity for total histone H3. We 

imported these ratios into the statistical analysis program GraphPad 
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(RRID:SCR_002798; GraphPad Software, Inc., La Jolla, CA, USA) and set statistical 

significance at alpha = 0.05. We verified all datasets for normality using the Brown-

Forsythe test, then compared histone ratios using an unpaired student’s t-test. 

4.2.6. Sperm Chromatin Immunoprecipitation sequencing (ChIP-seq) 

Sperm histone ChIP was carried out using a previously published protocol 

(Hisano et al., 2013). Briefly, for each individual biological rep, sperm collected from 

the Caputs and Cauda of 10-15 mice were pooled, purified and pre-treated with 50μM 

DTT for 2h at RT to open sperm chromatin. Cell suspensions were split into roughly 15-

20 million sperm aliquots per IP and treated with 90 U of MNase (New England Biolabs, 

#M0247S) for 5 min at 37C. MNase-digested chromatin was then pre-cleared with 

blocked A/G Sepharose beads for 1h at 4C. For IP, 5 μg of antibody (H3K27ac or 

H3K9me2) was added to the pre-cleared chromatin overnight followed by 50 μL of 

blocked beads for 4 h at 4C. Beads were washed and DNA was then eluted in elution 

buffer. Following RNase A and proteinase K treatment, DNA was purified using 

phenol/chloroform isolation and ethanol precipitation and resuspended in 40 μL 

ultrapure water. 

Library preparation using 10ng of DNA and 75 bp paired-end sequencing with at 

least 50 million reads per samples was carried out at the UT Health Cancer Genomics 

Center, Houston. Raw fastq reads were trimmed for adapters and quality and then 

mapped to the mm10 reference genome using BWA-MEM. 
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Peaks were called using MACS2 for either narrow or broad regions with an FDR of 

0.05. Bedgraph files were used to produce bigwig files for visualization using IGV. 

4.3. Results 

4.3.1. Sperm histone variants and post-translational modifications in the caput and 

cauda portions of the mouse epididymis 

To achieve an unbiased assessment of changes in chromatin structure, we 

separately isolated sperm from head caput and cauda portions of epididymides taken 

from 6- to 8-week-old C57BL/6N males and acid extracted histones (Figure 4.1 A-B). 

Using nano-liquid chromatography, triple quadrupole mass spectrometry (nanoLC-MS), 

we measured histone composition and abundance in pooled samples isolated from at 

least 10 million caput and cauda sperm. We then calculated the sum of peak areas for 

each peptide transition and determined the total pool of modifications for each residue. 

We used this value to normalize the data and calculate the relative abundance of each 

modification across three independent runs (all modifications + unmodified peptides = 

100%). A complete list of the evaluated histone isoforms and the relative abundance of 

each post-translational modification within the total peptide pool is available in Table . 

Our analyses quantified the post-translational modifications at 30 different residues 

across histones H2A, H2A1 H2A3, H3.1, H3.3, and H4. We find that most of the 

residues examined (19/30) are unmodified in both caput and cauda sperm (Table ). 

Notable exceptions were histone H3 lysine 9 (H3K9) histone H3.1 and H3.3 lysine 27 

and lysine 36 (H3K27 and H3K36), as well as histone H4 lysine 20 (H4K20), which 
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were all at least 50% modified. Consistent with previous reports examining human and 

mouse sperm (Luense et al., 2016), we were only able to identify trace amounts of 

histone H1.4. 

To determine if alterations in chromatin structure occur during sperm maturation, 

we examined changes in the relative abundance of the measured post-translational 

modifications between caput and cauda sperm. These analyses identified 12 different 

residues that exhibited either a ~5-fold or greater difference in relative abundance or a 

shift of greater than ~10% within the peptide pool (Figure 4.1 C). These included 

changes at histone H3, lysine 4 (H3K4), lysine 9 (H3K9), lysine 14 (H3K14), lysine 23 

(H3K23), lysine 27 (H3K27), lysine 36 (H3K36), lysine 56 (H3K56), lysine 64 

(H3K64), lysine 79 (H3K79), and lysine 122 (H3K122), as well as histone H4 lysine 16 

(H4K16), and lysine 20 (H4K20). We did not observe any changes for the isoforms of 

histone H2. 
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Figure 4.1 Alterations in histones posttranslational modifications between caput derived 

spermatozoa and cauda derived sperm. (A) We acid extracted histones from ten million cells 

isolated from the caput and cauda regions of the epididymis (B) and ran proteins on a 

polyacrylamide gel and stained with Coomassie blue (left). Using LC/MS, we compared the 

histone posttranslational modification profiles of caput spermatozoa and mature sperm. (C) 

Heatmap comparing the calculated percentage of each individual peptide transition as a fraction 

of the total peptide pool (all modifications + unmodified peptides = 100%). Data represent the 

average of three independent runs obtained from a pooled sample of 10 million caput and cauda 

sperm. 
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In the transition from caput spermatozoa to cauda sperm, decreases in most 

posttranslational modifications were balanced by equivalent gains in the unmodified 

form of the histone (Figure 4.2). As examples, between caput and cauda sperm, we 

observed an ~8% decrease in H3K4 monomethylation, which was offset by an 8% 

increase in unmodified H3K4 and a ~10% decline in H3K9 dimethylation equipoised by 

a near equivalent increase in unmodified H3K9 (Figure 4.2A-B). Similarly, for histone 

H3 lysines 14, 23, and 27, ~5% to 13% decreases in acetylation were accompanied by 

equivalent increases in the unmodified forms of these residues within the peptide pool 

(Figure 4.2C-E). The more substantial magnitude shifts in the acetylation of H3K27 

appeared on histone H3.3, and not the H3.1/H3.2 isoforms (LC/MS analysis cannot 

distinguish H3.1 or H3.2). In contrast, acetylation of histone H4 lysine 16 (H4K16ac) 

increased 13%, while unmodified H4K16 decreased by 13% (Figure 4.2H). The 

remaining changes in histone posttranslational modifications represented shifts in 

distributions between multiple posttranslational modifications. As examples, H3K36 and 

H3K79 exhibited losses in both acetylation and methylation, which were accompanied 

by an increased abundance of the unmodified peptide (Figure 4.2F-G). At the same time, 

H4K20 displayed an 18% decline in the dimethylated form and an equivalent increase in 

the trimethylated form (Figure 4.2I). Although less than 1% of the peptide pool, we 

observed 5 to 15-fold decreases in the acetylation of histone H3, lysine 56, 64, and 122 

(H3K56, H3K64, and H3K122, Figure 4.2J-L). Interestingly, trimethylation of histone 

H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3) were constant during the transition 

from the caput to caudal region of the epididymis (Figure 4.1). 
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Figure 4.2 Gains and losses of select histone posttranslational modifications during epididymal 

maturation of mouse sperm. Bar graphs contrasting gains and losses of unmodified (UN) histones 

with the levels of lysine acetylation (AC), monomethylation (ME1) dimethylation (ME2), and 

trimethylation (ME3) in sperm isolated from the caput and cauda portions of the epididymis. Error 

bars represent the SEM, n = 3 replicates, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

4.3.2. Changes in the profile of post-translational modifications associated with 

enhancer function during epididymal maturation 

To validate our mass spectrometry analysis, we acid extracted histones from ~7.5 

million caput and cauda sperm and, using western blotting, examined changes in six of 

the post-translational modifications identified above (Figure 4.3). Consistent with the 
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mass spec analysis, levels of H3K27 trimethylation were identical between caput and 

cauda sperm, while levels of H3K27 acetylation and H3K9 dimethlyation decreased 

during epididymal maturation (p < 0.05). Despite representing a small fraction of the 

peptide pool, we also confirmed decreased enrichment of H3K64 acetylation between 

immature and mature sperm. Although decreases in the acetylation of H3K36 and 

increases in the trimethylation of H4K20 tended to be similar to those observed in our 

proteomic analysis, these differences did not reach statistical significance of p less than 

0.05 (specific p-values were 0.09830 and 0.1743 respectively). We suspect differences in 

the sensitivity and variability of western blotting compared to nanoLC-MS explain these 

discrepancies (Zheng et al., 2013). Importantly, several of the post-translational 

modifications validated here associate with gene enhancer activity. These include 

histone H3 lysine 27 acetylation (H3K27ac), lysine 64 acetylation, and H3K9 

dimethylation (H3K9me2) (Creyghton et al., 2010; Higashijima et al., 2020; Pradeepa et 

al., 2016). These observations suggest that gene enhancer-associated posttranslational 

modifications may be specifically targeted during epididymal transit. 
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Figure 4.3 Changes in select histone posttranslational modifications between mouse caput 

spermatozoa and cauda sperm. Comparison of select histone posttranslational modifications 

between immature and mature sperm was conducted using western blotting. Blots of each histone 

modification were quantified using ImageJ and normalized to levels of total histone H3. This 

normalized ratio was compared between caput and cauda sperm. Error bars represent the SEM, n 

= 3 replicates, * p < 0.05, ** p < 0.01 
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4.3.3. Alterations in Histone H3 lysine 9 dimethylation and lysine 27 acetylation 

during epididymal maturation 

To better understand the dynamics of histone structure during epididymal transit, 

we focused on H3K9me2 and H3K27ac and used chromatin immunoprecipitation 

followed by deep sequencing (ChIP-seq) to monitor changes in enrichment during sperm 

maturation. Our analysis of H3K9me2 revealed a strong correlation between biological 

replicates and between caput and cauda sperm samples (Figure 4.4 A). Consistent with 

our LCMS and western blotting, MACS2 identified decreased enrichment of both broad 

and narrow peaks between caput and cauda samples, with 6,768 broad regions in caput 

samples decreasing to 3,489 broad peaks in cauda (Figure 4.4 B) and 3,950 narrow peaks 

in caput samples decreasing to 2,164 narrow peaks in cauda sperm (Figure 4.4 C). These 

changes reflected a general thinning of H3K9me2 enrichment (Figure 4.4 D), with the 

majority of H3K9me2 enriched regions mapping to distal intergenic (65%) and intronic 

regions (25%); consistent between caput and cauda-derived samples. (Figure 4.4 E-F). In 

support of this observation, regions enriched in H3K9me2 were generally depleted of 

CpG islands and did not correlate with gene transcriptional start sites (Figure 4.4 G-H). 

However, when we broke CpG enrichment into clusters, we observed a slight (968 out of 

16014; 6%) increase in H3K9me2 enrichment centered at CpG islands within cauda-

derived samples. Notably, most of these regions were centered on promoter regions 

(representing 2% of regions described in Figure 4.4 E) with GO pathway analysis 

identifying enrichment of processes involved in chiasma assembly, synaptonemal 

complex assembly, chromosome organization, and male gametogenesis. In contrast to 
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CpG islands and transcriptional start sites, we observed strong enrichment of distal 

enhancer-like sequences for a subset of H3K9me2 enriched regions (Figure 4.4 I). From 

these data, we conclude that H3K9me2 enriched regions of the sperm genome 

predominantly map to distal intergenic regions, some of which associate with enhancer-

like sequences. Interestingly, promoter regions of genes driving sperm production 

progressively increase in H3K9me2 during epididymal maturation. 

Figure 4.4 ChIP-sequencing identifies decreased enrichment of H3K9me2 at distal intergenic 

regions during the transition of mouse caput spermatozoa to cauda sperm. (A) Correlation analysis 

between H3K9me2 ChIP-seq signals derived from sperm isolated from the caput and cauda 

regions of the epididymis (n=2). Venn diagrams comparing changes in (B) broad and (C) narrow 

peaks between caput and cauda-derived sperm. (D) Integrative Genome Viewer tracks of 

chromosomal regions exhibiting differential H3K9me2 enrichment between caput and cauda-

derived sperm. Bar chart representation of the distribution of H3K9me2 across key genomic 

features between (E) caput and (F) cauda-derived samples. Heatmaps displaying the enrichment 

of H3K9me2 signals across (G) CpG islands, (H) gene bodies, or (I) regions exhibiting a signature 

of distal enhancers. 
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Our studies of H3K27ac enriched regions identified several significant contrasts 

with the patterns identified for H3K9me2. First, although cauda-derived samples 

correlated with each other, caput samples were much more variable (Figure 4.5 A). 

Second, consistent with H3K9me2, MACS2 identified a reduction in broad peaks 

(Figure 4.5 B; caput sperm exhibited 7904 broad peaks, which decreased to 5144 regions 

in cauda-derived sperm), while in contrast, we identified an increase in narrow peaks 

(Figure 4.5 C; 14,976 enriched regions in caput sperm, which increased to 18,110 

regions in cauda-derived samples). Interestingly, these changes primarily reflected a 

sharpening of broad domains into focused peaks (Figure 4.5 D). Third, unlike 

H3K9me2, which primarily associated with distal intergenic regions in both caput and 

cauda-derived sperm, H3K27ac shifted from distal intergenic (21%) and intronic regions 

(48%) in caput-derived samples to primarily localizing to gene promoters (72%) and 

distal intergenic regions (12%) in cauda-derived sperm (Figure 4.5 E-F). Finally, 

consistent with increased enrichment at gene promoters, we identified a significant shift 

towards the enrichment of H3K27ac to CpG islands (Figure 4.5 G) and gene 

transcriptional start sites (Figure 4.5 H). For the gene promoters, pathway analysis 

identified genetic processes involved in histone modification, embryo development, and 

multiple aspects of reproductive biology. We also observed a dramatic sharpening of 

H3K27ac signals at distal enhancer-like sequences (Figure 4.5 H). For the top cluster of 

regions exhibiting increased peak sharpening in cauda-derived sperm (9879 of the 

209041 enhancer regions), pathway analysis identified processes involved in embryo 

development, pattern specification, embryonic morphogenesis, and CNS development. 
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Collectively, these observations indicate that during epididymal transit, H3K27 

transitions from broad domains to sharp, focused peaks centered on gene promoters and 

distal enhancers driving early embryonic development. Interestingly, we observed a 

weak negative correlation between H3K9me2 and H3K27ac, suggesting these marks 

may oppose each other. 

 

Figure 4.5 During epididymal maturation, broad H3K27ac peaks sharpen and transition from 

intronic and distal regions to gene promoters and enhancers driving embryo development. (A) 

Correlation analysis between H3K27ac ChIP-seq signals derived from sperm isolated from the 

caput and cauda regions of the epididymis (n=2). Venn diagrams comparing changes in (B) broad 

and (C) narrow H3K27ac peaks between caput and cauda-derived sperm. (D) Integrative Genome 

Viewer tracks of chromosomal regions exhibiting the transition from diffuse broad peaks to more 

focused enrichment between caput and cauda-derived sperm. Bar chart representation of the 

distribution of H3K27ac across key genomic features between (E) caput and (F) cauda-derived 

samples. Heatmaps displaying the enrichment of H3K27ac signals across (G) CpG islands, (H) 

gene bodies, or (I) regions with a distal enhancer-like signature. 
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4.3.4. Reduced levels of histone H3 lysine 27 acetylation between mouse embryonic 

stem cells and mature sperm. 

Our data indicate that histone posttranslational modifications associated with 

gene enhancers are selectively reduced during epididymal transit. However, recent 

studies employing chromatin immunoprecipitation followed by genome-wide 

sequencing (ChIP-seq) have identified H3K27ac-enriched regions within the sperm 

genome (Jung et al., 2017). To explore this discrepancy, we compared the datasets 

derived from sperm to the well-characterized H3K27ac enhancer profiles identified in 

mouse embryonic stem cells (mESCs) (Shen et al., 2012). We processed these published 

datasets following ENCODE3 guidelines, mapped sequence reads using MACS2 with p-

value cutoff of 0.01 and identified the closest gene to each peak using bedTools. After 

filtering out peaks within 1000 base pairs of transcriptional start sites, we identified 

21,139 sperm and 33,254 mESC unique peak sets. In mESCs, 54% of peak heights 

exhibited more than a 5-fold enrichment over background and 13% were greater than 10-

fold. In contrast, of the peak sets identified in sperm, only 18% displayed a 5-fold 

enrichment over input reads, while less than one percent surpassed a 10-fold enrichment 

(Figure 4.6). Although challenges remain when comparing published ChIP-seq datasets 

produced by different labs (Meyer and Liu, 2014), our analysis indicates that H3K27ac 

peak heights are broadly reduced in sperm when compared to mESCs (p<0.0001). 
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Figure 4.6 The profile of global H3K27ac enrichment in sperm is reduced compared to the profile 

observed in mESCs. Published chromatin immunoprecipitation datasets were used to compare the 

global profiles of H3K27ac enrichment. The violin plots compare global fold enrichment of 

H3K27ac over the input control between mouse embryonic stem cells (mESCs) and mature sperm. 

4.3.5. Histone deacetylase expression in sperm isolated from the head caput and 

cauda portions of the mouse epididymis 

In somatic cells, the histone deacetylase family of enzymes carry out removal of 

acetyl groups from lysine residues on histone tails. This family is divided into three 

classes based on their exclusive localization to the nucleus (Class I), their ability to 

shuttle between the cytoplasm and the nucleus (Class II) and if they require the cofactor 

NAD+ for deacetylase activity (Class III) (Johnstone, 2002). Of these three, Class I 
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deacetylases frequently associate with transcription factors and drive the 

decommissioning of gene enhancers (Qiao et al., 2020; Whyte et al., 2012). Given that 

the majority changes identified by our nanoLC-MS involve histone deacetylation, we 

examined sperm for the presence of Class I HDACS. Using RIPA buffer, we isolated 

protein extracts from ~7.5 million caput and cauda sperm, then examined the expression 

of HDAC1, HDAC2, and HDAC3 using western blotting. We were able to detect both 

HDAC1 and HDAC3 in spermatozoa isolated from the caput portion of the epididymis 

(Figure 4.7). When we increased the number of mature sperm five-fold to 38 million 

(isolated from four mice), we detected both HDAC1 and HDAC3 in mature sperm 

(Figure 4.7). We were unable to detect HDAC2 in any sperm samples. From these data, 

we conclude that HDAC1 and HDAC3 are present in both immature and mature mouse 

sperm. 

 

Figure 4.7 Identification of Class I Histone Deacetylase enzymes HDAC1 and HDAC3 in mouse 

sperm. Expression of HDAC1 and HDAC3 was assayed in immature and mature sperm using 

western blotting. Protein extracts were derived from 7.5 million caput spermatozoa and 38 million 

cauda sperm. 
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4.3.6. Differences in histone posttranslational modifications during epididymal 

maturation of ram sperm 

Finally, we sought to determine if changes in histone posttranslational 

modifications are a common feature of mammalian epididymal maturation. To this end, 

we assayed patterns of histone structure between immature and mature sperm isolated 

from Ovis aries (Rambouillet Merino). Similar to mouse sperm, less than 5% of the 

ruminant genome retains histones (Champroux et al., 2016), and both species exhibit an 

extended (10 to 14 day) epididymal transit time compared to humans (Robaire and 

Hinton, 2015). After euthanasia, we dissected the ram reproductive track and separately 

isolated sperm from the caput and cauda regions of the epididymis. Using western 

blotting, we assayed changes in histone structure between caput spermatozoa and cauda 

sperm. Similar to mice, we did not observe any significant changes in the levels of 

H3K27me3 between caput spermatozoa and mature sperm, while levels of H3K36ac 

diminished during epididymal transit (Figure 4.8). Although blots using H3K27ac and 

H3K64ac antibodies failed to identify appropriately sized bands for histone H3 (data not 

shown), we detected a significant reduction in pan-histone H3 acetylation between caput 

and cauda sperm. These data indicate that, in addition to mice, rams also exhibit changes 

in histone posttranslational modifications during epididymal maturation. 
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Figure 4.8 Changes in histone posttranslational modifications during the epididymal maturation of 

ram sperm. Comparison of histone posttranslational modifications between immature and mature 

sperm using western blotting. Blots of each histone modification were quantified using ImageJ 

and normalized to levels of total histone H3. This normalized ratio was compared between caput 

and cauda sperm. Error bars represent the SEM, n = 3 males, * p < 0.05, ** p < 0.01. 

4.4. Discussion 

This study's core finding is that posttranslational histone modifications in the 

sperm epigenome change during epididymal transit. Previous studies examining 

chromatin structure in mature sperm have primarily focused on modifications associated 

with gene promoters, including H3K4me3 and H3K27me3 (Lesch et al., 2013). Our 

study did not observe differences in either of these chromatin states, suggesting that 

bivalent chromatin modifications centered on gene promoters are stable during 

epididymal maturation. Significantly, of the twelve posttranslational modifications 
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exhibiting either the most significant fold change or most substantial shifts within the 

peptide pool, seven are directly linked to gene enhancer function. These include histone 

H3 lysine 4 monomethylation (H3K4me1), lysine 27 acetylation (H3K27ac) lysine 79 

dimethylation (H3K79me2), lysine 64 acetylation (H3K64ac), lysine 122 acetylation 

(H3K122ac), and histone H4 lysine 16 acetylation (H4K16ac), which demarcate active 

or poised enhancers (Creyghton et al., 2010; Godfrey et al., 2019; Pradeepa et al., 2016; 

Rada-Iglesias et al., 2011; Taylor et al., 2013), as well as H3K9 dimethylation 

(H3K9me2), which localizes to silent enhancers (Higashijima et al., 2020). In point, with 

the exception of increased H4K16ac, our LC-MS comparisons of caput spermatozoa and 

cauda sperm identified decreases in all the histone posttranslational modifications 

associated with enhancer activity characterized to date, as well as selective increases in 

modifications hypothesized to oppose enhancer chromatin topology directly (Pradeepa et 

al., 2016). Specifically, acetylation of H4K16 maintains an open state by impeding the 

ability of chromatin to form cross-fiber interactions and is directly opposed by 

methylation histone H4K20 (Lu et al., 2008; Shogren-Knaak et al., 2006). Both of these 

modifications increase during epididymal transit and are in the top twelve differentially 

enriched posttranslational modifications. Future studies are needed to determine if these 

opposing modifications colocalize to the same loci and if the remaining four 

modifications we identified, including acetylation of histone H3 lysine14, 23, 36, and 56, 

associate with gene enhancers in sperm. 

Based on our observations, we postulate that gene enhancers are selectively 

targeted and decommissioned during epididymal transit. Although not conclusive, 
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identification of HDAC1 and HDAC3 here in mouse sperm, and by others in human 

sperm (Kim et al., 2014), suggest Class I HDACS may direct this process. In embryonic 

stem cells, Class I HDACs complex with lysine-specific demethylase 1 (also known as 

KDM1A) to demethylate histone H3 on Lys 4 and Lys 9 (H3K4/ K9). During stem cell 

differentiation, the cooperative interaction of these chromatin modifiers within the 

nucleosome remodeling and histone deacetylase (NuRD) complex is essential for the 

decommissioning of enhancers driving pluripotency (Whyte et al., 2012). In addition to 

reductions in enhancer-associated histone acetylation, our nanoLC-MS data also 

identified reductions in both H3K4me1 and H3K9me2, indicating the NuRD complex 

could be present in maturing sperm. 

In further support of our hypothesis that enhancers are selectively 

decommissioned during epididymal transit, reduction of lysine 27 acetylation was only 

observed on the histone H3.3 variant, and not H3.1/3.2. Histone H3.3 specifically 

incorporates into enhancer regions, and similar to acetylation of H4K16, impedes 

intrafiber folding, maintaining the open conformation necessary to bind cofactors 

required to activate transcription (Chen et al., 2013). While histone variants H3.1 and 

H3.2 incorporate during S-phase, H3.3 incorporates outside of DNA replication 

(Henikoff and Ahmad, 2005). Significantly, the H3.3 variant persists though the 

transition from the sperm genome to the paternal pronucleus after fertilization (Van Der 

Heijden et al., 2008). The selective targeting of histone H3.3 in maturing sperm provides 

further support to the H3 barcode hypothesis, positing that region-specific incorporation 

of histone variants serves as a backup for less stable posttranslational modifications and 
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represents the first layer of epigenetic memory (Hake and Allis, 2006). We suspect that 

the ability of H3.3 to maintain an open conformation allows the selective targeting of 

loci in the compacted sperm nucleus and, to be preferentially identified by oocyte-

derived factors directing the establishment of the embryonic epigenome. Alternatively, 

the open confirmation conferred by histone variant H3.3 may predispose enhancer 

regions to protamine replacement, which recent studies suggest continues during 

epididymal maturation (Yoshida et al., 2018). Future studies will determine whether the 

targeted removal of histone posttranslational modifications associated with enhancer 

function erase remnant transcriptional memories leftover from sperm production or play 

a larger role in transmitting epigenetic information to the embryo    

In mice, sperm production consists of a 34.5-day spermatogenic wave followed 

by functional maturation during a 10-day epididymal transit; taking approximately 45 

days in total. (Meistrich et al., 1975; Oakberg, 1956). To date, the established dogma 

remains that select aspects of epigenetic programming are confined to specific windows 

(Le Blévec et al., 2020; Rousseaux et al., 2005). Patterns of sperm DNA methylation 

primarily occur in spermatogonial stem cells and their derived meiotically dividing 

spermatocytes, while the final remodeling of histones takes place during spermiation 

(Gatewood et al., 1987; Rousseaux et al., 2005). Although still emerging, the processes 

of sperm ncRNA trafficking largely appear to take place during epididymal transit 

(Sharma et al., 2018). Most studies examining perturbations to the paternally-inherited 

epigenetic program employ exposures longer than 45 days, which ensures coverage of 

the entire duration of sperm production and maturation (Bedi et al., 2019; Carone et al., 
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2010; de Castro Barbosa et al., 2016; Chang et al., 2019a; Fullston et al., 2013; Gapp et 

al., 2014b; Morgan et al., 2020; Rodgers et al., 2015; Rompala et al., 2018; Vassoler et 

al., 2013). Therefore, these long-term exposures make it reasonable to suspect all facets 

of postnatal paternal epigenetic programming, including changes in sperm-inherited 

DNA methylation, post-translational histone modifications, and noncoding RNAs.  

However, a limited number of studies have identified paternally inherited 

changes arising from acute exposures. For example, three weeks after the initiation of a 

high-fat diet, the female offspring of exposed males exhibit reduced glucose tolerance 

(Stanford et al., 2018). After fourteen days of either daily stress induced by prolonged 

restraint or direct glucocorticoid injections, the offspring of exposed males display 

persistent hyperglycemia (Wu et al., 2016). Finally, after only seven days of prolonged 

exposure to cold temperatures, offspring sired by exposed males displayed improved 

glucose metabolism and increased brown adipose tissue (Sun et al., 2018). Based on 

established dogma, the relatively short duration of these acute exposures implicates 

altered epigenetic programming during the final phases of sperm maturation, which are 

more likely to involve changes in the profile of sperm-inherited noncoding RNAs than 

alterations in DNA methylation or histone posttranslational modifications. However, 

clinical studies have identified changes in sperm DNA methylation as little as seven days 

after bariatric surgery (Donkin et al., 2016) and although not associated with an overt 

phenotypic change, exposing rodents to either cannabinoids or tetrahydrocannabinol for 

twelve days also influences this epigenetic modification in sperm (Acharya et al., 2020; 

Murphy et al., 2018). These data support the assertion that programming of DNA 
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methylation occurs during epididymal transit as well as during spermatogenesis (Ariel et 

al., 1994; Skinner et al., 2019). Building on these studies, we find that select histone 

posttranslational modifications also change during sperm maturation. Given that 

multiple studies can track sperm-inherited histones into the embryonic genome (Bui et 

al., 2011; van der Heijden et al., 2006; Van Der Heijden et al., 2008; Ihara et al., 2014; 

Van De Werken et al., 2014), we must now consider the possibility that acute 

environmental exposures may alter multiple aspects of the paternally-inherited 

epigenetic program and influence embryonic development. However, it remains to be 

determined if sperm-inherited changes in either DNA methylation or histone 

posttranslational modifications are drivers of altered developmental programming or 

additional symptoms. 

 

 

 

 

 



 

 

5. ALCOHOL ALTERS THE ABUNDANCE AND ENRICHMENT OF 

POSTTRANSLATIONALLY MODIFIED HISTONES IN SPERM CHROMATIN 

5.1. Introduction 

For decades, research into the effects of pre- and peri-conceptional exposures on 

the health of the growing fetus and mature offspring have focused on the singular role of 

the mother. However, recent studies show that paternal lifestyle and preconception 

exposures have pronounced effects on placental and fetal  markers of growth and 

development, inflammation and embryonic gene expression (Fleming et al., 2018). In the 

offspring, these effects persist into adulthood and have shown to be mediated by 

epigenetic mechanisms (Acharya et al., 2020; Chang et al., 2019b; Ng et al., 2010). Our 

understanding now is that sperm possess a wide suite of environmentally modifiable 

epigenetic marks, including DNA methylation, histone modifications, and small and 

long noncoding RNAs, that appear to influence gene expression in the early embryo 

(Marcho et al., 2020; Meyer et al., 2017; Sharma, 2019).  

Owing to the retention of parental allele-specific imprinting via DNA 

methylation from gametes, beyond fertilization, into the genome of the developing 

embryo, sperm DNA methylation has been almost exclusively investigated as a 

mechanism for carrying the memory of environmental influences to the zygote. 

However, the contribution of changes in sperm DNA methylation to these phenotype-

modifying epimutations in fetal, placental and adult tissue is debatable (Bedi and 

Golding, 2019). For example, studies examining the effects of different paternal dietary 
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regimens on offspring health find stable cytosine methylation in sire sperm DNA 

(Carone et al., 2010; Shea et al., 2015), while detecting reproducible changes in 

offspring liver methylation. Similarly, we found that paternal preconception ethanol 

intake affects fetal and placental growth with long-lasting  consequences on adult 

metabolism (Chang et al., 2019b), yet no correlative alterations in sperm DNA 

methylation were observed (Chang et al., 2017). On the other hand, a recent study found 

that paternal cold exposure prior to conception resulted in improved metabolic outcomes 

for the offspring and this correlated with the presence of roughly 2500 differentially 

methylated regions (DMRs) in sire sperm (Sun et al., 2018). Out of the 11,000 genes 

expressed in the target, interscapular brown adipose tissue (iBAT), about 10% had 

overall shifts, compared to control, that inversely correlated with the altered methylation 

status of those genes in sire sperm after cold exposure. However, whether and how these 

methylation patterns from sperm persist in offspring iBAT is not known. Furthermore, 

research into transgenerational effects of paternal exposures to environmental toxicants 

shows that while differential sperm methylation as a result of ancestral exposures 

correlates with disease outcomes (Ben Maamar et al., 2019), there is little to no 

concordance of these differentially methylated sites across the male germline of each 

affected generation (McBirney et al., 2017).  

New studies indicate that histone retention in the mouse sperm genome is higher 

(~8%) (Jung et al., 2017) than previously believed (~1%) (Erkek et al., 2013). 

Programming of the paternal genome at fertilization leads to widespread erasure of the 

histone marks carried by sperm (Zheng et al., 2016). However, recent evidence shows 
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that a fraction of modified histones in sperm escape this reprogramming and, in fact, 

mark developmental genes and influence their expression in the early embryo (Oikawa 

et al., 2020). Analyses of sperm histone retention using different techniques of 

Chromatin immunoprecipitation (ChIP) and different levels of enzymatic digestion 

reveal a highly complex organization of sperm chromatin. Initial MNase digestion 

studies, pointed towards enrichment in either gene deserts, devoid of promoters (Carone 

et al., 2014), or in gene rich regions (Erkek et al., 2013). Crosslinking ChIP analyses 

revealed that Histones not only enriched at promoters but also marked enhancer and 

super-enhancer regions in sperm (Jung et al., 2017). Subsequent studies showed that 

different regions of sperm chromatin are less accessible and only solubilize after 

extensive digestion (Yamaguchi et al., 2018). Different histone modifications also 

specifically enrich at certain genomic regions in chromatin; for e.g. H3K4me3 enriches 

at promoters (Yamaguchi et al., 2018) and our own analyses reveal that H3K27ac in 

mature sperm from cauda epididymides enriches at promoters while H3K9me2 is found 

at distal intergenic regions (4.3.3). 

Evidence is now accumulating that can link paternal exposures with influences 

on sperm chromatin (Meyer et al., 2017; Rando, 2016; Siddeek et al., 2018). A recent 

study determined that paternal diet influences fetal skeletal development via the altered 

inheritance of sperm H3K4me3 (Lismer et al., 2021). Importantly, alterations in 

H3K4me3 in sperm impact its enrichment in the 8-cell embryos produced by these 

gametes as well, suggesting that these marks either partially escape erasure or influence 

their abundance in offspring cells. Similar studies analyzing low-protein (Yoshida et al., 
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2020) or high fat diets (Claycombe-Larson et al., 2020) in rodents reveal plausible 

mechanisms that link these dietary regimens with reduced H3K9me2 at target genes or at 

a global level and mediate adverse metabolic outcomes in the fetus. 

Alcohol is a widespread toxin that is well known for having teratogenic effects 

on the growing fetus when exposed in utero and a whole spectrum of growth, structural 

and central nervous system defects in the offspring that have mostly been linked to 

maternal exposures (Carter et al., 2013). Research from our lab and others has shown 

that paternal preconception alcohol consumption is linked to fetal growth deficits (Chang 

et al., 2017), behavioral defects (Rompala et al., 2017b) and adverse long-term metabolic 

programming (Chang et al., 2019b).  

Having observed minimal effects of chronic alcohol use on sperm DNA 

methylation (Chang et al., 2017) and a substantial effect on the sperm small noncoding 

RNA profile (Bedi et al., 2019) in our mouse model, in the following analysis, we 

address the hypothesis that alcohol alters the abundance or regions of genomic 

enrichment of histone modifications in sperm. We use Mass Spectrometry-based 

analysis to first identify the global histone profile in sperm exposed to alcohol and select 

candidates to verify by western blot. Using ChIP-seq, we then identify differences in the 

genomic regions of enrichment of H3K4me3 and H3K9me2. These analyses reveal a 

considerable reduction in histone protein levels for at least one histone modification, 

H3K4me3, globally, as a consequence of alcohol exposure. Also, we identify differences 

in H3K4me3 and H3K9me2 occupancy distally from and at promoters of genes whose 
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regulation is critical for proper embryo development, neurodevelopment and cell-cell 

adhesion. 

5.2. Materials and Methods 

5.2.1. Animal Work and Tissue Collection 

All experiments were conducted under AUP 2017–0308 and approved by the 

Texas A&M University IACUC. Individually caged C57BL/6J (RRID: 

IMSR_JAX:000664) postnatal day 90 adult males were obtained and housed in the 

Texas A&M Institute for Genomic Medicine, fed a standard diet (catalog# 2019, Teklad 

Diets, Madison, WI, USA) and maintained on a 12-hour light/dark cycle. In this study, 

we employed a voluntary model of alcohol exposure known as Drinking in the Dark. 

This model of exposure avoids the stress associated with forced feeding and mitigates 

the known impact of stress on the sperm-inherited epigenetic program (Gapp et al., 

2014a). Using methods described previously (Chang et al., 2017), males were provided 

limited access to ethanol during a four-hour window, beginning one hour after the 

initiation of the dark cycle. During this four-hour window, experimental males were 

provided access to a solution of 10% (w⁄v) ethanol (catalog# E7023, Millipore-Sigma, 

St. Louis, MO, USA) and 0.066% (w⁄v) Sweet’N Low (Cumberland Packing Corp, 

Brooklyn NY, USA). Control males received a solution of 0.066% (w⁄v) Sweet’N Low 

alone. Mice were maintained on this regimen for ten weeks. After 70 days of exposure, 

we paired exposed males with naive C57BL/6J dams and collected fetal-placental tissues 

on day 16.5 of gestation (GD14.5). 
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5.2.2. Mouse Sperm Isolation 

Mice were sacrificed under standard CO2 asphyxiation protocols followed by 

cervical dislocation. After dissection, we placed the entire portion of the cauda, plus 

approximately 1 cm of vas deferens, from each animal, into one well of a 12-well plate 

containing 1 mL of pre-warmed (37 °C) PBS. We then squeezed sperm out of the vas 

with forceps and made four or five incisions to the cauda epididymis to allow sperm to 

swim out. We incubated plates at 37°C for 30 min, collected sperm and diluted a 10 μL 

aliquot 1:50 in diH2O to count cells using a Neubauer chamber slide. We washed the 

samples in PBS, then incubated sperm in somatic cell lysis buffer (SCLB: 0.1 % SDS, 

0.5 % Triton- X-100) for 30 min on ice followed by another wash in SCLB, confirmed 

purity using microscopy, then centrifuged at 3000g for 5 min, washed samples in PBS, 

and either proceeded to the ChIP protocol or snap froze the sperm pellets and stored 

them at -80°C for acid extraction. 

5.2.3. RNA sequencing and Data processing 

We isolated total RNA from GD16.5 fetal placentae using the RNeasy Plus Mini 

Kit (catalog # 74134; Qiagen, Germantown MD, USA), according to the manufacturer's 

instructions. We generated RNA-libraries using the Illumina RNA-seq preparation kit 

followed by pooling and high-throughput sequencing on an Illumina HiSeq 2500 

(Genomic Core at Whitehead Institute for Biomedical Research, Cambridge, MA, USA).  

We mapped the raw reads to the mm10 mouse genome using RNA STAR 

v2.7.8a (Dobin et al., 2013) and counted sequences that mapped to exons using 
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featurecounts (Liao et al., 2014). We then carried out differential expression analysis 

using DESeq2 (Love et al., 2014) to determine significantly altered genes (FDR = 0.05). 

5.2.4. Sperm Histone Acid Extraction 

We acid extracted histones using a modified version of the previously described 

procedure (Garcia et al., 2007). We resuspended frozen sperm pellets in Nuclei Isolation 

Buffer-250 with 0.3% NP-40 (15mM Tris-HCl (pH 7.5), 60mM KCl, 15mM NaCl, 5mM 

MgCl2, 1mM CaCl2, 250mM Sucrose, 1mM DTT, 10mM sodium butyrate, and 1:100 

Halt protease inhibitor (Cat# PI78437, Thermo Fisher Scientific, Pittsburgh, PA, USA)) 

and rotated them at 4°C for 30 minutes. We verified sperm lysis using microscopy and 

then centrifuged samples at 600g for five minutes. We washed the samples twice using 

Nuclei Isolation Buffer-250 with no NP40 and after the second centrifugation, 

resuspended the pellet in five volumes of 0.2M H2SO4, then rotated the samples 

overnight at 4°C. We then centrifuged samples at 4,000 x g for 4 minutes, transferred 

histone-enriched supernatant to new tubes and added Trichloroacetic Acid to a final 

concentration of 20% by volume, then incubated samples for two hours on ice. We 

centrifuged samples at 10,000 x g for five minutes at 4°C, discarded the supernatant and 

resuspend the pellet in 1mL cold acetone/0.1% HCl. We then washed the pellet twice 

with 100% acetone, air dried the sample and resuspended the pellet in water. 
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5.2.5. Sperm chromatin immunoprecipitation and sequencing analysis 

Sperm histone ChIP was carried out using a previously published protocol 

(Hisano et al., 2013). Briefly, for each individual biological rep, sperm collected from 

the Caputs and Cauda of 10-15 mice were pooled, purified and pre-treated with 50μM 

DTT for 2h at RT to open sperm chromatin. Cell suspensions were split into roughly 15-

20 million sperm aliquots per IP and treated with 90 U of MNase (New England Biolabs, 

#M0247S) for 5 min at 37C. MNase-digested chromatin was then pre-cleared with 

blocked A/G Sepharose beads for 1h at 4C. For IP, 5 μg of antibody (H3K27ac or 

H3K9me2) was added to the pre-cleared chromatin overnight followed by 50 μL of 

blocked beads for 4 h at 4C. Beads were washed and DNA was then eluted in elution 

buffer. Following RNase A and proteinase K treatment, DNA was purified using 

phenol/chloroform isolation and ethanol precipitation and resuspended in 40 μL 

ultrapure water. 

Library preparation using 10ng of DNA and 150 bp paired-end sequencing with 

30 million reads per samples was carried out at the Quick Biology, Pasadena, CA. Raw 

fastq reads were trimmed for adapters and quality and then mapped to the mm10 

reference genome using BWA-MEM. 

Peaks were called using MACS2 for either narrow or broad regions with an FDR 

of 0.05. Bedgraph files were used to produce bigwig files for visualization using IGV. 
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5.3. Results 

5.3.1. Increased global Histone H3 lysine 4 trimethylation levels in chromatin of 

alcohol-exposed sperm 

To address the hypothesis that alcohol leads to changes in the abundance of 

modified histones in sperm, we first employed a mass spectrometry-based technique as 

in the previous chapter (Active Motif, Carlsbad, CA, USA). We could not identify any 

significantly altered histones (Figure 5.1 A-E) except for a reduction in H3K4me3 that 

approached statistical significance (p=0.0859, Figure 5.1 A). To preserve statistical 

power of separate biological replicates, we analyzed total sperm from individual animals 

(n=3), typically between 10-20 million spermatozoa per animal, which was less than the 

numbers we used for mature sperm in the analysis in the previous chapter (~80 million). 

Perhaps, due to technical limitations of profiling histones from the reduced numbers of 

spermatozoa, the data were not considered entirely reliable by the mass-spec technician. 

Nevertheless, we proceeded to measure total H3K4me3 in the sperm of a separate cohort 

of animals. Contrary to the identified trend, we observed a significant and robust 

increase (~45%) in global H3K4me3 in sperm exposed to alcohol (Figure 5.1). 
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Figure 5.1 Sperm retained histones in alcohol treated males. (A-E) Bar charts depicting abundance 

of modified histones as a percentage of the peptide pool of (A) H3R2UN:K4 (B) H3:K9 (C) 

H4:K20 and (D) H3.3:K36, and (E) modified histones as percentages of their respective histone 

totals (only low abundance modifications that were less than 15% of their totals are shown). (F) 

Representative western blot of H3K4me3 and its (G) densitometry (n=4 control, 5 alcohol-exposed 

sperm). UN: unmodified histone, ME1,2,3: mono-, di- and tri-methylation, AC: acetylation, 

H3R2UN: Modification levels for H3K4 are only measured from peptides where R2 (Arginine in 

position 2 from N-terminal of H3 peptide) is unmethylated due to assay limitations. * p < 0.05 

5.3.2. Alterations in the abundance of Histone H3 lysine 4 trimethylation and 

Histone H3 lysine 9 dimethylation in alcohol exposed sperm chromatin 

After identifying increased H3K4me3 in acid-extracted histones from alcohol-

exposed sperm, we wanted to better understand how the enrichment of this histone 

modification is altered in chromatin itself. We used ChIP-seq in sperm chromatin and 

identified narrow regions of enrichment, typical for canonical H3K4me3, using MACS2 

(Feng et al., 2012). Our analysis revealed that this modification is largely concentrated in 

promoter regions (~74%) with the next most abundant H3K4me3 enrichment found in 

distal intergenic regions (~15%) (Figure 5.2 A). Although distribution remained broadly 
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similar in alcohol-exposed sperm, we identified an additional 1266 regions of 

enrichment. In contrast, only 256 regions were lost with chronic alcohol treatment 

(Figure 5.2 B). Interestingly, a larger proportion of the peaks gained could be located at 

gene promoters (29% v/s 20% of peaks lost) while a larger share of the peaks lost was 

from distal intergenic regions (45% v/s 35% in gained peaks) (Figure 5.2 C). TSS and 

CpG enrichment profiles revealed a very similar score for a large share of genes or CpG 

sites, respectively (Figure 5.2 F-G). A small subset of CpG sites which had a higher 

enrichment almost exclusively localized to promoters (95%, data not shown). GO 

analysis on genes associated with altered regions of enrichment revealed several 

pathways related to neuronal development such as synapse assembly (p-value 6.56E-06), 

synapse organization (p-value 7.36E-05), axonogenesis (p-value 7.30E-05) and neuron 

differentiation (p-value 1.46E-04). Other major networks were actin cytoskeleton 

reorganization (p-value 9.41E-05) and embryo development (p-value 2.86E-05). Many 

important epigenetic regulators were found in the list of embryo development pathway 

related genes that had altered H3K4me3 with alcohol exposure (Figure 5.2 E), for e.g., 

Dnmt3a (DNA (cytosine-5)-methyltransferase 3A), Kmt2d (Histone-lysine N-

methyltransferase 2D) and Kdm4c (Lysine-specific demethylase 4C, distal intergenic) 

had increased H3K4me3, while Kdm1a had reduced H3K4me3 with alcohol. 
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Figure 5.2 Alcohol exposure leads to altered H3K4me3 abundance at key genes involved in 

embryo development. (A) Genomic feature distribution of H3K4me3 in Control and Alcohol-

exposed sperm. (B) Venn diagram showing overlap of peaks identified in control and alcohol 

exposed sperm. (C) Distribution of genomic features of regions where H3K4me3 was gained or 

lost with alcohol treatment. (D) Pathway analysis of genes associated with altered H3K4me3. (E) 

Integrative Genome Viewer tracks showing altered H3K4me3 at promoters or genes involved in 

embryo development; Dnmt3a, Kmt2d and Kdm1a. Heatmaps displaying enrichment of H3K4me3 

signals across(F) CpG islands and (G) Transcription start sites. 

Two studies in the last year that examined the effects of paternal diet on 

offspring health revealed reductions in global H3K9me2 in sire sperm in response to a 

low protein (Yoshida et al., 2020) or a high fat diet (Claycombe-Larson et al., 2020) 

indicating that this is a highly malleable histone mark that is responsive to more than one 

type of paternal exposure. In addition, it also undergoes dynamic shifts during the course 

of epididymal maturation (4.3.3), implying that short-term exposures limited to the 
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window of epididymal maturation may also affect its abundance or positioning. To 

determine if H3K9me2 underwent any changes in enrichment in sperm chromatin as a 

result of alcohol exposure, we carried out a similar ChIP-seq analysis as we did for 

H3K4me3. Our analysis revealed that, similar to findings in mature sperm, a large 

fraction of H3K9me2 enriched DNA is found in distal intergenic regions (Figure 5.3 A) 

and a sizeable portion of regions associated with alcohol exposure exclusively (333/743) 

while a smaller fraction was exclusive to controls (123/533). Trends for CpG enrichment 

were similar between both treatments (Figure 5.3 F). While a major share of alteration 

occurs at distal intergenic regions (Figure 5.3 C), there is evident loss of enrichment 

specifically at distal enhancers (Figure 5.3 G). Pathway analysis of genes associated with 

altered H3K9me2 reveled fewer pathways but the theme of neuronal development 

emerged again with regulation of presynapse assembly (p-value 3.14E-06), behavior (p-

value 1.17E-05) and neurogenesis (p-value 2.36E-05) amongst the top 10 affected 

pathways. Other pathways converged around cell adhesion (p-value 7.99E-06), which 

was also enriched in H3K4me3 alteration associated pathways. 
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Figure 5.3 Alcohol exposure leads to altered H3K9me2 abundance at distal intergenic regions. (A) 

Genomic feature distribution of H3K9me2 in Control and Alcohol-exposed sperm. (B) Venn 

diagram showing overlap of peaks identified in control and alcohol exposed sperm. (C) 

Distribution of genomic features of regions where H3K9me2 was gained or lost with alcohol 

treatment. (D) Pathway analysis of genes associated with altered H3K9me2. (E) Integrative 

Genome Viewer tracks showing altered H3K9me2 at promoters with loss (top panel) or gain of 

enrichment (bottom panel). Heatmaps displaying enrichment of H3K9me2 signals across(F) CpG 

islands and (G) distal enhancers. 

5.3.3. Placentae of offspring sired by alcohol-exposed males exhibit sex-specific 

changes to genes involved in lipid transport and steroid metabolism 

Similar to our observations in the GD 14.5 placentae of offspring sired by 

alcohol-exposed male mice (Chapter 3), we identified sex-specific patterns in the 

dysregulated genes of GD 16.5 placentae. In male offspring, 259 genes were 
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significantly altered out of which 159 were downregulated and 100 were upregulated 

(Figure 5.4 A). On the other hand, in female offspring, out of 224 differentially 

expressed genes, only 25 were downregulated and 199 were upregulated (Figure 5.4 B). 

Interestingly, gene ontology (GO) analysis revealed that the most significantly affected 

pathways in both male and female placentae were lipid transport and metabolism, 

cholesterol metabolism and steroid metabolism (Figure 5.4 C-D). Additionally, in males, 

pathways of collagen and extracellular organization were also impacted. Lipid transport 

was also the top affected pathway in GD 14.5 placentae in both male and female 

offspring of alcohol-exposed sires (Figure 3.1).  

Another theme that emerged from this dataset was the dysregulation of clusters 

of genes similar to the patterns observed in GD 14.5. Several members of the adhesion 

protein Ceacam family (Ceacam11-14) on chromosome 7 and of the Lactogen family 

cluster, Prolactin (Prl3a1, 7b1, 8a6), on chromosome 13 were downregulated in GD 16.5 

placenta of alcohol-sired males. Although not on the same genetic locus, members of 

several gene families were also dysregulated collectively. For example, several Collagen 

members (Col1a1, 1a2, 5a1, 6a2 and 6a3) and Solute carrier proteins (Slc3a1, 5a1 and 

7a9) were upregulated in male and female placentae, respectively. Compared to our GD 

14.5 dataset, there was very little overlap in the DEGs between sexes. Interestingly, of 

the 20 genes that were common, members of the Solute carrier protein (Slc4a1, Slc34a2 

and Slc28a3), Prolactin (Prl3a1 and Prl5a1) and Granzyme family (Gzmc and Gzme) 

formed part of this list (Figure 5.4 E). 
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Figure 5.4 Paternal alcohol alters gene expression of common pathways in the GD 16.5 placenta 

of male and female offspring. Volcano plots highlighting top 40 differentially expressed genes in 

placenta of A) male and B) female offspring, C-D) the corresponding enriched pathways 

discovered by GO analysis and E) common differentially expressed genes in male and female 

placenta of offspring sired by alcohol-exposed males 
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5.3.4. Sperm H3K4me3 abundance correlates with placental CTCF occupancy in 

male offspring 

To assess whether sperm H3K4me3 correlated with other features of chromatin 

structure, we mapped H3K4me3 profiles of alcohol-exposed and wild-type sperm across 

known CTCF sites (https://www.encodeproject.org/annotations/ENCSR633QYU/). 

Interestingly, we found that sperm H3K4me3 was highly enriched within 1kb regions 

up- and downstream of CTCF sites while distinctly depleted at the CTCF sites 

themselves. Moreover, there was a higher amount of H3K4me3 enrichment in alcohol-

exposed sperm across known CTCF sites (Figure 5.5 A). As sperm from alcohol-

exposed males generally had higher H3K4me3 (Figure 5.2), the difference in enrichment 

across CTCF sites could simply be attributed to this. As we had observed differences in 

CTCF protein enrichment in male placentae at GD 14.5 (Chapter 3), we analyzed the 

enrichment of sperm H3K4me3 at the genomic regions where CTCF was altered in the 

placental dataset. Intriguingly, we observed that alcohol-exposed sperm had higher 

H3K4me3 in the regions where CTCF was gained in placental chromatin in alcohol-

sired offspring and conversely, lower H3K4me3 abundance in regions where CTCF was 

decreased (Figure 5.5 B-C). This correlation was also evident in the vicinities of genes 

whose promoters displayed altered H3K4me3 abundance in Figure 5.2 (Figure 5.5 D-E). 

https://www.encodeproject.org/annotations/ENCSR633QYU/
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5.4. Discussion 

Our investigation reveals that alcohol exposure leads to significant changes in the 

abundance and enrichment of posttranslationally modified histones in sperm chromatin.  

While several studies from independent groups have confirmed alterations in sperm-

retained nucleosomes or histone modifications in response to paternal exposures such as 

diet and environmental toxins (Lismer et al., 2021; Ben Maamar et al., 2018; Terashima 

Dnmt3a

Kmt2d

Kdm1a

A
B

C

D

E

Sperm H3K4me3

Placental CTCF

Sperm H3K4me3 plotsControl Alcohol

Dnmt3a

Kmt2d

Kdm1a

Figure 5.5 Alterations in H3K4me3 in alcohol-exposed sperm correlate with altered CTCF 

occupancy in the GD 14.5 placenta of male offspring. A) Enrichment plot and heatmap of the 

H3K4me3 from sperm of control and alcohol-exposed mice against known CTCF sites. B) 

Enrichment plot of sperm H3K4me3 across regions that were altered in their CTCF occupancy in 

the placenta of male offspring of alcohol exposed sires. IGV tracks showing D) genes with 

altered promoter H3K4me3 in alcohol-exposed sperm and E) the corresponding CTCF profiles in 

male placental chromatin in the same region.  
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et al., 2015; Yoshida et al., 2020), this is the first study to analyze the effects of chronic 

alcohol consumption on sperm retained histones.  

The understanding of sperm-retained histones has come a long way from 

identifying that they are not simply associated with regions depleted of protamines 

(Gatewood et al., 1987) to where we now know that the sperm epigenome harbors a 

wide variety of histone marks that associate with very specific genomic features 

(Brykczynska et al., 2010; Jung et al., 2017; Luense et al., 2016; Ozturk et al., 2021; 

Yamaguchi et al., 2018). Influencing the histone profile of sperm can have serious 

deleterious effects on offspring, for e.g. transgene-induced changes to the sperm histone 

methylation profile in mice impair offspring development and survival (Siklenka et al., 

2015). Alterations in human sperm histone profiles have already been linked with poor 

fertility and blastocyst development in IVF clinics (Denomme et al., 2017). Moreover, 

certain histone modifications have been shown to escape reprogramming at fertilization 

(Oikawa et al., 2020) – even transgenerationally across two rounds of epigenetic 

reprogramming (Hao et al., 2021) signifying a larger role of the paternal epigenome in 

offspring development than we currently understand.    

Our findings describe changes in two different histone modifications in sperm, 

H3K4me3 and H3K9me2, that largely associate with different regions of chromatin, 

promoters and distal intergenic regions, respectively. However, pathway analysis 

suggest that these alterations converge on similar networks of genes, namely those 

involved in neurodevelopment, cell adhesion and in embryo development (Figure 2D 

and 3D). Previous work from our lab has identified fetal growth restriction, delayed 
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parturition and alterations in metabolic functions in the adult offspring (Bedi et al., 2019; 

Chang et al., 2017, 2019a, 2019b) as consequences of paternal alcohol consumption. 

While, we did not analyze offspring neurodevelopment in these studies, work from 

another group has found consistent behavioral defects that correlate with paternal 

alcohol exposure (Beeler et al., 2019; Rompala et al., 2017a). They also identify changes 

in sperm small noncoding RNAs and epididymosomes, extracellular vesicles that have 

been shown to transport a small RNA payload from the surrounding somatic epididymal 

cells to maturing sperm (Rompala et al., 2018) 

Recently, a study of sperm H3K4me3 alterations with low folate diets (Lismer et 

al., 2021) has found that the altered abundance of H3K4me3 in sperm directly correlates 

with levels of this modification in the early embryo at the 8-cell stage. While, we have 

not characterized the early embryo in our studies, we compared the altered sperm 

H3K4me3 with the altered transcriptomes in GD 16.5 placenta as well as CTCF-bound 

chromatin in GD 14.5 male placentas from offspring sired from alcohol-exposed males. 

Unsurprisingly, changes in placental transcription could not be explained by the 

alteration of H3K4me3 in paternal sperm. The placenta is a highly specialized and 

differentiated organ with a homogenous population of cells. It would be interesting, 

however, to characterize the abundance of H3K4me3 in placental chromatin as well as in 

the early embryo to confirm any correlation or lack thereof to paternal H3K4me3. On the 

other hand, comparing paternal histone profiles to placental CTCF alterations led us to a 

surprising finding. Paternal alcohol exposure led to an overall higher H3K4me3 

enrichment profile in sperm that correlated highly with regions around known CTCF 
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sites. Moreover, the sites in the placenta of male offspring that gained CTCF with 

paternal alcohol exposure also had higher H3K4me3 retention in the sperm that 

produced them. Also, sites with decreased CTCF abundance had a corresponding loss of 

H3K4me3 signal in the paternal sperm chromatin as well. Previously, it has been shown 

that the insulator binding protein CTCF has the unusual ability to position multiple 

nucleosomes flanking its binding sites (Fu et al., 2008). In our analysis, we observe 5 

subpeaks within 1000 bp on either side (up- and downstream) of the CTCF site. These 

perfectly correlate with a ~200bp nucleosome peak that one would expect in a ChIP of a 

histone modification. Also, amongst all histone modifications, H3K4me3 has shown to 

have the highest correlation with CTCF sites (Fu et al., 2008). This suggests that paternal 

alcohol exposure can potentially influence chromatin structure in highly differentiated 

tissues separated from the early embryo stage by several rounds of cell divisions. As a 

lot of these analysis are still correlative, future studies must focus on measuring histone 

and CTCF enrichment in the early embryos of alcohol-sired offspring.  

The intention of using mass spectrometry-based analyses was to cast a wide net 

to identify alterations in global histone levels that associate with alcohol exposure. 

Unfortunately, due to the limited amount of starting material per animal, this did not 

work out. In another preparation, where mice were administered 10% ethanol without 

sweet’n’low, the results reveal an increase in H3K4me3 (data not shown). However, in 

that analysis, as well, the proportions of unmodified histones for several histone marks 

seemed out of range from what we observed in the mature sperm fraction analyzed in 

Chapter 4. This is still a promising technique for identifying global histone alterations in 
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sperm, however the strategy going forward needs to involve pools of sperm collected 

from several mice (>3/treatment at least) to count as a single biological replicate. The 

large (~45%) increase in global H3K4me3 identified in our study and similar scale of 

alterations (~50% global reduction) in H3K9me2 in response to low protein or high fat 

diet (Claycombe-Larson et al., 2020; Yoshida et al., 2020), reveal that alterations in the 

sperm epigenome in response to environmental exposures are not always subtle and high 

throughput techniques such as ELISA or mass spectrometry can offer valuable 

information once optimized for sperm numbers. 

Another limitation of this study was the low level of sequencing depth. While the 

differences we found for broad shifts of histone occupancy as well as at specific 

promoters is reliable, it is highly likely that we barely scratched the surface in terms of 

identifying differential regions of enrichment. Compared to our analysis of the sperm 

chromatin in caput and cauda epididymides (Chapter 4), as well as to a recent study of 

H3K4me3 in sperm (Lismer et al., 2021) where uniquely mapped reads ranged between 

35-65 million reads per sample, this study had roughly 10-15 million reads per sample. 

Mappability as well as number of peaks identified for most DNA-binding proteins 

increases proportionally with greater read depth (Landt et al., 2012). This increases the 

confidence of finding large number of genomic regions of enrichment at very low FDRs 

(<0.001). To get a more complete picture of genetic networks influenced in sperm, it is 

even more important to have very high read depth for ChIP-seq experiments owing to 

the low abundance of histones and relatively inaccessible chromatin. DTT treatment and 

MNase digestion of sperm chromatin increase the accessibility of nucleosomes several 
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fold and having several biological replicates helped increase our confidence in the 

results we obtained. Nevertheless, future experiments will need to take this factor into 

account. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

The studies described in this dissertation sought to analyze the role of the 

preconception paternal environment in fetal health and development. To do so, we 

focused on the hitherto understudied aspect of paternal alcohol consumption and its 

effects on fetal growth. As previously mentioned, (Introduction; Figure 1.1) most 

research into the detrimental effects of alcohol in reproduction have singularly focused 

on the role of the mother. Only recently, analyses of public health data, where available, 

and large-scale retrospective studies of pregnancy outcomes have found paternal alcohol 

consumption as an important metric for fetal and infant health prospects (McBride and 

Johnson, 2016; Xia et al., 2018). Several groups have contributed to these efforts using 

studies in animals, especially in rodents, and report different mechanisms that can 

explain how the memory of environmental insults can transmit via the paternal germline 

to the offspring. While there is still no consensus on how this occurs, a growing body of 

evidence is pointing towards an epigenetic basis of inheritance i.e., mediated by 

chemical modifications to the DNA itself such as via DNA methylation, by 

modifications to chromatin via the reorganization of DNA binding proteins such as 

histones, and even through sperm-inherited non-coding RNAs 

In our approach, we use a mouse model where we expose male mice to 10% 

alcohol for four hours a day during the start of their active cycle. Not only does this 

approach limit the exposure to a short window, thus avoiding the undesired effects of 

constant alcohol intake such as dehydration, excessive calorie consumption and liver 

cirrhosis, it also mimics physiologically relevant binge exposures with blood alcohol 
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concentration peaking between 100-200 mg/dL within this window. This resembles the 

alcohol consumption habits of chronic alcoholics as well as younger adults who do not 

drink as frequently but typically report binge drinking (National Institute of Alcohol 

Abuse and Alcoholism, 2021). To capture all possible critical exposure windows, we set 

male sire mice on this schedule for roughly two spermatogenic waves i.e., for 70 days, 

and then mated these mice to control female mice. The resulting conceptuses were 

terminated during pregnancy to determine the effects of sire ethanol exposure in fetal 

growth.  

In two separate sets of experiments, we reproducibly observed reductions in fetal 

growth at different stages of mid-to-late gestation (GD 14.5 and 16.5) accompanied by 

reductions in placental efficiency. By focusing on the transcriptional regulation of the 

placenta, an essential conduit of nutrients that determines the growth kinetics of the 

fetus, we were able to determine large scale pathway alterations induced by paternal 

alcohol. These effects were consistent between both experiments and centered heavily 

around changes in genes involved in lipid transport, steroid metabolism, collagen 

organization and cellular movement. This strongly suggests that paternal alcohol has a 

programmed mode of action and does not dysregulate offspring development randomly. 

Another important finding from the GD 14.5 placental transcriptome analyses 

was the alterations of large clusters of genes namely, the albumin, apolipoprotein and 

fibrinogen clusters. This led us to investigate the regulators of large-scale chromatin 

architecture such as CTCF and members of the Cohesin family of proteins, involved in 

the formation and insulation of topologically active domains via the extrusion of 
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chromatin loops. Our analyses revealed significant alterations in the abundance of CTCF 

across, but not limited to, the genomic regions of interest in the placenta of male 

offspring. Moreover, annotated gene sets within 10 kb of an altered CTCF site also 

enriched for networks involved in cellular movement and molecular transport. Although 

the specific networks of lipid transport and sterol metabolism did not emerge from this 

analysis, it suggested a convergence of the effects of paternal alcohol on chromatin 

regulation with effects observed on transcription. Despite the highly studied role of 

CTCF in chromatin-loop boundary insulation, the effects of its wide-scale depletion or 

alteration on transcription are not well characterized and they do not always lead to 

correlative proportional changes in transcript abundance. In this respect, targeted 

deletion of CTCF at genetic loci has provided some direct evidence of dysregulated 

expression of involved genes. This formed the basis of our hypothesis implicating the 

involvement of this architectural protein in the dysregulated clusters of genes in GD 14.5 

placenta. Interestingly, clusters of dysregulated genes also emerged in our analysis of 

GD 16.5 placenta across both sexes. While it is reasonable to expect that the CTCF 

alterations we identified in GD 14.5 placentae persist into GD 16.5, this needs to be 

confirmed by repeating those experiments at this timepoint as well. Comparing the 

transcriptional profiles of genes that were dysregulated (DEGs) in placentae of GD 16.5 

offspring, irrespective of sex (Figure 5.4E), to the CTCF ChIP-seq data from GD 14.5 

placentae in male offspring, we found several DEGs (Gzmf, Col18a1, Col6a1/a2 and 

Prl5a1) that contained altered CTCF within 20 kb of their gene bodies. Bolstered by 

previous studies of localized CTCF alterations, these correlations support our hypothesis 
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that altered CTCF occupancy precedes and is responsible for the targeted dysregulation 

of gene networks in the placenta. To our knowledge, this is the first study that links 

paternal alcohol exposure to the altered prevalence of CTCF in the offspring. 

Another important mechanism implicated in sperm-inherited programming of 

offspring involves the epigenetic inheritance of altered histones. In Chapter 4, we 

provide evidence revealing that the histone landscape in the sperm cell is more dynamic 

than previously believed. Through mass spectrometry based global profiling of histones 

in post-testicular sperm at the proximal caput and distal caudal ends of the epididymis, 

we show that there are marked changes in the abundance of several histone 

modifications. Using ChIP-seq experiments for selected histone modifications, H3K27ac 

and H3K9me2, we identify a highly dynamic profile of these modifications at sites 

associated with enhancers. Using the same approach, we then characterized histones in 

mature sperm from alcohol-exposed males. Our analyses revealed substantial increases 

in global H3K4me3 levels accompanied by altered enrichment at promoters of genes 

involved in embryo development and neuronal development related pathways. We also 

identified significant changes in the H3K9me2 profiles of alcohol-exposed sperm at the 

genomic level. These changes also aligned at genes associated with neuronal 

development suggesting converging actions of alcohol via different histone marks.  

Surprisingly, H3K4me3 appeared to be highly correlated with CTCF sites in the 

mouse genome (Figure 5.5). Moreover, genetic loci with increased H3K4me3 in 

response to alcohol appeared to retain higher levels of CTCF in the GD 14.5 affected 

placentae. Conversely, regions with reduced H3K4me3 also had a corresponding loss of 
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CTCF signal in the same regions. This exciting finding provides a possible mechanism 

by which the sperm-inherited histone profile can influence chromatin architecture in the 

offspring. Studies so far have focused on the immediate impact of an altered sperm 

H3K4me3 landscape on histone abundance and transcription in the early embryo up to 

the 8-cell stage. Our studies add another facet to the complex ways in which the histone 

profile of the male germline influences the developing embryo. It is important to fill the 

gaps connecting altered histones in sperm to the early embryo leading up to the mid-

gestation placenta. Therefore, future studies must focus on measuring both H3K4me3 

and CTCF abundance in the genomes of these tissues. Notwithstanding the correlative 

nature of these analyses, CTCF has previously been shown to position H3K4me3 in the 

regions flanking its binding sites, thus making this a highly plausible mechanism by 

which alcohol could impact CTCF abundance in the tissues of the offspring. 

This work helps bridge the gap in our understanding of how a memory of the 

environmental exposure of the male germline can be inherited in the offspring. Using the 

dynamic sperm histone landscape as a medium, we present evidence linking the effects 

of paternal alcohol exposure to chromatin alterations persisting in the offspring placenta. 

These analyses provide a template for assessing the influence of other toxins on fetal 

health and development in paternal exposure paradigms as well. 
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APPENDIX A 

TABLES 

Table 1 Primers for RT-qPCR 

Primer name Fwd/Rev Sequence 

ApoA1 Fwd CTTCAGGATGAAAGCTGTGGT 
 Rev AGATTCAGGTTCAGCTGTTGG 

Apoa2 Fwd AGAGTAGACGGGAAGGACTG 
 Rev TCAAAGTATGCCTTGGCCTG 

ApoA4 Fwd GTACCCTCTTCCAGGACAAAC 
 Rev CCAGCTCCTTCTTGATCTCTTC 

ApoA5 Fwd GACGACCTGTGGGAAGATATTG 
 Rev CTCCACCCTCTGCCTAATAGA 

ApoB Fwd GATCAACTGTAAGGTAGAGCTGGA 
 Rev GCTTGAGTTCGTACCTGGAC 

ApoC2 Fwd TCAGATGCAGGAGGCAAAG 
 Rev TAGTGGCAGGAAGGGACTAT 

ApoC3 Fwd ATGGAACAAGCCTCCAAGAC 
 Rev GCCGGTGAACTTGTCAGTAA 

ApoE Fwd CACAAGAACTGACGGCACTG 
 Rev CCCGTATCTCCTCTGTGCTC 

ApoM Fwd CTCTCTCTCTATGGCCTTCTCT 
 Rev GCTCCCGCAATAAAGTACCA 

Alb Fwd GCAGACTTGCTGCGATAAAC 
 Rev CACTTCCTGGTCCTCAACAA 

Gc Fwd CACCTACGTGGAACCAACAA 
 Rev CAGAGGCGCTTGTCCATAAT 

Afm Fwd CATGCTGGATTACAGGGATAGG 
 Rev CAGTCCCTCCATGTCACATAAC 

Afp Fwd AGGAGTGCTTCCAGACAAAG 
 Rev GGAGGTTTCGGGATCCAAAT 

Fgb Fwd AAGCTGCCGATGATGACTAC 
 Rev GGGTCTCCGTTCTACTTTCTTC 

Fgg Fwd GAAGGACAGCAGCATCACAT 
 Rev GAGGTCCTGAAAGTCCATTGTC 
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Table 1 Continued. Primers for RT-qPCR 

Primer name Fwd/Rev Sequence 

Fga Fwd CCAACGAGAGACTGTGATGATG 
 Rev CTTGCCAGGTCCGGTTAAA 

Sdha Fwd GCTCCTGCCTCTGTGGTTGA 
 Rev AGCAACACCGATGAGCCTG 

Mrpl1 Fwd AACTTCCTCAGCACCAAAATAGC 
 Rev GACCACAAACGGACCCAGATT 

Hprt Fwd CTGGTGAAAAGGACCTCTCGAA 
 Rev CTGAAGTACTCATTATAGTCAAGGGCAT 

Zfy Fwd AAGATAAGCTTACATAATCACATGGA 
 Rev CCTATGAAATCCTTTGCTGCACATGT 

Xist Fwd TTGCGGGATTCGCCTTGAT 
 Rev TGAGCAGCCCTTAAAGCCAC 
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Table 2 Primers for ChIP-qPCR 

Primer name Fwd/Rev Sequence 

Fga promoter Fwd CTCTGCTCCACAGAAGTGATAG 
 Rev TGAGCAAGAGTTTCTGGGATAC 

Fgb promoter Fwd AGACAGGGCTCTTTACAGAATG 
 Rev GTTCACTTGTTGGCTGAACTG 

Fgg promoter Fwd GGTGGTGTACTGGAAGTAGTTG 
 Rev AGGTTTAAGCTCCTCCCTTTG 

CNC12 Fwd GGGTGACTGTGATTACAACAGA 
 Rev TGTAGGTGTGCAACCTTGAG 

Fgg CI1 Fwd TCGTGAGGCTCAGCAGAAA 
 Rev CATTCCTCCTCCCAAGTTCATC 

Fgg CE1 Fwd CATGGCATCGCAGGTATAGT 
 Rev CTGACTGCAGAAAGAGGAGAG 

Fgg CE2 Fwd GGAACCTGTCTTCCAGTCATC 
 Rev CCTCCTTTCATGTCTAAGGTCTG 

Fgb CE1 Fwd AGTGATGCTTGGGTACTTGG 
 Rev CCAGATTCCCACCACTTTCA 

Fgb CE2 region1 Fwd GTGAACTGACCCTCATGGATATG 
 Rev ACCTCTGATCCTCAGCTCTATC 

Fgb CE2 region2 Fwd ACTGGTTCTACAGTGGTCCT 
 Rev GTGGATCTGATTCTCCGCTTAC 

Fgb CE3 Fwd AGATGCTTAACCCAAGTTCCC 
 Rev CAGATGGTGACGACCAAGAAG 

Fgb CE4 Fwd CTCCTGAGTGCTGGGATTAAA 
 Rev CACATGGGAGAGAAAGACACA 

Alb E1 Fwd CACTGCCTGGCTACAATCTAT 
 Rev TGCTCACAGTCTGTATGTTCTC 

Afp promoter Fwd CCACTCTGAAGTGGTCTTTGTC 
 Rev CCTGTTTAAGGGATGCCTGTT 

Afm promoter Fwd GGAGGATTATTCTTACCCTGTGG 
 Rev GTCCTGGTGCAAATTTCTAGGT 

Gc promoter Fwd TCCCAGACTCTCCTCCATATTC 
 Rev CCAGAAGCAAGGGACAATCA 

Afp E1 Fwd CATGTGGCAGATAACGGAGA 
 Rev GAACGGTACACAGGGACATAG 

Afp E2 region1 Fwd GTCACATTGTACCTGGGAAGAT 



 

168 

 

Table 2 Continued. Primers for ChIP-qPCR 

Primer name Fwd/Rev Sequence  
 Rev CTCAAAGCGCAGTCCTAAGT 

Afp E2 region2 Fwd GCTGTCTCTGATTCTGCTCTATC 
 Rev TTGGCTTATCGCTTCCTATCTC 

Afp E2 region3 Fwd AGGTGGCTCACAGCATACTA 
 Rev CTGACAACGTCTAACGCTCTTT 

Afp E3 Fwd CACTCCACTGACATTGCTGTAG 
 Rev GAGCTGCCTGTCGAACTTAAA 

ApoA1 promoter Fwd ACAGAGCTGATCCTTGAACTC 
 Rev AGCTCTTCTTCCCTGGTCTA 

ApoC3 promoter Fwd TGTCTCACCGACCTCATCTA 
 Rev GAGGAGTTGAGAAATCCCTCTG 

ApoA4 promoter Fwd TGGTACCATCTCTGTAGCTGA 
 Rev GTGCCAGTCTGAGAGAACAA 

ApoA5 promoter Fwd CTGGCCAGTCATTCAGTAAGT 
 Rev CCTCGAGCCTTTACTAAGTGTG 

ApoC3 E Fwd CCCTGCTCCTATCTCAGGATTA 
 Rev GTGAGAGAAGGACAAAGGTCAC 

ApoA1 CE1 Fwd GGGAGAGGCGCATATAAGAAAG 
 Rev GCCCATCACTGGTTCCAAA 

ApoA1 CE2 Fwd GTGCTGAGACAGAAGTTGTGA 
 Rev CTCCAAAGTGACTCCTGGATTG 

ApoA1 CE3 Fwd AGTGAAGGAGCCCACAATTC 
 Rev TCCCGAGGTGTATGTCTTCT 

ApoA1 CE4 Fwd CAGAGAGACCAGTGAGAAGATG 
 Rev GTTACCCAACAGCCAGATGA 

ApoA1 CI1 Fwd GCATGGGATTGTCAGAGTGAT 
 Rev ATGGGTGCTGGAAGAGAGA 

ApoC3 CE1 Fwd AGAAATGGAAGCCGCTACAC 
 Rev TAAACAGGCGGAAAGGAAGG 

ApoC3 CI1 Fwd ATCAGAACCTCAGTGCCTTC 
 Rev GCTGCATTGTAGCTGACCTTA 

ApoA4 CE1 Fwd ACAGCTACCAATCAGCCTTAC 
 Rev AAGAGCAGACCACCTTATGC 

ApoA4 CE2 Fwd ACATGCAAGGACATCAGACC 
 Rev CCCACCATGTGACTTGAGAA 
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Table 2 Continued. Primers for ChIP-qPCR 

Primer name Fwd/Rev Sequence  

ApoA4 CI1 Fwd ACAGAAGGATCACGGAAGGA 
 Rev GCCATCAAGTATCTGGTGAAGG 

ApoA4 CI2 Fwd GTTTCTGCTGCTCGGTATCT 
 Rev CCGTCCTGGCTTCAATACAA 

ApoA4 CE3 Fwd GTGGGACAACGGGAAAGTAA 
 Rev CCTCTGATGTCCAGTTCAGTTC 

ApoA4 CE4 Fwd GTTTCCACTGACCCTGACAA 
 Rev GGATATGAAGAAGCAGCAGGAG 

ApoA5 CI1 Fwd GCAAACGAGGGAGCTAGATT 
 Rev GATGACTTCCTCAGACAACAGG 

ApoA5 CI2 Fwd GCTATGGTAAGTCCCACCATTC 
 Rev GCCGATGTAACATGATCCTACC 

ApoA5 CI3 Fwd GACCACTGTCTGCCTTGTTT 
 Rev TTATGCAGCCTATGGCACTG 

Alb promoter Fwd CCAAGGCCCACACTGAAATG 
 Rev CCCATGCACAAGACTTTGTC 

Gapdh Fwd TCCTATCCTGGGAACCATCACC 
 Rev TCTTTGGACCCGCCTCATTT 
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Table 5 Mass Spectrometry analysis of Histone extracts from Caput and Caudal spermatozoa 

Peptide % of Peptide Pool Standard Deviation 
 Caput Mature Caput Mature 

H1.4: K25UN 0.0000 0.0000 0.0000 0.0000 

H1.4: K25AC 0.0000 0.0000 0.0000 0.0000 

H1.4: K25ME1 0.0000 0.0000 0.0000 0.0000 

H1.4: K25ME2 0.0000 0.0000 0.0000 0.0000 

H1.4: K25ME3 0.0000 0.0000 0.0000 0.0000 

H2A: K5UN 96.3176 96.9260 0.0556 0.1187 

H2A: K5AC 3.6824 3.0740 0.0556 0.1187 

H2A: K9UN 99.6132 99.5666 0.0327 0.0237 

H2A: K9AC 0.3868 0.4334 0.0327 0.0237 

H2A: K36UN 99.9844 99.9930 0.0073 0.0007 

H2A: K36AC 0.0156 0.0070 0.0073 0.0007 

H2A1: K13UN 99.9765 99.9640 0.0059 0.0111 

H2A1: K13AC 0.0235 0.0360 0.0059 0.0111 

H2A1: K15UN 99.9811 99.9744 0.0144 0.0073 

H2A1: K15AC 0.0189 0.0256 0.0144 0.0073 

H2A1: K15UB 0.0000 0.0000 0.0000 0.0000 

H2A3: K13UN 99.9962 99.9941 0.0008 0.0015 

H2A3: K13AC 0.0038 0.0059 0.0008 0.0015 

H2A3: K15UN 99.8629 99.9150 0.0264 0.0011 

H2A3: K15AC 0.1371 0.0850 0.0264 0.0011 

H2A3: K15UB 0.0000 0.0000 0.0000 0.0000 

H3R2UN: 

K4UN 
85.9994 93.9101 0.8697 0.2383 

H3R2UN: 

K4ME1 
13.1328 5.8878 0.8027 0.2447 

H3R2UN: 

K4ME2 
0.5731 0.1035 0.0221 0.0073 

H3R2UN: 

K4ME3 
0.1966 0.0650 0.0043 0.0106 

H3R2UN: 

K4AC 
0.0981 0.0337 0.0505 0.0077 

H3R2UN: 

Q5UN 
99.5822 99.3587 0.1437 0.0357 

H3R2UN: 

Q5ME1 
0.4178 0.6413 0.1437 0.0357 

H3: K9UN 25.5826 35.4977 0.5032 1.4811 
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Table 5 Continued. Mass Spectrometry analysis of Histone extracts from Caput and 

Caudal spermatozoa 

Peptide % of Peptide Pool Standard Deviation 
 Caput Mature Caput Mature 

H3: K9AC 1.9238 1.0746 0.1008 0.0440 

H3: K9ME1 17.0374 20.4420 0.3657 1.1311 

H3: K9ME2 50.6398 37.1746 0.6736 2.3022 

H3: K9ME3 4.8164 5.8111 0.2312 0.2292 

H3: K14UN 65.1194 77.9169 1.2187 0.1887 

H3: K14AC 34.8806 22.0831 1.2187 0.1887 

H3: K18UN 92.4074 95.2197 0.1886 0.1260 

H3: K18AC 5.9059 3.3090 0.1480 0.1034 

H3: K18ME1 1.6867 1.4713 0.0523 0.0235 

H3: Q19UN 99.2130 99.1489 0.0315 0.0520 

H3: Q19ME1 0.7870 0.8511 0.0315 0.0520 

H3: K23UN 76.1485 85.6374 0.2478 0.4696 

H3: K23AC 23.7872 14.3045 0.2481 0.4714 

H3: K23ME1 0.0644 0.0582 0.0004 0.0020 

H3: R42UN 99.8860 99.9609 0.0111 0.0064 

H3: R42ME2 0.1140 0.0391 0.0111 0.0064 

H3: R49UN 99.1648 99.6527 0.0471 0.0155 

H3: R49ME2 0.8352 0.3473 0.0471 0.0155 

H3: Q55UN 99.0697 99.1452 0.0675 0.1368 

H3: Q55ME1 0.9303 0.8548 0.0675 0.1368 

H3: K56UN 99.9021 99.9567 0.0099 0.0084 

H3: K56AC 0.0461 0.0094 0.0108 0.0034 

H3: K56ME1 0.0518 0.0339 0.0045 0.0114 

H3: K64UN 99.9502 99.9964 0.0101 0.0020 

H3: K64AC 0.0498 0.0036 0.0101 0.0020 

H3: K79UN 64.8058 74.6111 0.6891 0.6047 

H3: K79AC 2.4566 0.2751 0.5427 0.0369 

H3: K79ME1 22.4755 22.2183 1.1154 0.5423 

H3: K79ME2 9.7182 2.7964 0.5706 0.1408 

H3: K79ME3 0.5439 0.0991 0.0949 0.0206 

H3: K122UN 99.9177 99.9944 0.0186 0.0021 

H3: K122AC 0.0823 0.0056 0.0186 0.0021 

H3.1: K27UN 4.5545 7.1125 0.1255 0.1315 
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Table 5 Continued. Mass Spectrometry analysis of Histone extracts from Caput and 

Caudal spermatozoa 

Peptide % of Peptide Pool Standard Deviation 
 Caput Mature Caput Mature 

H3.1: K27AC 0.4007 0.3658 0.0159 0.0297 

H3.1: K27ME1 17.9117 23.2793 0.1229 0.3257 

H3.1: K27ME2 60.3402 52.3566 0.4733 0.9144 

H3.1: K27ME3 16.7929 16.8859 0.2818 0.4748 

H3.1: K36UN 34.4332 46.5101 0.3291 0.9926 

H3.1: K36AC 0.3476 0.1773 0.0327 0.0100 

H3.1: K36ME1 32.9712 29.6224 0.6968 0.6240 

H3.1: K36ME2 25.3115 17.0510 0.5236 0.3672 

H3.1: K36ME3 6.9366 6.6393 0.1517 0.0948 

H3.3: K27UN 15.6087 21.5735 0.0898 0.3994 

H3.3: K27AC 5.7669 1.2728 0.0839 0.0772 

H3.3: K27ME1 37.0931 40.9767 0.5177 0.7139 

H3.3: K27ME2 32.5514 27.4683 0.5155 0.6025 

H3.3: K27ME3 8.9799 8.7087 0.0921 0.1245 

H3.3: K27M 0.0000 0.0000 0.0000 0.0000 

H3.3: K36UN 12.3472 20.3914 0.0631 0.5412 

H3.3: K36AC 3.3652 0.5646 0.0781 0.0611 

H3.3: K36ME1 20.5358 20.9744 0.3176 0.5865 

H3.3: K36ME2 43.7126 42.3354 0.3356 0.7476 

H3.3: K36ME3 20.0392 15.7343 0.0191 0.5061 

H4: K5UN 96.7950 96.9913 0.0972 0.0712 

H4: K5AC 3.2050 3.0087 0.0972 0.0712 

H4: K8UN 96.5168 95.5257 0.1445 0.1110 

H4: K8AC 3.4832 4.4743 0.1445 0.1110 

H4: K12UN 98.3628 97.6182 0.0839 0.0151 

H4: K12AC 1.6372 2.3818 0.0839 0.0151 

H4: K16UN 80.4056 66.7116 0.5865 1.2699 

H4: K16AC 19.5944 33.2884 0.5865 1.2699 

H4: K20UN 0.1227 1.5444 0.0483 0.1471 

H4: K20ME1 0.1960 1.0499 0.0055 0.0546 

H4: K20ME2 86.9996 68.0631 0.0691 0.4516 

H4: K20ME3 12.4903 29.2798 0.0567 0.3583 

H4: K20AC 0.1914 0.0627 0.0333 0.0082 

 


