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Abstract

Two experiments were conducted to investigate molecular regulation that impacts
fetal brain development in pigs. In the first experiment (Chapter 2), gene expression was
profiled by RNA sequencing (RNA-seq) to examine the whole transcriptome of the male
(M) and female (F) fetal brain at gestation day (d) 45, 60 and 90. The analysis showed
fewer differentially expressed genes (DEGS) in the brain of male and female fetuses in
earlier gestation (d45-d60) when compared to late gestation (d60-d90). The homeobox
(HOX) A5 gene that regulates pattern formation in early development was in the top
upregulated DEGs between d45 to d60 in fetuses of both sexes. This study also found
HOX B5 and D3 genes were in the top upregulated genes between d45 and d60 of the
fetal brain of females, but not males. The second experiment (Chapter 3) investigated
DNA methylation in pigs. DNA methylation in the fetal brain of both sexes at the same
three gestation days was performed by enzymatic methyl sequencing (EM-seq). Hotspots
of methylation in specific chromosomal regions were observed in the analysis. The
analysis identified 1,475 sites in the pig genome that were methylated in the fetal brain,
irrespective of sex, during development. The same sites were methylated in a canonically
correlated manner in the blood of the adult stage, both in sows and boars. This is
consistent with the Dilman theory of developmental aging (DevAge), which suggests that
aging and early development of the brain are regulated by common molecular processes.

A comparative analysis (Chapter 4) compared the gene expression patterns in the fetal
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brain and placenta between pigs and mice. The analysis identified 112 genes that were
expressed (mean FPKM > 10) in the fetal brain of both species but not expressed (mean
FPKM < 1) in the placenta of either species, and 10 genes that were expressed in the
placenta of both species but not expressed in the fetal brain. In-silico analysis of the
transcription factor binding sites in the 500 bp of the upstream DNA of these common
genes revealed that they were commonly regulated by the RE1 silencing transcription
factor (REST), which is a multifaceted transcription factor that acts as a master regulator

of neurogenesis as well as controls neural excitation and the aging processes.
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Chapter 1

Literature review

Overview

Due to ethical challenges associated with research on the human fetus, development
of suitable animal models is necessary to better understand the biology of fetal
development. How a fetal brain develops represents a fundamental question in biology.
Development of the central nervous system (CNS) is a highly coordinated spatiotemporal
process that includes the proliferation of glia and neurons and their migration, followed
by programmed cell death, formation of synapses, myelination, and establishment of
neuronal circuits. There is a remarkable similarity among the placental animals in the
process of cortical development during fetal brain formation (Niemann and Rath, 2001).
In humans, placental dysfunction can lead to defective neuronal development that can
lead to brain disorders such as autism spectrum or attention deficit hyperactivity disorders
in early childhood or chronic neuropsychiatric diseases such as schizophrenia,
depression, and dementia later in life (reviewed by Bronson and Bale, 2016). While
research on fetal brain development is gaining momentum using mice models, no large-

animal model has been widely used.

Links between lifespan and reproduction have been hypothesized from studies that
observed correlations between gestation times and maximum life span among different
mammals, placental shape and lifespan of tall and short men, and lifespan and fertility of
women (Barker et al., 2011; Miller et al., 2002). Though these studies have suggested

that reproduction and lifespan may have common regulatory mechanisms, no study has



directly demonstrated the functional relationship between the two. This is a major gap in
knowledge to understanding the placental role in offspring health and aging of the brain.
In addition, the aging brain is susceptible to chronic diseases, some that occur in a sex-
biased manner. Though a male fetus is generally associated with a higher risk than a

female fetus in utero, the early-life origin of sexual dimorphic aging remains a mystery.

The domestic pig originated from the Eurasian wild boar (Sus scrofa) (Giuffra et al.,
2000), but since its domestication it has been used for considerably more than a
traditional livestock animal. Pigs are frequently used in human pharmacology and as a
biomedical model in research. Pigs are a litter bearing species with a short gestation
cycle, an early age to maturity, are similar to humans anatomically and physiologically,
and has a well-established reference genome, which all makes pigs an ideal research
model for gene expression and methylation patterns of biological aging during
development. Many impairments or dysfunctions during pregnancy, including but not
limited to disease, toxins, stress, and poor nutrition can disrupt normal development, have
long lasting consequences on brain development, biological aging, and epigenetic
changes within an individual (O’Connor et al., 2003; Shiau et al., 2020; Vassoler et al.,
2013). Although none of these are new fields of study, there is plenty of information that
remains unanswered about how these complex processes work in both humans and

animals.

Use of pigs to understand fetal brain development

Pigs have been domesticated for thousands of years and were one of the earliest

research animals. They were used to understand the mechanics of breathing in ancient



Greece (304-250 B.C.), and to study blood circulation in Rome (130-200 A.D.) (Bollen et
al., 2010). Currently, interest in pigs spans a wider range than perhaps any other domestic
animal since they are used for food, biomedical research and are also, increasingly, a pet
as well (Laber et al., 2015). Reproduction and development in pigs have been extensively
studied. As pigs are used for commercial meat production, breeders and researchers
constantly search for superior reproductive and developmental traits in pigs (Knox, 2014;

Niemann and Rath, 2001; Wells and Prather, 2017; Zak et al., 2017).

The reproductive cycle in pigs, including ovulation, the endocrine processes of
follicular and luteal phases, as well as an imperative role of nutrition and metabolism on
pregnancy, have all been widely studied (Soede et al., 2011). The gestation period
generally can vary from 110 to 118 days but averages 115.5 days. A normal fertile
production dam gives birth to 11-16 piglets (litter size) with birth weights ranging from
900 to 1600 grams. Dams of some strains, used mostly in research, have more variety in
average gestation length, litter size, and birth weight, depending on the genetics of the
strain. The suckling period of newborns is about a month with common weaning between
3 and 5 weeks of age, occasionally longer. Puberty begins from 20 to 28 weeks after birth

and the natural average life expectancy varies from 14-18 years.

Fetal development and organogenesis research in pigs have increased substantially for
two primary reasons. One of the interests is focused on the use of pigs as a food animal
for increased growth and development (Hard and Anderson, 1979; Ji et al., 2017,
Leenhouwers et al., 2002; McPherson et al., 2004) while the other interest is focused on
the use of pig organs for transplantation needs in humans (Eventov-Friedman et al., 2005;

Hammerman, 2014; Rothkotter et al., 2002). The majority of these studies have focused



on observational evidence of different conditions or factors during gestation on fetal
organs, so the cellular and molecular factors that regulate organogenesis and organ
development in pig fetuses are poorly understood (Foxcroft et al., 2006; Michael et al.,

1983; Oksbjerg et al., 2013; Renegar et al., 1982).

In biomedical research, when it is unethical to use human subjects, pigs have several
advantages over other animal species because they have favorable reproductive
capabilities, and much of their anatomy and physiology are analogous to humans (Laber
et al., 2015). As a human model, pigs work well specifically for brain and CNS growth
and development because they share several genomic, biochemical, physiological, and
anatomical characteristics (Chen et al., 2019; Swindle et al., 2012). For example, the size
of a pig brain is more comparable than a rodent brain to the size of a human brain, pigs
have a gyrencephalic brain, meaning that the cerebral cortex has ridges and groves, in
contrast to the smooth or lissencephalic brain pattern found in rodents, they also exhibit a
similar white to grey matter ratio to humans and have similar developmental peaks
(Swindle et al., 2012). Pig studies, in general, have also shown to be more predictive of
therapeutic treatments in humans than rodent studies (Schachtschneider et al., 2015).
Dickerson and Dobbing (1967) found that fetal pigs most rapid period of brain growth
lasted from 50 days before birth to 40 days afterwards (Dobbing, 1990). These results
were reiterated by Dobbing and Sands (1979) stating that pigs and humans have similar
growth curves with the most rapid growth near birth, then tapering off postnatally with
similar percentages of the adult brain weight at birth (27% for humans, 25% for pigs).
Humans and pigs also have similar blood flow characteristics to the brain (Swindle et al.,

2012). Pigs are less expensive and ethically more acceptable than canines and non-human



primates (Schachtschneider et al., 2015). All these combined anatomical and
physiological similarities to humans make pigs an ideal research model for gene
expression in the developing brain as well as methylation pattern changes during

biological aging.

In the genome, large methyl groups, added during DNA methylation, project into
space and act to repress transcription (Hotchkiss, 1948). These changes to DNA
transcription throughout life impact the biological age of individuals and can be tracked
during research trials. While mice, as a model, are easier to house for research purposes,
many human neurological changes are inadequately modeled in rodents (Chen et al.,
2019), possibly due to the longer telomere length leading to a vastly different
maintenance system and mice not reaching critical lengths during their short life span
(Jylhava et al., 2017). Inadequate neurological changes modeled in rodents have led to
suggestions that pigs may be a more ideal animal model to understand aging of the

human brain at the transcriptional level (Chen et al., 2019).

Brain development

Proper development of the fetal brain is crucial for successful life postnatally, but
development and gene expression can be disrupted by many genetic and environmental

factors such as disease, toxins, stress, poor nutrition, and genetic mutations (O’Connor et

al., 2003; Shiau et al., 2020; Vassoler et al., 2013).

Development starts with thickening of the cranial surface neuroectoderm and
formation of the neural plate which is bound laterally by the neural folds (Dyce et al.,

2009; Noden and De Lahunta, 1985). As development continues, the folds become



increasingly prominent and bend inward toward each other, eventually meeting and
fusing to form the neural tube (Dyce et al., 2009; Noden and De Lahunta, 1985). Growth
of the cephalic neural tube eventually forms the five distinct regions of the mature brain

(Dyce et al., 2009; Noden and De Lahunta, 1985).

Dickerson and Dobbing (1967) found that the growth of the spinal cord in fetal pigs
rose gradually during the last 50 days of gestation and was maintained for many months
of postnatal life. The brain experiences a rapid period of growth from 50 days before
birth to 40 days afterwards, during which it grew at a rate of 5-6% of its adult weight
biweekly (Dobbing, 1972). The cerebellum, which is located at the back of the brain and
is attached to the brain stem, has a much more rapid rate of increase in weight and the
period of growth is much shorter. It accounts for 4% of the weight of the brain at
gestation day 80 and reaching its mature value of 10-11% at birth (Dickerson and
Dobbing, 1967). In pigs, neurogenic cells in the hindbrain stop dividing earlier in
gestation than the forebrain, leading to more advanced development of the cerebellum in
pigs and other animals that walk within hours after birth (Noden and De Lahunta, 1985).
The cerebellum only weighs 10-11% as much as the cerebral cortex, but its surface area
is about 75% of that of the cerebral cortex (Barrett et al., 2010). Due to the cerebellum’s
involvement in maintenance of balance and posture, coordination of voluntary
movements, and motor learning (Barrett et al., 2010; Dyce et al., 2009; Jennings, 2004),
it is not surprising that it is highly developed in pigs at birth. Motor commands are not
initiated in the cerebellum, but it ensures that movements are executed as intended by
modifying the motor commands of the descending neural pathways and making the

movements smooth and accurate (Dyce et al., 2009; Jennings, 2004).



Epigenetics and fetal programing

Studies have shown that epigenetic and metabolic changes at early developmental
stages can impact offspring health (Pinney and Simmons, 2012; Ruchat et al., 2013),
including metabolic disorders of the brain (Kanekar and Gustas, 2011; Yoon et al., 2014).
Epigenetics and metabolomics can be functionally linked to each other and epigenetic
modification in the fetus can cause metabolic disorders in the adult (Bouchard, 2013;
Christoforou and Sferruzzi-Perri, 2020; Sookoian et al., 2013; Tzika et al., 2018).
Methylation accumulates at specific sites in the genome in a correlated manner with age,
and those sites are commonly referred to as the ‘epigenetic clock’ (Horvath, 2013; Stubbs
et al., 2017). Age-related methylation occurs differentially in different organs, so the
epigenetic clock can be used to predict biological age of different organs, including the
brain (Stubbs et al., 2017). Studies have also suggested that aging and longevity
processes are linked to early-life events including reproductive conditions (Aguilaniu,
2015; Bianco-Miotto et al., 2017). Understanding how early life developmental processes
influence health and well-being later in life is an important research area that falls under
the broad umbrella of research efforts collectively termed as the Developmental Origins
of Health and Diseases (DOHaD) (Barker, 2007; Wadhwa et al., 2009). The foundation
of these research efforts is based on the Barker hypothesis (Barker and Osmond, 1986),
which suggests that adverse conditions during intrauterine life and early developmental
stages can cause irreversible alteration in physiology and metabolism that lead to
heightened risk of diseases in adulthood. These projects not only benefit the knowledge
of the early-life origins of human diseases, but also bear significance to public health and

society at large (Penkler et al., 2019). With the advent of DOHaD research coordination



in the early 2000s, diverse research themes have emerged to address basic and
translational aspects of early-life origins of human health and diseases (Gage et al., 2016;
Heindel and VVandenberg, 2015). Research interest includes examining molecular
mechanisms that commonly control fetal development and aging processes, and the
Dilman theory of developmental aging (DevAge) (Dilman, 1971). Recent studies using
genomics and systems-biology approaches have supported the DevAge theory and have
further revealed that the developmental aging link is a highly conserved mechanism in

animals (de Magalhdes and Church, 2005; Feltes et al., 2015).

When determining aging of humans and animals, it is important to note differences in
chronological and biological age. Chronological age is a typical measurement of how
long ago a person or animal was born (Lowsky et al., 2014). Chronological age is a major
risk factor for functional impairments, chronic diseases, and mortality, but it lacks clear
reasons for major physiological deterioration in individuals within a species at various
chronological ages (Lowsky et al., 2014). Estimating biological age uses epigenetic
biological markers of aging of an individual’s DNA methylation data to better estimate
the health of the individual (Simpkin et al., 2016). This estimation works because

methylation patterns of DNA change as animals age (Martin, 2005; Singhal et al., 1987).

When predicting biological age, research interest is in epigenetics which is defined
literally as “in addition to genetics”. However, it better refers to changes in DNA
accessibility or the surrounding chromatin that influence gene expression but do not
change the genetic composition (McCarthy et al., 2009). Virtually all cells in an organism
contain the same genetic information, but not all genes are expressed the same way by all

cell types because of epigenetic modifications in the genome. Therefore, epigenetic



mechanisms help mediate the diversified gene expression profiles in a variety of cells and
tissues. Prediction of biological age using epigenetic changes works because the critical
regulatory portions of the genome remain under strict epigenetic control throughout life
(Bocklandt et al., 2011; Martin, 2005). Biological age therefore is determined using
biological parameters (Hannum et al., 2013) that are strongly correlated to age and better
predict functional capability than chronological age (Jylhéva et al., 2017). Genetic
variants cannot be used in place of epigenetic changes because the genome sequence is
relatively static over time (Hannum et al., 2013). In previous studies it has been shown
that genes with age-associated expression were more likely to have nearby age-associated
methylation markers (Hannum et al., 2013) that can be used to predict biological age.
Although it is known that epigenetic changes to DNA regulate genome expression, an
epigenetic change does not always result in immediate alteration of gene transcription but

may alter the response to future signaling events (Chung and Auger, 2013).

DNA methylation

The pig genome is comprised of 18 autosomes, with X and Y sex chromosomes and
at 2.7Gb it is similar in size to the human genome (Groenen et al., 2012). Gene
expression can be controlled in many ways in eukaryotes, and one common epigenetic
tool used is DNA methylation. DNA methylation, along with histone modifications and
microRNA, do not change the DNA sequence but alter the likelihood of a gene being
transcribed and translated into a protein. During methylation, gene expression can be
repressed by large methyl groups interfering with binding of transcription factors or by

triggering chemical reactions that encourage the DNA to become tightly wrapped and



difficult to access (Wu et al., 2010). This process has been of significant interest after
first being discovered in mammals in the 1940s (Avery et al., 1944; McCarty and Avery,
1946). After discovery, many researchers proposed DNA methylation might regulate
gene expression, but it was not until the 1980s that several studies demonstrated that
DNA methylation was involved in gene regulation and cell differentiation (Compere and
Palmiter, 1981; Holliday and Pugh, 1975). Since then, it has been linked to specific

control of genes and has been shown to be linked to diseases in humans and animals.

DNA methylation is a process by which methyl groups are added to the DNA
molecule, most commonly the covalent addition of a methyl group at the 5-carbon of the
cytosine ring resulting in 5-methylcytosine (5mC) (Hotchkiss, 1948). The 5mC content of
DNA from different tissues or cell types can vary considerably even when tissues from
the same individual are compared (Ehrlich et al., 1982). In mammalian DNA, more than
98% of DNA methylation occurs in a CpG dinucleotide context in somatic cells
(Bernstein and Jin, 2015; Lister et al., 2009). The major exception is CpG islands that are
often located near promoters as they remain unmethylated allowing gene expression to
occur (Bernstein and Jin, 2015). There is also supporting evidence that similar
methylation patterns are not seen in embryonic stem cells, suggesting that these stem
cells may have a different mode of regulation (Lister et al., 2009). Overall, in the adult
genome, these large methyl groups project into space and repress transcription
(Hotchkiss, 1948). The level of DNA methylation is higher in the brain than other tissues,
suggesting that the brain has very tight gene regulation via methylation patterns (Ehrlich

etal., 1982; Tawa et al., 1990; Wilson et al., 1987).
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DNA methylation patterns change with increasing age and environmental stress
(Hannum et al., 2013), contribute to age related diseases (Bocklandt et al., 2011; Singhal
et al., 1987) and act as biomarkers of aging that are highly correlated with chronological
age (Simpkin et al., 2016). There has been increased research interest in epigenetic
changes and the ability to use these changes to aid in cell or tissue aging estimates.
Although there are many epigenetic changes, DNA methylation has received the most
attention in epigenetic aging research. Studies have shown that during the brain aging
process in pigs, upregulated genes were mainly related to stress and immune response,
and the downregulated genes were mainly involved in neuronal functions (Chen et al.,
2019), similar results to humans and macaques (Erraji-Benchekroun et al., 2005; Lu et

al., 2004; Somel et al., 2010).

A CpG site is a cytosine and guanine separated by only one phosphate group
indicating that they are nucleotides right next to each other in the DNA sequence. Some
CpG islands, a region of the DNA with a high frequency of CpG sites, are associated with
a strong tendency to hypermethylate specific loci and have been described in colorectal
cancers, gliomas and unexpected methylation patterns have been reported in breast cancer
(Fang et al., 2011). Cancer-specific alterations in DNA methylation are hallmark
measurements of malignancies (Fang et al., 2011). Methylation patterns not only play a
role in cancer, but also in many other biological processes like memory formation and
neurological disorders. There have been previous studies that have shown methylation
plays a dynamic role in neurons by modulating key gene activities (Chen et al., 2003;
Martinowich et al., 2003) and that memory function is, at least partially, driven by

methylation patterns (Feng et al., 2010; Miller et al., 2008).
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Sex differences in fetuses

Sexual dimorphisms are defined as a phenotypic difference between males and
females of a species and are a common phenomenon in animals (Parés-Casanova, 2013).
For example, domestic pigs are generally male-larger but much less dimorphic than most
of their wild relatives (Parés-Casanova, 2013). However, sex differences go much further
than phenotypic differences in size and weight. The vertebrate brain is organized in a sex-
dependent fashion with differences at every level of brain organization, (Bakker and
Baum, 2008; Savic et al., 2010) due to, at least in part, the control of perinatal gonadal
steroid hormones (Savic et al., 2010). In mammals, the role of epigenetics in sex
differences begins early in development (McCarthy et al., 2009), leading to extensive and

diverse differences in growth and organization.

Many mammalian species show differences in brain development between males and
females (Cooke et al., 1999). Sexual dimorphism in the structure, development and
function is well documented in the human brain (McCarthy et al., 2012; Pallayova et al.,
2019). In addition, sex differences in placenta development and function have also been
noted (Rosenfeld, 2015). Previous studies have shown, primarily in rodents, that the
placenta developmental rate is faster in male fetuses than females (Kalisch-Smith et al.,
2017). In humans, specific age-related brain diseases occur in disproportional frequency
in one sex over the other, which is hypothesized to have links with the sexual differences
in the brain at the fetal stage (McCarthy et al., 2012). A male fetus is generally associated
with a higher risk of death than a female fetus (Kraemer, 2000). Many problems during
gestation, including brain disorder, cerebral palsy, and premature and still birth occur at

higher rates in males than females (Kraemer, 2000; McCarthy et al., 2009). Although
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human males generally weigh more than females at birth, physiologically they are 4-6

weeks behind females (Gualtieri and Hicks, 1985).

In humans, male brains have consistently been reported to be 8-10% larger than
female brains (Wierenga et al., 2019), and Tekola-Ayele et al. (2019) stated that in males
they also observed a larger head circumference and longer lengths at birth than in
females. Research also shows that male fetuses have higher in-utero energy demand than
female fetuses, playing a role in early epigenetics as well as biological aging through

their lifetime (Tekola-Ayele et al., 2019).

DNA methylation patterns have been found to accurately estimate age using blood
(Hannum et al., 2013; Horvath et al., 2016; Simpkin et al., 2016), but Hannum et al.
(2013) found further correlations in many tissues of the human body. They found that in
each tissue studied, including the brain, males appeared to age more quickly than
females, providing evidence that these trends are not specific to blood (Hannum et al.,
2013). Horvath et al. (2016) found similar results that males exhibited a higher age
acceleration, specifically in the cerebrum of the brain, than those from females. These
analyses provide evidence that methylomic changes are intrinsic and not due to the
changing cell-type composition of whole blood with age but instead are body wide
changes (Hannum et al., 2013). This study, along with others, demonstrate that epigenetic
aging rates differ between sexes and suggest more rapid immunosenescence in men than
women (Horvath et al., 2016). Although a good deal is known about methylation patterns
in humans, the relationship to morbidity and mortality in humans and animals is not fully

understand.
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RNA sequencing

RNA sequencing (RNA-seq), used to measure the quantity of RNA in a biological
sample at a given moment, was first developed in the mid 2000s and was used with next-
generation sequencing technology by different groups (Bainbridge et al., 2006; Cheung et
al., 2006; Emrich et al., 2007; Weber et al., 2007). In the last decade, it has revolutionized
techniques to measure RNA by providing high throughput, quantitative analysis which is
becoming even more common and affordable for research and medical purposes. RNA-
seq uses complementary DNA (cDNA) fragments which are subjected to high throughput
sequencing and mapped to the species genome to measure the quantity of RNA from
known and previously unknown genes (Nagalakshmi et al., 2008; Wu et al., 2010). RNA-
seq technology and techniques have flourished since their launch, growing in popularity,
acceptance and uses for human and animal research and medicine. This technology gives
researchers the ability to examine gene expression and gene regulation at the time of

sample collection.

Summary

Pig genetics, anatomy, and physiology, as well as their reproductive cycles, make
them a good candidate for a research model. Pigs exhibit brain development that is useful
to profile gene expression and identify the epigenetic clock. Genetically manipulated pig
models, based on rational designs in a highly specific manner (such as specific genes,
regulatory factors, epigenetic sites etc.) with data from functional genomics studies, can
also be used to promote research on fetal brain development. Functional genomic

research includes gene regulation in male versus female developing fetal brains and genes
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that pinpoint specific DNA sites that are methylated in the promoter regions of those

genes in a coordinated manner between the fetal stage and old age.
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Chapter 2

Sexual dimorphic gene expression during fetal brain development in
pigs

Abstract

In the current study, the fetal weight was measured, as well as the length and weight
of the developing brains, and the gene expression level of male (M) and female (F)
fetuses at gestation day (d) 45, 60 and 90 was examined. The brain to fetal weight ratio
(brain weight per 100g of fetal weight) was lower at d45 compared to d60 and d90. The
length of the fetal brain nearly doubled on d90 compared to d45. Gene expression was
profiled by RNA sequencing (RNA-seq) to examine the whole transcriptome of the fetal
brain at three gestation days. Daily fetal weight gain increased by nearly 3 times from
d60 to d90 compared to d45 to d60, but there were no differences in body weight or brain
weight of male compared to female fetuses. Fewer differentially expressed genes (DEGS)
in the brain of male and female fetuses were identified in earlier gestation (d45-d60)
when compared to late gestation (d60-d90). Overall, there was approximately a 3.5-fold
increase in the number of genes that were altered between d60 and d90 compared to d45
and d60. A greater number of DEGs in late gestation is suggestive of preparation of the
brain for postnatal function. The homeobox (HOX) A5 gene, that regulates pattern
formation in early development, was in the top upregulated DEGs between d45 and d60
in fetuses of both sexes. This study also found HOX B5 and D3 genes were in the top
upregulated genes between d45 and d60 of the fetal brain of females, but not males.
Myelin associated glycoprotein was among the most downregulated DEGs in both male

and female fetuses during d60 to 90, and the gene coding for ERMN was one of the top
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downregulated DEGs between d60 and d90 in both male and female fetuses. Male fetuses
that were flanked by two female fetuses or by a male fetus on the medial side and a
female fetus on the lateral side were identified. Gene expression in the developing brain
of those males showed significant changes in expression. This analysis identified 54
DEGs between these 2 groups, suggesting that gene expression in the fetal brain is
impacted by the sex of the adjacent fetuses. A comparative analysis of gene expression
data of d60 and d90 identified 45 ion transporter genes that were coordinately regulated,
in the form of ON/OFF expression, between the fetal brain and placenta of pigs. Analysis
of the effect of intrauterine fetal location on the brain suggested ion transporters may be

involved in a sex-biased regulation of the brain-placental axis.

Introduction

How a brain develops in the fetal stage represents a fundamental question in biology.
Development of the central nervous system (CNS) is a complex and highly coordinated
spatiotemporal process that includes the proliferation and migration of glia cells and
neurons, followed by programmed cell death, formation of synapses, myelination, and
establishment of neuronal circuits. There is a remarkable similarity among the placental
animals in the process of cortical development during fetal brain formation (Dobbing,
1990). In humans, placental dysfunction is known to lead to defective neuronal
development that can predispose to brain disorders such as autism spectrum or attention
deficit hyperactivity disorders in early childhood or chronic neuropsychiatric diseases
such as schizophrenia, depression, and dementia later in life (reviewed by Bronson and
Bale, 2016; Shallie and Naicker, 2019). Previous studies have suggested that adaptive

functions of the maternal placenta safeguard the fetus, specifically the brain, from injury
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and adverse conditions (Lye et al., 2015; Noden, and De Lahunta, 1985). While research
on fetal brain development using mouse models has provided insights into factors that
influence brain development (Semple et al., 2013), no large-animal model is being widely
used. Due to ethical challenges associated with research on human fetuses, development
of suitable animal models is necessary to better understand the biology of fetal brain
development. This study focuses on the pig as an animal model to study brain

development in male and female fetuses at gestation day 45, 60 and 90.

The study of gene expression profiling in the developing brain is important for a more
comprehensive understanding of fetal development. RNA sequencing (RNA-seq) is
currently a widely used technique to quantify gene expression in a genome-wide manner
and identify the presence and prevalence of transcripts and splice forms from known and
even previously unknown genes (Nagalakshmi et al., 2008; Wu et al., 2010). In
mammals, regulation of gene expression plays an important role in sex differences of
growth and development (McCarthy et al., 2009). Sexual dimorphisms are commonly
acknowledged and studied in multiple mammalian species. Humans have been reported
to have sexual differences in brain size, head circumference, energy demands, and
biological aging postnatally (Hannum et al., 2013; Horvath et al., 2016; Tekola-Ayele et
al., 2019; Wierenga et al., 2019). Differences in the vertebrate brain are associated with
the early organization in a sex-dependent fashion with early control of perinatal gonadal
steroid hormones that cause differences at every level of brain organization (Bakker and
Baum, 2008; Savic et al., 2010). Previous research shows differences in gene expression
between fetal sexes, as well as during periods of rapid growth and differentiation during

development. In pigs, the fetal brain develops in an accelerated manner 50 days before
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birth to 40 days after birth (Dickerson and Dobbing, 1967) during which the brain is

changing rapidly and preparing for postnatal life.

Knowledge about gene expression during brain development of male and female fetal
pigs is limited. The long-term goal of this research project is to develop pig models that
can be used to promote research on fetal brain development, disorder, and dimorphism.
Towards that broad objective, the immediate aims were to study the fetal brain from male
and female pigs at different gestation times to profile gene expression to test the
hypotheses that 1) genes were coordinately regulated during brain development, and that
2) fetal sex, position in the uterus and the other fetuses influence gene expression in the

developing brain.

Materials and methods

Animals and experimental design

In this study all 18 fetal pigs were obtained from the University of Missouri Swine
Research Complex (Columbia, MO). Dams (n=9) were bred via artificial insemination
(Al) and the day of Al was considered gestation day 1 (d1). Dams were Landrace, Large
White or a cross of these breeds and bred to LR-M6 from Choice Genetics (Choice USA,
1415 28th Street Suite 400 West Des Moines, lowa 50266). Dams were euthanized at d45
(44-46), d60 (59-61) or d90 (89-91) via electrical stunning and exsanguination at the
University of Missouri abattoir, a USDA inspected commercial unit (Establishment

#5077A).

Fetal dissection
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The reproductive tract was removed from the dam at the abattoir. Individual fetuses,
referred to as d45, d60, or d90 male (M) or female (F) were selected based on the sex and
removed from each uterine horn. One male and one female fetus was collected from each
dam. No fetuses were taken from the tip of either horn or the body of the uterus. Each
fetus was weighed before dissection. Additional information was taken from the litter
including the total number of fetuses, and the sex of fetuses on the medial and lateral side
of the fetus. The skin and skull were cut down the mid-sagittal plane with a scalpel and
removed near the ears. The whole brain was scooped out, weighed, measured at the

longest point, and stored on ice until homogenization.

Processing of fetal brain samples

Each fetal brain was homogenized with 5ml (d45) or 20ml (d60 and d90) RLT buffer
(Qiagen, Cat No./ID: 79216) and 200ul 2-mercaptoethanol. Homogenization was done in
a 50ml Falcon tube using a benchtop VDI 25 tissue homogenizer (VWR). Aliquots of
1ml of the homogenate were diluted with 9-10ml RLT buffer and 10ul 2-mercaptoethanol
to form a lysate. This was transferred into 1.5m| RNase/DNase-free Axygen conical tubes
(Corning Axygen® MCT-175-C MaxyClear™ Snaplock Microcentrifuge Tube), frozen

and stored at -80°C for future analysis.

RNA extraction

Total RNA was isolated from frozen tissue samples using an AllPrep DNA/RNA
Mini Kit (Qiagen, Cat No./ID: 80204) as per the manufacturer’s instruction. The lysate

was thawed then centrifuged for 1 minute at > 8000 x g. From the supernate, 750ul was
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transferred into RNase/DNase-free Axygen conical tubes (Corning Axygen, 1.7ml) and
mixed with 350ul 70% ethanol to precipitate RNA. A DNase treatment step was added to
remove genomic DNA contaminants. RNA was eluted in 30ul nuclease-free water twice
for a total volume of 60ul. RNA from a total of 18 samples (3 gestation days, 3 biological
replicates, and 2 fetal sexes) was generated. Concentration and purity of the RNA was
determined using Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific) before

each sample was diluted to 100ng/ul using nuclease-free water.

Gene expression profiling by RNA sequencing

[llumina sequencing libraries were generated from the total RNA of each sample.
Preparation of libraries and RNA sequencing (RNA-seq) were performed by the Novogen
Coperation Inc. (8801 Folsom Blvd #290, Sacramento, CA 95826). Each library was

sequenced to 20 million paired end reads of 150 bases using a NovaSeq sequencer.

RNA sequencing data analysis

The quality of raw RNA sequence reads was checked with FastQC before trimming
of adapters from the sequence reads using cutadapt. The quality reads were then mapped
to the swine reference genome Sscrofall.l using Hisat2. The FeatureCounts program
was used to quantify read counts that mapped to genes. The raw and processed data of
RNA-seq are publicly available in the GEO database (accession GSE178970). The read
count data were used in edgeR to identify the number of significantly expressed genes as
described earlier (Behura et al., 2019a; Behura et al., 2020). In addition, the read count

data were used to perform principal component, network and correlation analysis using
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R. Functional annotation of differentially expressed gene sets was performed by Gene
Ontology (GO) and pathway analysis. GO and pathway enrichment analysis was
performed by Fisher’s exact test followed by multiple correction of raw p-values of
significance using the analysis tool and up-to-date GO and pathway annotation databases
of the PANTHER Classification System (Mi et al., 2013). The marker genes predicted
from mammalian brain single-cell RNA-seq projects, available in the PanglaoDB
(Franzén et al., 2019) were used in the integrative annotation of function of DEGs. The
marker genes were downloaded from the freely available database based on the UCSC
genome server (Franzén et al., 2019) and compared with the DEGs predicted from the
bulk RNA-seq data of the pig fetal brain from the current study. A finite normal mixture
modell implemented in the R package mclust5 was used to predict gene expression
clusters from the RNA-seq data. To infer gene expression networks within a predicted
cluster, an information theory approach (Steuer et al., 2002) was used. In this method,
mutual information (M) of variation between gene expression was determined. Ml
measures the information content that two variables share: a numerical value ranging
from 0 to 1 depending on, intuitively, how much knowing one variable would predict
variability of the other. MI was calculated in a pair-wise manner between each pair of
genes (read count data from RNA-seq) to generate a weighted adjacency matrix by the
Maximum Relevance Minimum Redundancy (MRMR) method (Radovic et al., 2017).
Mutual information network analysis was performed using the R package minet (Meyer
et al., 2008). The comparative analysis of the hierarchical clustering (tanglegram

analysis) of gene expression data was performed using the R package dendextend (Galili,
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2015). All statistical analyses, including the principal component analysis, and graphics

were performed in R.

Results

Developmental changes in the fetal brain weight

The mean fetal weight increased from 23.6g on d45 to 113.2g on d60. On d90, the
mean fetal weight increased to 613.4g (Figure 2.1A), indicating that the fetuses gained
an average of 6.0g per day between d45 and d60, and 16.6g per day between d60 and
d90. This is nearly a 3-fold increase in the daily weight gain between d60 and 90 as
compared to between d45 and d60. On d45, there was a slightly higher weight of males
compared to females (21.1g in females versus 25.9g in males), but on d60 and d90, the
mean weight of males and females was identical. The weight of the fetal brain was
expressed as percentage values of the fetal weight (brain weight per 100g of fetal weight)
for comparison among d45, 60 and 90. The weight ratio of brain-to-fetus was 5.7 on d45
whereas those on day d60 and d90 decreased to 2.6 and 3.1, respectively (Figure 2.1C).
The weight ratio of brain-to-fetus on d45 tended to be slightly higher in female than male
fetuses (6.3 in females compared to 5.1 in males; Figure 2.1C). However, the ratio
between brain and fetal weight became identical in both sexes on d60 and d90. The
length of the fetal brain more than doubled between d45 and d90 (Figure 2.1D). On d45,
the mean length was 1.7cm. It increased to 2.1cm by d60 and reached 3.9cm on d90. The

brain length was not different in males and females at any time points (Figure 2.1D).

Developmental changes in gene expression of the fetal brain
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Gene expression was profiled by RNA-seq to examine the whole transcriptome of the
fetal brain on d45, 60 and 90. Principal component analysis (PCA) and hierarchical
clustering demonstrated that at d90 the fetal brain is transcriptionally distinct from d45
and d60 (Figure 2.2A and 2.2B). Nearly 57% of the variation in gene expression was
explained by the first principal component. The observed variation was not surprising, as
rapid growth of the fetal brain was observed between d60 and d90 (Figure 2.1B),
indicating that changes in gene expression on d90 are likely associated with the rapid
development of the fetal brain during this time. However, developmental changes in gene
expression of the fetal brain are mutually informative between sexes and gestation time
points (Figure 2.3A). Mutually informative variables in probability theory share common
information called mutual information (Ml), so one can know the dependence between
the two variables (Steuer et al., 2002). This approach was used to quantify MI between
fetal brains of two sexes and the three gestation time points in a pair-wise manner which
showed the inter-dependence patterns (shown as arches connecting one sample to
another) in Figure 2.3A. The pattern of connectedness of the arches connecting one
sample to another indicates how gene expression changes in the fetal brain at d90 is
dependent on the gene expression patterns earlier in development, on day 45 and 60.
Besides examining global pattern analysis, expression changes at the individual gene
levels were also investigated. The top 20 highly expressed genes were compared between
the male and female fetal brain to examine cluster patterns in the expression level. The
pair-wise Euclidean distances between gene expression variation were used for inferring
hierarchical cluster patterns among these genes for comparison between the male and

female brain (Figure 2.3B). The comparison of the cluster patterns shows three sub-
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clusters, shown by black, green and red lines connecting the nodes in the trees, where the
male and female brain show variation in expression at individual genes. For example,
CALM1 and KIF1A were expressed in a tightly correlated manner in the male brain (they
branch out from a common node), whereas their expression is more divergent in female

brain (they have different common nodes).

Differential gene expression between the male and female fetal brain

Differential expression analysis by edgeR identified genes with significant changes in
expression in the fetal brain during development between d45 and d60, and between d60
and d90. Figure 2.4 shows the wide-spread differential gene expression in the fetal brain
of males and females during those developmental transitions. A greater number of genes
were differentially expressed during development from d60 to d90 than that from d45 to
d60. However, this pattern was reliant on the sex of the fetuses (F.d60 to F.d90 DEGs =
5325; M.d60 to M.d90 DEGs= 6605; F.d45 to F.d60 DEGs = 2059; M.d45 to M.d60
DEGs= 1323). The data showed that brain development from d60 to d90 in males is
associated with greater number of DEGS, both upregulated and downregulated, compared
to females (Table 2.1). The number of upregulated and downregulated genes between
d45 and d60 and between d60 and d90 in males and females is shown in Figure 2.5. The
male fetal brain showed approximately a 5-fold increase in the number of DEGs between
d60 and d90 compared to that from d45 and d60, but the female fetal brain only showed a
2.5-fold increase in the number of DEGs at the same time points. Considering that
adaptive changes in gene expression are associated with the cost of cellular energetics
(Wagner, 2005), these findings indicate that brain development in males is

transcriptionally more energy expensive than brain development in females. In humans, it
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is known that gestation of male fetuses is often associated with a higher risk of intra-
uterine growth restriction and even death compared to of female fetuses (Alur, 2019;

Kraemer, 2000; McCarthy, 2016).

Effect of the sex of adjacent fetuses on gene expression of the developing brain

While recording the sex of the fetuses analyzed in the current study, the sex of
adjacent fetuses on the medial side (closer to the body of the uterus) and on the lateral
side of the uterus (closer to the tip of the uterus horn) were also recorded to evaluate
whether the sex of adjacent fetuses influenced the brain transcriptome. The representation
of fetal sexes as M.F.M means that there was a male fetus collected where there was a
female fetus on the medial side and a male fetus on the lateral side. The fetal collection
included male piglets that were flanked either by two females (M.F.F) (n=3) or by a male
on the medial and a female on the lateral side (M.M.F) (n=2). The differential gene
expression analysis showed a significant impact on gene expression in the brain between
the two groups. A total of 54 genes were impacted in the fetal brain of the males when
they were flanked by fetuses of both sexes as opposed to fetuses of the same sex (in this
case female). Of these genes, 34 genes showed significantly higher expression in the
brain of male fetuses when there was a female fetus on the medial side in comparison to
the fetal brain of the same sex (male). In addition, 20 genes showed significantly lower
expression in the male fetal brains when there was a female fetus on the medial side. Of
the 54 DEGs in the male brain due to sex differences of adjacent fetuses, 37 were
annotated to encode known proteins and others were predicted coding genes.
Interestingly, 16 of these 37 known genes were related to ion transport, a key component

of normal feto-placental circulation (Jansson et al., 2009; Sangkhae and Nemeth, 2019).
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This study did not include age matched female fetuses that varied in the sex on the medial
side, therefore those analyses were not included. Those groups will be compared in a

future study.

Bias in exon-level expression of the fetal brain

This study quantified exon-level expression using featureCounts (Liao et al., 2014) to
count the number of mapped reads to individual exons of each gene. Analysis of the
exon-level expression in edgeR identified a total of 2,084 genes in which one or more
exons were significantly differentially expressed during fetal brain development. A total
of 2,774 differentially expressed exons were associated with these genes. As the brain
develops from d60 to d90, a greater number of exons were differentially expressed.
However, at the gene-level, a nearly equal number of upregulated and downregulated
genes from d60 to d90 were observed. There was a bias in the number of exons that were
less expressed on d90 compared to d60 in the female brain. On the other hand, there was
a bias in the number exons with increased expression on d90 compared to d60 in the male
brain (Table 2.2). The sex bias observed in this study suggest that gene expression of the
fetal brain is significantly biased at the exon-level between male and female fetuses. The
data further showed that there is a preferential bias in the expression of specific exons.
The second and third exons were more likely to be differentially expressed than any other
exons in the genes expressed in the fetal brain, irrespective of sex. Exon-rich genes
showed an inverse relationship between expression and the exon rank (position in the
gene from gene start to end codon). The higher ranked exons were less likely to be
differentially expressed in the fetal brain, suggesting that the number of exons of brain

expressed genes is an intrinsic modular of gene regulation in the developing brain.
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Integrative functional annotation of differentially expressed genes

Gene Ontology (GO) analysis was performed to predict functions of the genes
differentially expressed in the male and female brain between gestation day 45, 60 and
90. Significant enrichment of 1,349 GO terms were identified, many related to brain
development. Of these, 308 GO terms were commonly enriched among genes
differentially expressed in fetal brain of both sexes during development from d45 to d60
as well as from d60 to d90. Besides this common set of GO terms, an additional 240 GO
terms were enriched in the female fetal brain, but only 30 additional GO terms were
enriched in the male fetal brain, indicating that the male brain during development lacks
functional genes related to 210 GO terms that play an important role during the
development of the female fetal brain. In the top 5 significant female specific GO terms
(n=210) were biological processes related to cerebral cortex regionalization, negative
regulation of cardiac muscle adaptation and hypertrophy in response to stress, and the
cellular response to cGMP. Among the top 10 significant GO terms from the fetal brain
of both sexes from d45 to d60 were biological functions related to cerebral cortex
regionalization, pre-replicative complex assembly involved in cell cycle DNA
replication, pre-replicative complex assembly involved in nuclear cell cycle DNA
replication, and double-strand break repair via break-induced replication. But, as the
brain develops from d60 to d90, functions related to glutamate secretion, regulation of
axon extension involved in axon guidance, and regulation of neuronal synaptic plasticity

were common among the top 10 GO terms enriched in the brain of both sexes.

In addition to GO analysis, PANTHER pathway analysis was used to identify specific

pathway(s) that were over-represented by the DEGs (Table 2.3). This analysis showed
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that endothelin signaling, gonadotropin-releasing hormone receptor signaling,
angiogenesis, and Wnt signaling were commonly associated with the fetal brain
developmental processes in pigs. However, this study also identified that specific
pathways were enriched among the DEGs in a sex-specific manner. For example, the
ionotropic glutamate receptor pathway and p53 pathway were enriched in the female
brain but not impacted in the male brain. On the other hand, different receptor mediated
signaling pathways were enriched in the male brain alone (Table 2.3). Hierarchical
cluster analysis identified genes that were expressed in a coordinated manner among each
other (Figure 2.6). Mutual information network inference (Meyer et al., 2008) further
supported the cluster analysis that specific DEGs are expressed in a mutually informative
manner (Steuer et al., 2002) in the developing fetal brain. For example, the 25 genes
shown in Figure 2.6 were identified not only as significant DEGs from edgeR analysis,
but they also belong to the same cluster in the hierarchical cluster tree and show mutually
informative expression in the fetal brain of males and females based on the mutual

information analysis.

Further analysis identified that several DEGs were markers of specific cell types in
the brain. Recently, single-cell RNA sequencing studies have identified cell types and
cell-specific marker genes in the human and mouse brain, curated in the PanglaoDB
database (Franzen et al., 2019). Those marker genes and the associated cell types were
downloaded to perform gene orthology analysis to explore if any of those known brain
cell markers were orthologous to the genes differentially expressed in the pig fetal brain
in the current study. 357 significant DE genes were identified that have also been

identified as marker genes of neurons, oligodendrocytes, ependymal cells, astrocytes, and
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Schwann cells. DEGs that are markers of neurons and oligodendrocytes were relatively
more abundant than markers of other known cell types of brain (Figure 2.7A). Those
marker genes were predominantly found as significant DEGs in the edgeR analysis
between d60 and d90 with relative greater numbers in the male than female brain (Figure
2.7B). Expression patterns of these marker genes were analyzed for specific cell types,
for example neurons and astrocytes. They showed variable patterns in the male and
female brain during development from d45 to 60 and from d60 to 90 (Figure 2.8).
During development in the male brain from d60 to d90, the mean expression level of the
marker genes of neurons as well as astrocytes was relatively lower than that of females,

possibly indicating a sexual dimorphic functional role of those cells in the fetal brain of

pigs.

Comparison of gene expression in the fetal brain and placenta

The gene expression data of the fetal pig brain on d60 and d90 from the current study
was pooled, regardless of fetal sex, and used to compare with gene expression data
previously generated from the pig placenta (accession number GSE110414) on d60 and
d90 (Wang et al., 2019). This comparative analysis identified genes that were expressed
either in the placenta or the fetal brain of pigs in an ‘ON/OFF’ coordinated manner. A
gene was considered ‘expressed’ if the FPKM value was > 10 and a gene with FPKM < 1
was considered ‘not expressed’. This study did not further examine a gene with FPKM >
1 but < 10. On d60, 553 genes were expressed in the fetal brain but not in the placenta,
whereas 87 genes were expressed in the placenta but not in the fetal brain. On d90, 554
genes were expressed in the fetal brain but not in the placenta and 80 genes were

expressed in the placenta but not in the fetal brain. This study identified 45 of these
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ON/OFF genes between the placenta and the fetal brain were related to ion transporters,
suggesting that ion transporter genes play a role in the feto-placental communication and
circulation, possibly by regulation of the placental-blood barrier (Cousins and Wood,
2010; Hosoya and Tachikawa, 2011; Nigam et al., 2015; St-Pierre et al., 2004; Sugiyama

et al., 2003).

Discussion

This study provides insights into sex differences regulating brain development in fetal
pigs. It is known that the rate of growth of male and female fetuses varies throughout
gestation (Stenhouse et al., 2019). In the present study, fetal growth rate per day
increased by nearly 3 times from d60 to d90 compared to d45 to d60. Although in the
current study there was no observed difference in the body weight of male compared to
female fetuses, birth weight is generally higher in male than female piglets (Baxter et al.,
2012). Sex-mediated differences in growth are well documented in other animals too,
including mice and humans (Crawford et al., 1987; Dhakal et al., 2020; Galjaard et al.,

2019; Lampl et al., 2010; Tekola-Ayele et al., 2019).

Results from the RNA-seq analysis showed that fewer DEGs in the male versus
female fetal brain were identified in earlier (d45 and d60) compared to later (d60 and
d90) gestation. The differences in DEGs suggests that brain development is different in
male and female pig fetuses and that there are changes in the brain development as
gestation progresses, a finding that is consistent with an earlier report (McPherson et al.,
2004). Overall, there was approximately a 3.5-fold increase in the number of genes that

were altered between the d60 and d90 timepoints compared to between d45 and d60
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(Table 2.1). A greater number of DEGs in late gestation is suggestive of preparation of
the brain for postnatal functions (Rabaglino et al., 2014). The homeobox (HOX) A5 gene
that regulates pattern formation in early development (Lewis et al., 1999; Taylor et al.,
1997) was in the top upregulated DEGs between d45 to d60 in fetuses of both sexes.
HOX B5 and D3 genes were also found in the top upregulated genes between d45 and
d60 of fetal brain of females, but not in males. Of note, the development of the female
reproductive tract seems to be partially directed by HOX genes (Taylor et al., 1997). The
myelin associated glycoprotein (MAG) was among the most downregulated DEGs in both
male and female fetuses from d60 to 90 and it is a myelin-expressed cell-adhesion and bi-
directional signaling molecule (Pronker et al., 2016). MAG maintains the myelin-axon
spacing by interacting with specific neuronal glycolipids, inhibiting axon regeneration,
and controlling myelin formation (Pronker et al., 2016). Similarly, the gene coding for
ERMN, which plays a role in cytoskeletal rearrangements and CNS myelination in
humans and mice (Brockschnieder, 2006), was one of the top downregulated DEGs

between d60 and d90 in both males and females.

In litter-bearing mammals, sex of neighboring fetuses in the uterus influences the
hormonal environments of fetal development to confound sex-biased traits in the
offspring (Ryan and Vandenbergh, 2002). A female fetus developing between two males
show masculinized anatomical and physiological traits (reviewed by vom Saal, 1989).
Similarly, a fetus positioned between females have greater concentrations of estradiol
than a fetus positioned between male litter mates, which can lead to feminization of
males as adults (reviewed by vom Saal, 1989). In pigs, the effect of intrauterine position

and fetal sex was investigated (Rohde Parfet et al., 1990), but there was no effect of fetal
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position in the uterus on birth weight or survivability of piglets. However, a subsequent
study (Jang et al., 2014) found that fetuses on each end of the uterine horn grow faster
than the fetuses on the medial side of the uterus and further suggested that sex of the
adjacent fetuses has lesser influence than the absolute intrauterine position on fetal
growth in pigs. Given this premise in the literature, this study wanted to determine if sex
of the adjacent fetuses had an influence on gene expression of the fetal brain. In this
study, male fetuses that were flanked by two female fetuses (M.F.F) or by a male fetus on
the medial side and a female fetus on the lateral side (M.M.F) were identified. Gene
expression of the developing brain of those males showed significant changes in
expression of 54 genes, suggesting that gene expression in fetal brain is impacted by sex
of the adjacent fetuses. Though this study did not include age matched female fetuses that
varied in the sex of on the medial side, it was able to generate age matched (d45 and 90)
female fetuses that had difference in sex of the fetus on the lateral side. However,
differential expression analysis showed no significant difference in the gene expression
of the fetal brain. It is plausible that there is a stronger impact on male fetuses than
female fetuses. It may also be that sex of the medial fetus only influences gene expression
of the fetal brain, and the fetus on the lateral side has no effect. Only 18 fetal brains were
sequenced in this study which posed a shortcoming in the current study to fully address
this important question if both the medial and lateral fetus impacted gene expression of
male and female fetuses. A future study using a larger sample size of fetal collections will

reveal better clarity to this issue.

This study revealed a key observation concerning the regulation of ion transporter

genes in the fetal brain during development. A comparative analysis of gene expression
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data at d60 and d90 identified 45 ion transporter genes that were coordinately regulated in
the form of ON/OFF expression between the fetal brain and placenta of pigs. lon
transporters play crucial roles in fetal development (Jansson et al., 2009; Nigam et al.,
2015; Sangkhae and Nemeth, 2019; Sugiyama et al., 2003). They not only control the
placental-blood barrier but also modulate feto-placental circulation and molecular
communication (Nigam et al., 2015; Sangkhae and Nemeth, 2019). Interestingly, the
analysis of effect of intrauterine fetal location on the brain also suggested that ion
transporters are involved in the influence of the medial fetal sex on fetal brain
development. The effect of adjacent fetuses on brain development is thought to be
modulated by sex dependent maternal resource sharing by the litter via placental
matrotrophy (Ryan and Vandenbergh, 2002; vom Saal, 1989). In this context, these
findings suggest that ion transporters may be involved in sex-biased regulation of the
brain-placental axis. This finding is consistent with earlier reports that transporter genes,
including the solute carrier transporter gene, play influential roles in the regulation of

the brain placental axis (Behura et al., 2019a; Behura et al., 2019b; Rosenfeld, 2021).

Conclusion

In conclusion, these findings provide insights into the molecular regulation of fetal
brain development and provide data for better understanding the influence of fetal sex
and fetal localization in the uterus on gene expression during brain development. This
study sets the foundation that large animals, such as pigs, can be used as models to better

understand regulation of brain development during fetal stages.
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Table 2.1. The number of significantly differentially expressed exons (upregulated or
downregulated) in the developing male (M) and female (F) fetal brain of pigs at gestation
day (d) 45, 60 and 90.

Comparison Difffarential

(groupl vs. group?) Number of DEGs expression (groupl
relative to group?)

F.d45 vs. F.d60 801 Upregulated

F.d45 vs. F.d60 1258 Downregulated

F.d60 vs. F.d90 2665 Upregulated

F.d60 vs. F.d90 2660 Downregulated

M.d45 vs. M.d60 571 Upregulated

M.d45 vs. M.d60 752 Downregulated

M.d60 vs. M.d90 3163 Upregulated

M.d60 vs. M.d90 3442 Downregulated
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Table 2.2. The number of significantly differentially expressed exons (upregulated or
downregulated) in the developing male (M) and female (F) fetal brain of pigs at gestation
day (d) 45, 60 and 90.

F.d45 - F.d60 F.d60 - F.d90 M.d45 - M.d60 M.d60 - M.d90

Downregulated 132 694 36 274
Upregulated 205 268 14 1772
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Table 2.3. PANTHER pathways that were significantly over-represented by the
differentially expressed genes (DEGs) in the developing male (M) and female (F) fetal
brain. Fold enrichment, false discovery rate (FDR), sex and the gestation days compared
for DEGs are shown.

Number of  Fold

Pathway DEGs Enrichment FDR Sex Gestation days
lonotropic glutamate receptor

pathway (P0O0037) 15 3.32 7.40E-03 F  d45-d60
p53 pathway (P00059) 20 2.49 1.90E-02 F  d45-d60
Endothelin signaling pathway

(P00019) 19 2.47 2.30E-02 F  d45-d60
Gonadotropin-releasing hormone

receptor pathway (P06664) 48 2.3 1.30E-04 F  d45-d60
Angiogenesis (P00005) 35 2.21 3.90E-03 F  d45-d60
Wht signaling pathway (P00057) 52 1.81 7.40E-03 F  d45 - d60
Gonadotropin-releasing hormone

receptor pathway (PO6664) 99 1.82 1.60E-04 F  d60-d90
Angiogenesis (P0O0005) 68 1.65 4.00E-02 F  d60-d90
Whnt signaling pathway (P00057) 30 1.99 3.40E-02 M d45 - d60
Histamine H1 receptor mediated

signaling pathway (P04385) 27 2.13 4.80E-02 M d60 -d90
Endothelin signaling pathway

(P00019) 48 1.96 1.10E-02 M  d60 - d90
Metabotropic glutamate receptor 39 193 400E-02 M d6O0 - d90

group Il pathway (P00039)

Heterotrimeric G-protein signaling
pathway-Gqg alpha and Go alpha 67 1.88 3.00E-03 M d60 -dao
mediated pathway (P00027)

Angiogenesis (P00005) 88 1.75 3.20E-03 M d60 - d90

Heterotrimeric G-protein signaling
pathway-Gi alpha and Gs alpha 81 1.69 6.50E-03 M  d60 - d90
mediated pathway (P00026)

EGF receptor signaling pathway

(P00018) 65 1.6 5.00E-02 M  d60 - d90
CCKR signaling map (P06959) 76 1.53 4.50E-02 M  d60 - d90
Gonadotropin-releasing hormone 102 153 120E.02 1M |60 - dgo

receptor pathway (P06664)
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Figure 2.1. The weight (g) of male (M) and female (F) pig fetuses (A), the weight (g) of fetal brains (B), the relative weigh of the fetal

brain (brain weight per 100g of fetal weight) (C) and the length (cm) of fetal brains (D) on gestation day (d) 45, 60 and 90.
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Figure 2.2. A. A principal component analysis of the gene expression variation of male (M) and female (F) fetal brain on gestation day
(d) 45, 60 and 90. The dotted line ellipse shows the group representing gene expression of fetal brain on day 45 and 60, and the solid
line ellipse shows the group representing gene expression of fetal brain on day 90. B. A hierarchical clustering of gene expression
variation also shows that fetal brain gene expression pattern on d90 is different from that on d45 and 60. The scale of branch height is
shown to the left of the cladogram.
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Figure 2.3. A. A chord diagram showing the mutation information pattern of gene expression relationship between the fetal brain of males (M)
and females (F) on gestation day (d) 45, 60 and 90 (sample hames on the circumference of the circular layout plot). The arcs show the
connectedness between samples based on adjacent matrix of mutation information scores. The scale of data variation for each sample is shown on
the circumference. B. A tanglegram comparing clusters of the top 20 expressed genes in the pig fetal brain based on their expression patterns in
males and females during development. The colored tangles connecting nodes of both cluster trees show common sub-clusters of genes in both
males and females. The scales below the plots show units of the branch length variation.
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Figure 2.4. Volcano plots showing differential expression of genes in female (F) fetal
brain between gestation day (d) 45 - d60 (A), male (M) fetal brain between d45 - d60 (B),
female fetal brain between d60 - d90 (C), and male fetal brain between d60 - d90 (D). In
each plot, the y-axis shows the —log1 0(FDR) (false discovery rate) values and x-axis
shows log fold change (FC) values. The orange color shows genes that were
downregulated, and blue color shows genes upregulated between the two groups in each
plot. The horizontal line above value 0 in axis represent the FDR value of 0.05, the value
used to identify significance of differential expression of genes.
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Figure 2.5. Venn diagrams showing the number of upregulated (Up) and downregulated (Down) genes between gestation day (d) 45 -
60 and d60 - d90 in females (A) and males (B). The shades indicate the proportion to gene counts.
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Figure 2.6. Network plots of genes based on mutation information of the expression changes during development of the female fetal
brain (A) and male fetal brain (B). The lines (edges) connecting the nodes show how a gene is transcriptionally interconnected with

other genes. The pink color shows the genes in the female brain and the blue color shows the genes in the male brain.
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Figure 2.7. A. A donut plot showing the proportion of marker genes representing different brain cells (color coded). B. A heatmap
showing the number markers genes associated with different cell types in the brain (shown in rows) and the developmental time
periods (gestation day (d) 45, 60 and 90) during which those genes were significantly differentially expressed in the male (M) and
female (F) fetal brain (shown in columns). The cluster patterns of rows and columns are shown along with the color scale (to the
right).
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Figure 2.8. Violin plots of expression changes in marker genes specific to neurons (A) and astrocytes (B) of male (M) and female (F)
fetal brain on gestation day (d) 45 to 60 and then d60 to d90. In both plots, the values on the y-axis represent the log fold changes
determined from egdeR between gestation day in male and female brain (shown in x-axis). The plots representing the female brains
are shown in pink, and those of the male brains are shown in blue.
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Chapter 3

Epigenetic changes during fetal brain development in pigs

Abstract

The aim of this study is to investigate DNA methylation in pigs. It was hypothesized
that specific genes are epigenetically controlled during fetal brain development. To test
this hypothesis, DNA methylation in male (M) and female (F) fetal brains at gestation
day (d) 45, 60 and 90 was profiled. These time points are the same as those used to
profile gene expression of the fetal brain (Chapter 2) and the purpose is to compare DNA
methylation and gene expression to determine if there is an association between the two.
The DNA methylation profiling was performed using the enzymatic methyl sequencing
(EM-seq) approach, followed by Bismark and edgeR analysis to identify differential
methylation sites (DMSs) in the developing fetal brain. There were 3,525,376
methylations in total across the three gestation days of the developing fetal brain,
however, hotspots of methylation were observed in specific chromosomal regions. Gene
Ontology (GO) analysis found significant association of specific developmental related
processes with the genes positionally closest to the methylation sites in the fetal brain.
This analysis showed contrasting patterns in gene expression and DNA methylation
variation during development of the fetal brain. Variation in gene expression increased,
whereas that of methylation decreased, as the fetal brain developed from d45 through
d90. The analysis also showed differences in DNA methylation in the X-chromosome
occurred more frequently in the brain of female fetuses compared to males. Methylation
sites were mapped to known single nucleotide polymorphisms (SNPSs) in the pig genome

and this identified a disproportionately greater number of methylations of genetic variants
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in the X-chromosome of the female fetal brain (n=5,120) than the male fetal brain
(n=640). A key finding of this study is the canonical correlation between methylation
specific sites between the fetal pig brains and blood from adult pigs. 1,475 sites in the pig
genome were identified that were methylated in the fetal brain, irrespective of sex, during
development. The same sites were methylated in a canonically correlated manner in the
adult blood, both in sows and boars. The findings from this study show that there were
sites where there were concordances in methylation between the fetal brain and adult
blood. As methylation in blood occurs in an age correlated manner, this finding suggests
that epigenetic changes that occur during development of the fetal brain are predictive of
aging. This is consistent with the Dilman theory of developmental aging (DevAge),
which suggests that aging and early development of the brain are regulated by common

molecular processes.

Introduction

The domesticated pig, Sus scrofa, is used as an animal model to study the human
brain relating to developmental disorders and neurodegenerative diseases (Hoffe and
Holahan, 2019; Kinder et al., 2019; Lind et al., 2007; Mudd and Dilger, 2017). Having a
gyrencephalic brain similar to that of humans (Villadsen et al., 2018) and with the white
to gray matter ratio also similar to the human brain (Tallinen et al., 2014), pigs are often
considered a better animal model than rodents in studying the human brain (Clouard et
al., 2012). Morphometric analyses of the pig fetal brain by magnetic resonance imaging
(MRI) have provided new insights into the cerebral white matter development (Qi et al.,

2017), gestational influence on brain size (Conrad et al., 2012), and developmental
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abnormality and the application of prenatal diagnostics (Salomon and Garel, 2007).
Longitudinal MRI studies have shown similarities in development between the pig and
human fetal brain (Winter et al., 2011). The folding of the pig fetal brain follows similar
patterns of neuronal networks and subcortical nuclei seen in humans and nonhuman

primates (Larsen et al., 2004).

Molecular studies of the developing pig brain have also highlighted signatures in gene
expression similar to that of the human brain (Sjostedt et al., 2020). Multiple 5-
hydroxytryptamine (5HT) receptors, or serotonin receptors, including 5HT4, 5HT®,
5HTA1D, and 5HT2C were expressed within the caudate nucleus of the pig brain that are
highly homologous to 5SHT1B in humans (Lind et al., 2007). Additionally, it is estimated
that pigs and humans share a similar number of serotonin neurons within the raphe
nucleus (Cumming et al., 2007). Pigs are also a great model for studying human sex
differences in the brain development, particularly the hippocampal development that
occurs 5 weeks sooner in females than males (Conrad et al., 2012). A dysfunction of
maternal health during pregnancy, such as infection, is also known to impact gene
expression of the fetal brain of pigs (Antonson et al., 2018). Recently, single-cell RNA
sequencing performed in adult pig brains have provided new opportunities for a
compendium and comparative epigenomics analysis between pigs and humans (Zhu et
al., 2021). The previous study (Chapter 2) profiled gene expression of male and female
fetal pig brains on gestation day (d) 45, 60 and 90, which identified genes differentially

regulated between sex and gestation days.

It has been shown that regulation of gene expression in the pig brain is influenced by

various epigenetic factors including chromatin modification and DNA methylation
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(Jarmasz et al., 2019). DNA methylation alters the epigenetic state of a genome, often
referred to as an epigenome, during brain development in mammals (Lister et al., 2013).
In the human fetal brain more than 7% of the genome is modified by methylation in a
highly dynamic manner (Spiers et al., 2015). Reduced representation by bisulfite
sequencing has shown that nearly 40% of CpG sites, compared to only 1.6% of non-CpG
sites, are methylated in the 9-week-old pig brain (Choi et al., 2015). Recently, multi-
tissue methylation analysis in pigs have identified sites associated with candidate
epigenetic clocks that are relevant for aging and obesity in pigs (Schachtschneider et al.,
2020). In addition, analysis of methylation of single nucleotide polymorphic (SNP) sites
provides information about genetic-epigenetic interactions that modulate metabolic and
regulatory processes in a tissue dependent manner (Schachtschneider et al., 2015). For
example, DNA methylation accumulates in white blood cells with development and aging
(Jiaetal., 2019; Johnson et al., 2012; Merid et al., 2020; Terry et al., 2011), modulating
the aging of different organs by altering the epigenetic clocks of individual organs
(Simpkin et al., 2016). It is also known that specific methylation markers of blood are
reliable biomarkers of neurodegeneration and neuropsychiatric diseases (Freytag et al.,
2017; Lin et al., 2018; Walton et al., 2016). Research further shows there are
correspondences in DNA methylation between the brain and peripheral blood in humans

(Merid et al., 2020).

Despite the increase in the use of pigs in brain research, the understanding of DNA
methylation of the pig brain, particularly at the fetal stages, remains obscure. The
objectives of the present study were to 1) investigate changes in DNA methylation of the

fetal brain as the brain develops from gestation day 45 to 60 and from day 60 to 90; 2)
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establish the relationship between DNA methylation and gene expression of the fetal
brain; 3) determine the influence of fetal sex on DNA methylation during brain
development; 4) dissect genetic-epigenetic interaction in the fetal brain by analyzing
methylation patterns of single nucleotide polymorphic sites; and 5) explore the

correlation in DNA methylation of the fetal brain with that of adult blood.

Materials and methods

Animals and experimental design

In this study, all 18 fetal pigs and all 6 adult peripheral blood samples were obtained
at the University of Missouri Swine Research Complex (Columbia, MO). The fetal
tissues were dissected from sows bred via artificial insemination (Al). Dams were
Landrace, Large White or a cross of these breeds and bred to Choice Genetics (Choice
USA 1415 28th Street Suite 400 West Des Moines, lowa 50266) LR-M6 line. Gestation
day 1 (d1) was considered the day of Al. Dams (n=9) were euthanized at d45 (44-46),
d60 (59-61) or d90 (89-91) via electrical stunning and exsanguination at the University of

Missouri abattoir, a USDA inspected commercial unit (Establishment #5077A).

Fetal dissection

The reproductive tract was removed from the dam at the abattoir. Individual fetuses,
referred to as d45, d60, d90 male (M) or female (F) were removed from each uterine
horn. One male and one female fetus was collected from each dam. No fetuses were
taken from the tip of either horn or the body of the uterus. Each fetus was weighed

before dissection. Additional information including litter size, and the sex of fetuses on
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the medial and lateral side of the fetus collected. The skin and skull were cut down the
mid-sagittal plane with a scalpel and removed near the ears. The whole brain was
scooped out, weighed, measured at the longest point, and stored on ice until
homogenization. The fetal brain was homogenized with RLT buffer (Qiagen, Cat No./ID:
79216) with 2-mercaptoethanol using a benchtop VDI 25 tissue homogenizer (VWR).

Aliquots of 1ml of the homogenate were stored at -80°C for future analysis.

DNA extraction from fetal brain

Total DNA was isolated from frozen homogenized tissue samples using an AllPrep
DNA/RNA Mini Kit (Qiagen, Cat No./ID: 80204) as per the manufacturer’s instruction.
The homogenate was briefly thawed and then centrifuged for 1 minute at > 8000 x g to
separate debris. 750l of the supernate was loaded to the spin column and centrifuged for
1 minute > 8000 x g, placed in a clean collection tube, and centrifuged again for 1 minute
> 8000 x g. DNA was eluted in 30ul elution buffer twice, incubating for 5 minutes each
time. Thus, a total of 60ul DNA was eluted from each of the 18 samples (3 gestation
days, 3 biological replicates, 2 fetal sexes) that were generated. DNA concentration was
determined using a Qubit 2.0 Fluorometer (Life Technologies). Each sample was diluted
to 100ng/ul using nuclease-free water and equimolar amounts of DNA from the
biological replicates of each sample were used to generate pooled DNA of the fetal brain.
The pooled DNA fetal brain samples of both sexes at each gestational time point,
resulting in a total of 6 samples, were separated in a 1.2% ethidium bromide-stained

agarose gel and imaged on a ChemiDoc™ Touch Imaging System (Bio-Rad).

Blood collection
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Blood was collected from age-matched boars and sows. Each adult boar (n=3) was
age matched via farm records to a sow (n=3), with each pair born within 1 calendar day
of each other (Table 3.4). At the time of collection, the boar and sow pairs were 10
months (296/297 days), 12 months (364/365 days) and 21 months old (646/647 days).
Each animal was restrained using a snare and whole blood was collected with a syringe
and needle from the jugular vein and put in ethylenediaminetetraacetic acid (EDTA)

tubes to prevent blood clotting. Blood tubes were kept on ice and transported to the lab.

DNA extraction from blood

Genomic DNA was isolated from fresh blood using a QlAamp DNA Blood Mini Kit
(Qiagen, Cat No./ID: 51104) as per the manufacturer’s instruction. DNA was eluted in
30ul elution buffer twice, incubating for 5 minutes each time. Thus, a total of 60ul DNA
was eluted from each of the 6 samples. Concentration and purity of the DNA was
determined using a Qubit 2.0 Fluorometer (Life Technologies). Each sample was diluted
to 100ng/ul using nuclease-free water. DNA (2ul) from each sample wan separated in a
1.2% ethidium bromide-stained agarose gel and imaged on a ChemiDoc™ Touch

Imaging System (Bio-Rad).

Enzymatic methyl sequencing

DNA methylation profiling of all 12 samples (6 pooled fetal brain samples and 6
adult blood samples) was done by enzymatic methyl sequencing (EM-seq) using a
NEBNext® Ultra™ II DNA Library Prep Kit. The raw and processed data of DNA

methylation are publicly available in GEO database (accession GSE178983). EM-seq
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utilizes the Ten-Eleven Translocation-2 (TET2) and oxidation enhancer to protect the
methylated cytosines from deamination, whereas the unmethylated cytosines undergo
deamination by APOBEC (apolipoprotein B mRNA editing enzyme, catalytic
polypeptide). The resulting DNA from the two enzymatic processes (TET2 and
APOBEC) have unmethylated cytosines, but the methylated cytosines get converted
(deamination) to uracils. When those enzymatic treated DNA were used for PCR to make
sequencing libraries, uracils were replaced by thymines, and 5mC and 5hmC were
replaced by cytosines. Subsequently, when the libraries were sequenced, the
unmethylated cytosines were represented by thymines, whereas the methylated cytosines
were represented by cytosines. Then the reference genome sequences were converted
(C/T and G/A), and the alignments reveal the methylated sites in the genome for the
samples. All the 12 samples were enzymatically treated and processed to generate the
libraries using the NEBNext® Ultra™ Il DNA Library Prep Kit at the University of
Missouri DNA Core Facility (Columbia, MO). The libraries were sequenced to 20x

genome coverage using NovaSeq 6000.

Analysis of the enzymatic methyl sequencing data

The raw sequences were assessed for quality with FastQC. TrimGalore was used to
remove adapters and perform base quality trimming. The reads obtained from the quality
control steps were mapped to the reference genome of swine, Sscrofall.l, using Bismark
(Krueger and Andrews, 2011). After alignment, the methylation sites were extracted
using the bismark_methylation_extractor algorithm implemented within Bismark to

generate the coverage files for methylation sites. These files contain information for
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methylation sites including the chromosome, start position, end position, methylation
percentage, count methylated, and count unmethylated data. The Bismark coverage files
were then processed using edgeR (Chen et al., 2018) to filter sites that had at least 8
sequence reads, either methylated or unmethylated, in each sample. The methylated and
unmethylated read counts were further filtered to remove sites that were always
methylated or never methylated across the samples, as they provide no information about
differential methylation. The methylated and unmethylated reads for a particular sample
were treated as a unit, and hence were set to be equal in library size, which was the
average of the total read counts for the methylated and unmethylated libraries.
Differential methylation analysis was then performed by fitting the normalized count data

to a generalized linear model using the gimFit function.

Statistical analyses

All statistical analyses were performed using R. A likelihood ratio test was conducted
using the gImLRT function with the resulting model to identify the differentially
methylated sites. The topTags function was used to extract the significant methylation
sites with a false discovery rate (FDR) < 0.05. The methylation sites were used to create
circular Manhattan plot and SegMonk visualization of methylation sites at the
chromosome-level. The M-values (log ratio of methylated to unmethylated read counts)
and FPKM expression values were used to calculate Euclidean distance between samples.
The distance matrix was then used to perform hierarchical cluster analysis using the
hclust base function in R. Mutual information network analysis was performed using the
R package ‘minet’. The canonical correlation of M-values between the fetal brain and

adult blood were analyzed using cancor function in the R package CCA. To determine if
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changes in methylation between the male and female adult blood is correlated to
methylation differences between the male and female fetal brain, the log fold changes of
the differentially methylated sites (DMSs) in the blood of sows compared to boars
(calculated by edgeR) was used with the M-values of the CpG sites to train an elastic net
regularization model (Engebretsen and Bohlin, 2019). The trained model was selected
based on ten iterations of alpha (mixing parameter) and lambda (shrinkage parameter)
using the R package caret. The model was then used to predict the methylation changes in
the fetal brain of males and females. The observed fold changes (calculated by edgeR),
and the predicted fold changes (from elastic net regression) were compared to determine

the correlation of methylation between the fetal brain and adult blood.

Results

DNA methylation of fetal brain at gestation day 45, 60 and 90

The data was pooled, regardless of sex, to examine the number of methylated sites at
each time point. The fetal brain accumulated an increasing number of methylations as
gestation day increased. A total of 583,843 CpG methylations were identified on d45, that
increased to 1,232,170 on d60 (Figure 3.1A) and 1,966,607 on d90 (Figure 3.1B). There
were 90,441 methylation sites that were common between d45 and d60 and 166,803
commonly methylated sites bewteen d60 and 90, suggesting that the fetal brain
accumulated an additional 1,141,729 methylations as it developed from day 45 to 60
(Figure 3.1A) and 1,799,804 methylations during development from day 60 to 90
(Figure 3.1B). Differential methylation analysis (Chen et al., 2018) showed changes in

the methylation patterns between early (d45 to d60) (Figure 3.1C) and late gestation (d60
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to d90) (Figure 3.1D). This study also identified 95 sites that were hypermethylated (a
higher level of methylation) and 50 sites that were hypomethylated (a lower level of
methylation) on d60 compared to d45. On d90, relative to d60, only 21 sites were
hypermethylated, but 42 sites were hypomethylated, suggesting that there was a
significant change (Chi-square 18.44, p < 0.0001) in the methylation level of the fetal
brain between d45 and 90. The genes positionally closest to the sites that were
methylated on each of the three gestation days were identified by BEDTools (Quinlan
and Hall, 2010). Gene Ontology (GO) enrichment analysis (Ashburner et al., 2000) of the
positionally closest genes that were common across the three days showed significant
association with 396 biological processes. Of these 396 biological processes, embryonic
hemopoiesis (GO:0035162) was the most enriched function. The PANTHER pathway
enrichment analysis (Mi et al., 2013) consistently showed a significant enrichment
(Fisher test, FDR < 0.04) related to the gonadotropin-releasing hormone (GnRH) receptor

pathway (P06664) at all three days.

The chromosomal position of methylated sites and their density (number of
methylated sites per megabase of genome) remain highly conserved during development
(Figure 3.2). However, there were certain genomic regions that were more prone to
methylation during late gestation than early gestation. As shown in the density plots in
Figure 3.2A, this research observed two hotspots of methylation, one in chromosome
(Chr) 14 and the other in Chr 17 (both shown the red based on the color code scale in
Figure 3.2A), in the fetal brain on d45 and 60. But as the brain developed from day 60 to
90, additional methylation hotspots, one in Chr 5 and the other in Chr 8, were observed

(shown in red in Figure 3.2B). In addition, Chr X accumulated a greater number of
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methylations during d60 to 90 as compared to d45 to 60. Chromosomes 1, 11 and 18
remained largely cold for methylation in the fetal brain among the three gestation days. A
significant bias (F-test p-value = 0.00018) was observed in the number of methylations in
the CpG islands versus CpG shores in the pig genome (Choi et al., 2015). This study
defines CpG shores as 2kb sequences on either ends of the annotated CpG islands of the
pig genome (Karolchik et al., 2004). More than a 3-fold increase in the number of
methylations was consistently observed in the CpG shores than CpG islands at all the

three gestation days.

Relationship between DNA methylation and gene expression in the fetal brain

The methylation level (M-value) was determined by the log ratio of the number of
methylated to unmethylated reads in the male and female fetal brains on d45, 60 and 90.
The Euclidean distance of M-values, by hierarchical cluster analysis, showed that the
male and female fetal brains on d60 and 90 were relatively more similar in DNA
methylation than those on d45 (Figure 3.4A). The RNA-sequencing (RNA-seq) data
generated from male and female fetal brains at the same gestation days (Chapter 2) was
normalized to fragment per kilo base per million (FPKM) values. Hierarchical cluster
analysis of the Euclidean distance of FPKM variation showed that gene expression in the
male and female fetal brain is more similar between d45 and 60 compared to d90 (Figure
3.4B). Pair-wise correlation of Euclidean distance also agreed with the hierarchical
cluster analysis (Figure 3.4C and 3.4D). These results suggested that DNA methylation
and gene expression vary in an opposite pattern where variation in the DNA methylation
decreases and variation in gene expression increases as the brain develops from d45 to 90

(Figure 3.4E). This global pattern in the variation in genome methylation and
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transcriptome of the pig fetal brain is consistent with results from the edgeR analysis that
showed an increasing number of differentially expressed genes (DEGSs) but decreasing
number of differentially methylated DNA in the fetal brain between d60 and d90
compared to d45 and d60 (Table 3.1). However, DNA sites that were not detected as
statistically significant in the edgeR analysis also showed variation patterns shown in
Figure 3.4E. Thus, genome-scale epigenetic regulation, not just the CpGs detected from
the edgeR analysis, are likely involved in the rapid increase in the fetal brain weight from

approximately 1.3g on d45 to nearly 199 on d90 (Figure 3.4F).

Methylation in the gene body and regulatory regions

In this study, methylations in the gene body and in the immediate flanking DNA
(within 1 kb) of either end of the gene body were identified. Methylations that were
specific to d45, 60 or 90, as well as those common between d45 and 60 as well as d60
and 90, were compared relative to their location to genes. The analysis showed DNA
methylation accumulated in specific patterns relative to genes during brain development
(Table 3.1). The data in Table 3.1 shows the number of methylation sites and their
relative location to genes. The proportion of genes to methylation sites indicate the
relative abundance of methylation in the upstream, downstream or gene body. During
development from d45 to 60, a relatively higher proportion of methylation was found in
the immediate downstream DNA (within 1 kb) of genes than gene body and upstream
sequences. Of all the methylations found common at d45 and 60, approximately 31.4%
were found in the downstream compared to 23.7% found in the upstream DNA of genes.
As the brain developed from d60 to d90, this pattern changed. Among the methylation

sites that were commonly found on d60 and 90, a higher proportion of methylation
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occurred in the upstream than the downstream DNA of genes. On the other hand, the
number of gene body methylations was low, in the range of 1 to 6% of the methylation at
all three gestation times. The analysis also showed that introns were more prone (nearly
15-fold) to be methylated than exons at each time point (Table 3.2). The 5* and 3’
untranslated regions (UTRs) were also differentially affected. The UTR-3’ showed a
higher proportion (average 3.7-fold) of methylation than the UTR-5". Similarly, this
study also observed a contrasting pattern of methylation between donor and acceptor
splice sites of genes. The donor and acceptor sites are the 5° left and the 3’ right ends of
introns that are processed during alternative splicing of gene transcripts. Although the
overall frequency of splice sites was low (< 1.5% of all methylations), the proportion of

donor splice sites was about 82% higher than that of the acceptor splice sites.

Methylation of single nuclei polymorphic sites

The data further showed that nearly one third of the methylation sites in the fetal
brain were single nucleotide polymorphisms (SNPs). These variants were previously
identified and obtained from Ensembl Sscrofall.l (Sus scrofa) variant database (Yates et
al., 2020) and mapped to the CpG methylation sites to identify those that overlap in
genomic position (referred to as CpG-SNP). A total of 212,487 CpG-SNPs were
identified on d45, which accounted for 36.39% of all methylation sites detected at that
time point. On d60, 33.89% of the methylation sites were identified as CpG-SNPs
(n=12,32,170) whereas on d90 19,66,607 CpG-SNPs (accounting for 35.25% of all
methylation sites) were identified. A majority of these methylations that occurred at the
genetic variant sites were specific to each gestation time. Only 29,653 CpG-SNPs were

common between d45 and d60, and 56,839 CpG-SNPs were common between d60 and
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d90, indicating a possible influence of gestation time on the epigenetic modification of
DNA polymorphic sites during development of the fetal brain. Furthermore, nearly 62%
of these methylated variant sites were localized within introns. Those in exons accounted
for only 2.7%. For all the methylation sites, irrespective of whether they were SNPs or
not, similar differences between intron and exon sequences (~ 60% and 5.5%,
respectively) were found, suggesting that the higher abundance of CpG-SNPs in introns
than exons is not due to methylation of the variant sites, but may be the intrinsic nature of

the epigenome of the fetal brain.

Sex differences in methylation of the fetal brain

The data, which was pooled, regardless of gestation day, showed differences in the
methylation landscapes between the male and female fetal brain. A total of 317,783 CpG
sites were methylated in the brain of male fetuses during development as observed across
the three gestation time points. A relatively larger number of sites (n=406,397) were
found methylated during the same developmental periods of the female brain. Only
65,147 of those were found common in the brain of both sexes, indicating that with
pooled data across three gestation times, the methylation landscape of the fetal brain is
largely distinct between males and females (Figure 3.3A). The common methylation
sites (n=65,147) mostly showed a similar level of methylation in both sexes. However,
differential methylation analysis identified 29 sites that were significantly different
between males and females. Of these, 27 sites were hypermethylated in the male brain
compared to the female brain. Only 2 were hypomethylated sites in the male brain
compared to the female brain. The differential methylation in the fetal brain was highly

biased in chromosomal location. The Chr X harbored the majority (n=21) of the
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differential methylation sites, and others were in chromosomes 3, 5, 6, 9,11 and 13
(Figure 3.3B). Each of these 21 sites in Chr X was hypomethylated in the male brain
compared to the female brain. Besides Chr X, the cross-chromosomal methylation
density plots show that the global methylation patterns were highly comparable (Figure
3.3C and 3.3D), indicating that Chr X was likely the primary contributor of sex

differences in methylation of the fetal brain.

Canonical correlation in DNA methylation between the fetal brain and adult blood

The methylation sites of blood collected from boars and sows were profiled and
compared with the methylation sites of the fetal brain. The comparison showed 51,928
sites methylated in blood but not the brain, 27,040 sites methylated in the fetal brain but
not in blood and 42,483 sites methylated in both the brain and blood. Interestingly, 5,492
of these methylation sites were known SNPs in the pig (known SNPs based on the
Ensembl variation database) (Yates et al., 2020). Genes such as WRN, PEX5, APOE and
AR that were physically closest to CpG sites commonly methylated in fetal brain and
adult brain were identified. These genes are related to aging in humans (Tacutu et al.,
2018). The CpG sites of those genes were methylated in a mutually informative (Steuer et
al., 2002) manner as evident from the network analysis (Figure 3.6). APOE and PEX5
genes were associated with downstream SNPs that also had mutually informative
methylation patterns, indicating that genetic-epigenetic interactions are likely involved in

the crosstalk between genes.

The common sites which were methylated between the fetal brain and adult blood,

showed variable levels of methylation within and between the brain and blood samples.
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Cluster technique (Cheng and Church, 2000) was used to identify genomic sites whose
methylation levels varied in a canonical correlation (CC) manner (Wilms and Croux,
2015) between the fetal brain and adult blood samples (Figure 3.5). This analysis
identified distinct patterns of four groups of methylation sites. Groups 1, 3 and 4 showed
negative correlation whereas group 2 showed a positive correlation in the methylation
between the fetal brain and adult blood. Furthermore, 20bp sequences encompassing
methylation sites canonically correlated between the fetal brain and adult blood were
analyzed for motif enrichments using the HOMER (Hypergeometric Optimization of
Motif EnRichment) suite of tools (Heinz et al., 2010). The analysis showed significant
enrichment of binding motifs of specific transcription factors (Table 3.3), indicating that
methylation may play a role in the recruitment of transcription factors (TF) to regulate
dynamically changing chromatin of the fetal brain (de la Torre Ubieta et al., 2018; Gorkin
et al., 2020; Héberlé and Bardet, 2019; Xuan Lin et al., 2019). An elastic net
regularization modeling approach (Engebretsen and Bohlin, 2019) was applied to
determine if changes in methylation between the male and female adult blood has
concordance to the methylation differences between the male and female brain. A
regression model was trained to learn the observed log fold changes in methylation
differences in the adult blood, then that was used to predict the log fold change in
methylation in the fetal brain. Comparison of observed and predicted values of
methylation changes showed significant correlation (Spearman correlation 88.8, p = 3.8
e-28) (Figure 3.10), indicating that DNA methylation of blood and fetal brain have
significant concordance. This finding is consistent with blood-brain methylation

concordance in humans (Edgar et al., 2017).
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Discussion

This study investigated DNA methylation in the developing brain of pigs. There were
3,525,376 methylations in total across the three gestation time points of the developing
fetal brain. On average, 1,468 methylations per megabase (MB) of the pig genome were
observed. However, methylation in the fetal brain occurred in a non-random manner.
Hotspots of methylation were observed in specific chromosomal regions (Figure 3.2). An
earlier study with pig testis observed higher methylation variation in regions of low gene
abundance (Wang and Kadarmideen, 2019), but this study found no significant
differences in gene density and methylation in the fetal brain samples. Methylation
occurs differentially in different tissues (Schachtschneider et al., 2020) which can explain

differential chromosomal distribution in brain compared to other tissues.

GO analysis found significant association of specific developmentally related
processes with the genes positionally closest to the methylation sites in the fetal brain.
The previous study (Chapter 2) compared the gene expression profiles of the fetal brain
with gene expression of the pig placenta (Wang et al. 2019) on d60 and d90. This
comparative analysis identified 553 genes expressed in the fetal brain but not expressed
in the placenta on d60. Another set of 87 genes showed an opposite pattern of expression
at the same time point. A similar coordinated gene expression pattern between placenta
and fetal brain was also observed on d90, suggesting a possible role of those genes in
fetoplacental communication in the pig. The data also showed significant association of
the gonadotropin-releasing hormone (GnRH) receptor pathway in fetal brain
development in pigs. In humans, GnRH-I and GnRH-II bind to GhRHR-I in the placenta

to stimulate the production of the B-subunit of human chorionic gonadotropin, which is
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believed to influence maternal-fetal communication (Sasaki and Norwitz, 2011). DNA
methylation in the placenta is a crucial determinant of fetal neurodevelopment (Jensen
Pefia et al., 2012; Laufer et al., 2021; Lester and Marsit, 2018). Regulation of the brain-
placental axis is not only relevant to pregnancy outcomes (Behura et al., 2019a), but it
can also influence the risk of diseases later in life (Bianco-Miotto et al., 2017). The
development of the placenta and fetal brain is controlled by various epigenetic
mechanisms (Cortes et al., 2019; Ji et al., 2017; Martin et al., 2017; Nelissen et al., 2011;
Numata et al., 2012). Methylation at discrete sets of CpGs sites, often referred to as an
‘epigenetic clock’, have been used, not only to determine the biological age of organs,
but also to predict the life span in mice and humans (Lee et al., 2019; Numata et al.,
2012; Pavanello et al., 2020; Sierra et al., 2015; Stubbs et al., 2017; Tekola-Ayele et al.,
2019). Studies show that the placental epigenetic clock is a reliable predictor of
gestational age (Lee et al., 2019) and fetal growth (Bouchard, 2013; Ji et al., 2017;
Nelissen et al., 2011). In the human placenta, DNA methylation occurs in a sex-biased

manner to support fetal growth (Martin et al., 2017; Ratnu et al., 2017).

The analysis further showed contrasting patterns in gene expression and DNA
methylation variation during development of the fetal brain. The variation in gene
expression increased whereas variation of methylation decreased as the fetal brain
developed from day 45 through day 90 (Figure 3.4). This observation is consistent with
earlier findings that methylation and gene expression are inversely related, which is
common in different tissues and species (Anastasiadi et al., 2018). The inverse
relationship in gene expression and methylation in the pig fetal brain was further

confirmed with the edgeR analysis that found a greater number of DEGs but a smaller
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number of DMSs between d60 and d90 as compared to d45 and d60. However, the genes
that showed statistically significant differences in edgeR analysis were not the only
contributor to the overall variability in gene expression in the fetal brain. Genes that were
not statistically significant but showed marginal significance (FDR < 0.3) in the edgeR
analysis were also found in the gene sets whose expression decreased with development
of the fetal brain. Similar patterns in differential methylation analysis (Chen et al., 2018)
were observed. The CpG sites, including both statistically significant (FDR < 0.05), and
non-significant (FDR < 0.25) sites, showed decreased methylation levels during brain

development.

The role of methylation in X-chromosome inactivation (XIC) is a well-studied
phenomenon (Cotton et al., 2015; Duncan et al., 2018; Sharp et al., 2011). XIC is
required to silence majority of the genes of one X chromosome in female cells in order to
achieve dosage compensation for genes between sexes. The X-encoded genes, unlike
genes on other chromosomes, are highly expressed in the brain (Nguyen and Disteche,
2006). Due to incomplete X inactivation in females, some genes escape XIC (Fang et al.,
2019; Youness et al., 2021). Studies have shown that these XIC escapee genes tend to be
highly expressed in the brain of females compared to males (Xu and Disteche, 2006). A
study on the placenta and fetal brain of opossum suggested that DNA methylation plays a
role controlling paternally imprinted XIC (Wang et al., 2014). Another study also showed
that genes that escape XIC are associated with genetic variation of specific complex traits
in humans (Sidorenko et al., 2019). The current study showed differences in DNA
methylation of the X-chromosome of the fetal brain between males and females (Figure

3.3). Methylation in the X-chromosome occurred more abundantly in the brain of females
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than males. Methylation sites were mapped to known SNPs in the pig genome and
identified disproportionately more sites of methylation in the genetic variants on the X-
chromosome in the female fetal brain (n=5,120) than the male fetal brain (n=640). Such
bias in DNA methylation of the X-chromosome variant sites in the female versus male
fetal brain indicate that both genetic and epigenetic changes contribute to gene expression
differences in the brain of males and females (Ratnu et al., 2017). However, further
studies are needed to establish if these changes are associated with genes that escape X
inactivation during fetal brain development. Genes that escape X inactivation during fetal
brain development is an important future direction as exposure of the fetuses to certain
environmental chemicals, including bisphenol A (BPA) and diesel exhaust, is known to
alter XIC processes in mice model studies (Kumamoto et al., 2013; Kumamoto and

Oshio, 2013).

A key finding of this study is the canonical correlation in methylation specific sites
between the fetal brain and adult blood (Figure 3.5). 1,475 sites were identified in the pig
genome that were methylated in the fetal brain, irrespective of sex, during development.
The same sites were methylated in a canonically correlated manner in the blood of adults,
both in sows and boars. Blood DNA methylation is a reliable biomarker of development
and aging (Hoshino et al., 2019). Although methylation occurs in a tissue-specific
manner (Hoshino et al., 2019), there is concordance in methylation between the blood
and brain during aging (Farré et al., 2015). Edgar et al. (2017) developed a web-based
tool named ‘BECon’ (Blood—Brain Epigenetic Concordance) to search for methylation
sites in blood that correlate with methylation in the human brain. The findings from the

current study show that there were sites where there were concordances in methylation
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between the fetal brain and adult blood. As methylation in blood occurs in an age
correlated manner (Farré et al., 2015; Horvath, 2013; Lee et al., 2019; Schachtschneider
et al., 2020), this finding suggests that epigenetic changes that occur during development
of the fetal brain are predictive of aging. This finding is consistent with the Dilman
theory of developmental aging (DevAge) (Dilman, 1971), which suggests that aging and
early development of the brain are regulated by common molecular processes. The
DevAge theory has been supported by recent studies employing genomic and system
biological approaches that establish functional connections between early life
development and aging (de Magalh&es and Church, 2005; Feltes et al., 2015). There is
also emerging evidence that support the idea that aging and longevity programs originate
early in life (Ackermann et al., 2007; Gluckman et al., 2008; Jagust, 2016; Pitale and
Sahasrabuddhe, 2011). In the context of the DevAge theory, the findings from the current
study have significant relevance to future research about the role of DNA methylation on

the fetal origin of aging.

Conclusion

The current study evaluated DNA methylation changes between sexes during
gestational development and biological aging between and within sexes. The data
generated from this study will serve as a valuable resource for future investigation into
epigenetic regulation of the fetal brain in pigs. It will also be helpful for dissecting sex

biased gene regulation in the fetal brain and adult blood.
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Table 3.1. The number and location of methylations in the gene body and the immediate
flanking DNA of genes on gestation day (d) 45, 60 and 90 in the fetal brain.

i Methylation Number of Number of Percc_antage (genes
Gestation day ; ... relative to
location genes methylation sites o
methylation sites)
d45 1kb upstream 1423 2896 49.14
d45 Genebody 12753 224527 5.68
d45 1kb_downstream 1753 3254 53.87
d45 - d60 1kb upstream 150 631 23.77
d45 - d60 Genebody 5007 16133 31.04
d45 - d60 1kb downstream 153 487 31.42
de0 1kb upstream 2878 6289 45.76
d60 Genebody 13828 496454 2.79
de0 1kb_downstream 3279 7457 43.97
d60 - d90 1kb upstream 384 976 39.34
d60 - d90 Genebody 8624 46324 18.62
de0 - d90 1kb_downstream 432 927 46.6
doo 1kb upstream 4090 10808 37.84
d90 Genebody 14291 850419 1.68
doo 1kb_downstream 4537 11901 38.12
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Table 3.2. The number of CpG methylated sites within exons, introns, splice sites and
untranslated regions (UTR) of genes at gestation day (d) 45, 60 and 90 in the fetal brain.
The values within parenthesis represent the percentage value of those sites relative to all
the methylated sites observed during the specific gestation day(s).

Location d45  d60 d9o d45 - d60 d60 - d90
50,889 113,872 199,360 8,666 16,002
(4.318) (4.446) (4.581)  (4.632) (4.434)
712,162 1,560,562 2,648,965 81,727 181,014
(60.433) (60.926) (60.864) (43.682) (50.158)
152 316 552 28 49
(0.013) (0.012) (0.013)  (0.015) (0.014)
13,562 31,692 55981 1654 3,284
(1.151) (1.237)  (1.286)  (0.884) (0.91)
13,860 31,202 54,068 1,635 3,561
(1.176) (1.218)  (1.242)  (0.874) (0.987)
3,268 7,085 12,166 577 1,173
(0.277) (0.00277) (0.0028) (0.00308) (0.00325)

Exon

Intron

Splice site acceptor

Splice site donor

UTR-3’

UTR-5’
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Table 3.3. Significant enrichment of binding motifs of specific transcription factors in
sequences encompassing the methylation sites canonically correlated between the fetal
brain and adult blood. Target incidence, background incidence, and log p-value are
shown. Groups 1-4 are shown in Figure 3.5.

Methylation Transcription Factor Tar_get Bz_ick_groun log p-value
group incidence d incidence

groupl OPI1 2.43% 0.00% -4.09E+01
groupl RO3G_00049(RRM) 2.12% 0.06% -3.06E+01
groupl ANKHD1(KH) 7.08% 2.20% -2.85E+01
groupl TBS1 1.82% 0.04% -2.79E+01
group2 Mad 7.42% 0.03% -3.25E+01
group2 STB4 14.45%  2.13% -3.08E+01
group3 GATAS 13.73%  0.42% -3.19E+01
group4 PB0179.1 Sp100 2 23.38% 1.08% -2.32E+01
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Table 3.4. Age matched adult blood between sows (S) and boars (B). The date of birth
(DOB) and age at the time of collection are shown.

Blood Sample /I?/Igaetche q DOB Age in months Age in days
Sow 1 (S1) Bl 10/26/2019 10 months 296 days
Sow 2 (S2) B3 8/19/2019 12 months 364 days
Sow 3 (S3) B2 11/9/2018 21 months 647 days
Boar1(Bl1) Sl 10/25/2019 10 months 297 days
Boar2 (B2) S3 11/10/2018 21 months 646 days
Boar3(B3) S2 8/18/2019 12 months 365 days
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Figure 3.1. Venn diagrams showing the number of methylation sites between gestation day (d) 45 and 60 (A) and between d60 and
d90 (B). Volcano plots showing hypomethylated and hypermethylated sites in the fetal brain on d60 compared to d45 (C) and d90
compared to d60 (D).
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Figure 3.2. Chromosome-wise density plots of CpG methylation sites in the fetal brain that were common between gestation day (d)
45 and 60 (A) and d60 and d90 (B). The position scale is shown in intervals in 30 megabase (Mb) on the top and density scale is
shown in color codes on the right. Common methylation across gestation day 45, 60 and 90 is shown in the SeqMonk local genome

browser of Sscrofall.1 (Sus scrofa) (C).
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Figure 3.3. A. Venn diagrams showing the number of sex-specific methylation sites in the fetal brain. It also shows the sites that were commonly
methylated in the fetal brain of both at gestation day 45, 60 and 90. B. Circular Manhattan plot of the —-log10FDR values of differentially
methylated CpGs between the male and female fetal brain in each chromosome (Chr). C. Methylation density of the female fetal brain in each

chromosome. D. Methylation density of the male fetal brain in each chromosome.
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Figure 3.4. Hierarchical cluster analysis of DNA methylation (A) and gene expression (B) among the male (M) and female (F) fetal brain on
gestation day (d) 45, 60 and 90. Euclidean distance of variation in M-values (log ratio of methylated to unmethylated read counts) was used in A,
whereas that of FPKM values of gene expression was used in B. Pair-wise correlation in methylation (C) and gene expression (D) among male and
female fetal brain samples at gestation day 45, 60 and 90. E. A cartoon depicting the inverse relationship in variation of DNA methylation with
gene expression during development of fetal brain from d45 to d90. F. Image and weight of pig fetal brain on d90 relative to d45.
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Figure 3.5. A boxplot showing four groups of CpG sites that were methylated in a

canonical correlated manner between the fetal brain and adult blood samples. The x-axis
shows the groups and y-axis shows the principal axis of variation in methylation level of
the sites in the fetal brain. The horizontal line within each group (color coded) represents
the mean value in correlation with whiskers within and outside the boxes for each group.
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Figure 3.6. An arch plot showing a pair-wise mutual information network among methylation sites (n=13, shown as m1 through m13)
to which APOE (Apolipoprotein E) is the closet gene. The methylation of known single nucleotide polymorphic sites are shown as ‘v’
and the non-variant with are shown as ‘nv’. The 13 sites are shown as black solid dots and the connecting arcs represent relationship
(mutual information) among them.
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Figure 3.7. Mutual information network plots of methylation levels among sites in chromosome X in male (A) and female (B) pigs
across the fetal brain and adult blood samples. The methylation sites are shown as solid dots and the connecting curves (blue: males
and orange: females) represent relationship among them.
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Figure 3.8. A. Venn diagram showing the number of sex-specific methylation sites in blood DNA of adult females and males. It also shows the
sites that were commonly methylated in the blood of both sexes. B. A circular Manhattan plot of the —logl0FDR values of differentially
methylated CpGs between the male and female adult blood DNA in each chromosome (Chr). C. Methylation density of the female adult blood in
each chromosome. D. Methylation density of the male adult blood in each chromosome.
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Figure 3.9. Principal component analysis of methylation sites in sows (S), boars (B) and the fetal brain at gestation day (D) 45, 60 and
90 that were associated with clusters (see Figure 3.5) (A) and those not associated with clusters (B).
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Figure 3.10. A plot showing the observed and predicted log fold change values of
methylation sites showing canonical correlation in methylation between the fetal brain
and adult blood.
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Chapter 4

Comparative analysis of gene expression between the fetal brain and
placenta of pigs and mice

Abstract

This study compared the gene expression patterns of the fetal brain and placenta
between pigs and mice. The analysis identified 10 genes that were expressed in the
placenta of both pigs and mice. Each of these 10 genes (EPCAM, NRK, MBNL3, SPINT1,
ELF3, S100G, PRRG4, SMPDL3B, Clorf210, and TMPRSS2) were expressed (mean
fragment per kilobase million (FPKM) > 10) in the placenta but not expressed (mean
FPKM < 1) in the fetal brain of both species. On the other hand, 112 genes that were
expressed in the fetal brain of both pigs and mice were identified. None of these genes
were expressed in the placenta of both species. Gene Ontology (GO) analysis of these
genes commonly expressed in the fetal brain of pigs and mice shows association with
biological functions of development of the head, central nervous system, neuronal
differentiation, regulation of neurotransmitter levels, neurogenesis, axonogenesis, and
cell-cell signaling. In-silico analysis of transcription factor binding sites in the 500 bp of
the upstream DNA of these common genes, expressed either in the placenta or fetal brain
of both species, revealed that they were commonly regulated by the RE1 silencing
transcription factor (REST). REST is a multifaceted transcription factor that acts as a
master regulator of neurogenesis as well as controls the neural excitation and aging
processes. Although pigs and mice are phylogenetically distant species with different

forms of placentation, the similarity in the regulation of these genes between placenta and
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fetal brain suggests an evolutionary conserved component of the brain-placental axis that

may control brain development in placental species.

Introduction

Reproduction and development are highly diverse among the animal kingdom, even
within the placental species (Ackerman, 1992). Placentae show differences in shape (i.e.,
diffuse, cotyledonary, zonary or discoid) and contact patterns of maternal tissue with the
chorionic epithelium of the fetus (i.e., epitheliochorial, endotheliochorial or
hemochorial). The pig placenta is diffuse and epitheliochorial (Leiser and Dantzer, 1988)
whereas mice and human placentae are discoid and hemochorial (Soares et al., 2018).
Despite these differences, basic placenta functions for fetal development remain highly

conserved.

Previous research suggest that the placenta plays a key role in brain development
(Zeltser and Leibel, 2011) and inadequate placental support can impact the
developmental processes of the brain that increases the risk of brain diseases later in life
(Behura et al., 2019a; Behura et al., 2019b; dos Reis et al., 2012; Zeltser and Leibel,
2011). There is a remarkable coordination in gene expression between the placenta and
fetal brain of mice, suggesting robust regulation of the brain-placental axis (Behura et al.,
2019a). The brain-placental axis also plays important roles in the fetal programming of
brain development, and developmental origin of health and disease later in life in mice
(Behura et al., 2019a). Similarities in placental function among species and the
importance of the brain-placental axis led to the hypothesis that the placenta of pigs and

mice have some commonalities in supporting fetal brain development. To test this
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hypothesis, this study performed cross-species comparative analyses of gene expression
of the fetal brain and placenta between pigs and mice. The goal of this analysis was to
identify genes that were regulated (express or not expressed) in the placenta but not the

fetal brain (and vice versa) of both species.

Materials and methods

Gene expression data

The gene expression data from the fetal pig brain on gestation day (d) 60 and 90,
regardless of sex, from a previous study (Chapter 2) was converted to fragments per
kilobase million (FPKM) for comparison with gene expression data of pig placenta on
d60 and d90, generated previously by Wang et al. (2019). The pig placenta gene
expression data, in FPKM, was downloaded from the Gene Expression Omnibus (GEO)
database (accession number GSE110414). The d15 mouse placenta and fetal brain gene
expression data were previously generated in Susanta Behura’s lab in a separate project
(unpublished). The expression data are publicly available at GEO with this accession

number (GSE157555).

Identification of orthologous genes

To compare the pig data to the mouse data, one-to-one orthologous genes between
mouse and pig were downloaded from the Ensembl gene homolog dataset using biomart.
A reciprocal orthologous mapping approach was applied to identify common genes
(single-copy orthologs) between the pig and mouse. In this method, the single-copy

orthologs of mouse genes in the pig genome were downloaded from the mouse Ensembl
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database (Yates et al., 2020). Similarly, the single-copy orthologs of pig genes in the
mouse genome were downloaded from the pig Ensembl database (Yates et al., 2020).
Both datasets were compared to find the common genes between the two species. The pig
genes that had no ortholog in mouse and vice versa were also identified from the
Ensembl homology database. The average gene expression of the pig fetal brain and
placenta from d60 and d90 was used for comparison to the expression level of the single-

copy gene orthologs from d15 mouse fetal brain and placenta.

Identification of genes expressed either in the fetal brain or placenta

In this study genes were considered ‘expressed’ if the FPKM value was > 10 and
genes with FPKM < 1 were considered ‘not expressed’. This study did not further
examine a gene with FPKM > 1 but < 10. These criteria were used to categorize genes
that were either expressed in the placenta but not in the fetal brain, or expressed in the
fetal brain but not in the placenta. Both the mouse and pig expression data were

categorized the same way to compare expression of the orthologous genes.

Prediction of transcription factors that control gene sets in pigs and mice

Brain or placenta specific expression in both pigs and mice were analyzed for genes
that are targets for any common transcription factor(s). The 500 bp upstream region was
searched for peak positions of 1120 chromatin immunoprecipitation sequencing (ChlP-
seq) tracks (ENCODE raw signals) and the rank order was determined to predict the
cognate transcription factor. This analysis was performed using iRegulon method (Janky

et al. 2014) implemented in the Cytoscope tool. The iRegulon is a gene set analysis
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method to perform in silico identification of regulatory factors of genes by mapping

incidences of transcription factors binding motifs in the upstream DNA.

Results

Identification of genes that show an ‘ON/ OFF" expression pattern in the fetal brain or

placenta of pigs

On d60, 553 genes were expressed in the fetal brain but not expressed in the placenta,
and 87 genes were expressed in the placenta but not in the brain were identified. On d90,
a total of 553 genes were expressed in the fetal brain but not in the placenta, and 80 genes
were expressed in the placenta but not in the brain (Table 4.1). Between d60 and d90 429
common genes were identified in the fetal brain (Figure 4.1A). Between d60 and d90 the

placenta showed 60 common genes (Figure 4.1B).

Orthologous genes in pigs and mice

By applying a reciprocal orthologous mapping strategy (see Methods), a total of
15,376 one-to-one orthologous genes between pigs and mice were identified (Table 4.3).
The one-to-one orthologous genes are single-copy genes that are common in pigs and
mice. There are also other types of homologies such as many-to-one, one-to-many and
many-to-many between pig and mouse genes, but this study excluded those genes in this
analysis. In addition, this study identified 3,666 genes present in pigs but absent in mice

and 3,569 genes present in mice but absent in pigs.

Gene expression in pigs compared to mice

86



Pig genes that showed an ON/ OFF expression pattern were compared between the
fetal brain and placenta with one-to-one orthologous genes in mice that also showed an
ON/ OFF expression pattern between the fetal brain and placenta. The mouse expression
data were downloaded from GEO (accession number GSE157555). The read count data
were converted to FPKM values, and genes specific to either the placenta or fetal brain
were identified by applying the criteria described previously. Then the genes that showed
one-to-one orthologs with pig genes were identified. Using this approach, 414 genes that
were expressed in the pig fetal brain at d60 and d90 and were one-to-one orthologs
between mice and pigs were identified. Also, 50 common genes that were expressed in
the pig placenta at d60 and d90 and were 1:1 orthologous gene with mice (Figure 4.3)
were observed. At d60, this study revealed 171 pig genes that were expressed in the
mouse fetal brain but not the placenta and 92 genes that showed the opposite pattern.
Whereas, at d90, 553 pig genes were expressed in the mouse fetal brain but not the
placenta and 80 pig genes were expresses in the mouse placenta but not the fetal brain
(Table 4.2). When comparing the fetal brain specific genes in both species 112 common
genes were identified (Figure 4.2A). Gene Ontology (GO) analysis showed that these
genes are largely associated with neurogenesis and brain development, and the regulation
processes. Comparing the placenta specific genes in both the species, 10 common genes
were identified. Those genes were EPCAM, NRK, MBNL3, SPINT1, ELF3, S100G,

PRRG4, SMPDL3B, Clorf210, and TMPRSS2 (Figure 4.2B).

Prediction of transcription factors that target the common genes
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The 112 fetal brain genes and the 10 placenta genes from both species were used to
analyze the transcription factor binding sites within 500 bp of the upstream DNA using i-
regulon. The results of this analysis showed that REST binding sites are enriched in the
upstream DNA of different subsets of these common genes. The minimal NES
(normalized enrichment score) varied from 3.1 to 5.8, which was within the accepted
range to validate the prediction (Janky et al. 2014). The AUC values (area under curve)
ranged from 0.08 to 0.14 as the threshold prediction, which was within the range to

accept the prediction (Janky et al. 2014).

Discussion

This study was carried out to perform a cross-species comparative analysis of gene
expression regulation between the fetal brain and placenta in pigs and mice. A total of
553 genes were expressed in the pig fetal brain but not in the placenta on d60. On d90,
554 genes were expressed in the fetal brain but not in the placenta (Table 4.1). 429 of
these were common genes expressed in the fetal brain of pigs on d60 as well as d90
(Figure 4.1A). One of those common genes is the sperm-tail PG-rich repeat containing 4
(STPG4) gene which is a maternal factor that plays a role in epigenetic chromatin
reprogramming during early development of the zygote and is involved in the regulation
of gametic DNA demethylation (The UniProt Consortium, 2019). This study identified
87 genes that were expressed in the placenta but not in the brain of pigs at d60 and 80
genes at d90 (Table 4.1). 60 of these genes were common between both gestation days,
including the PAGE Family Member 4 (PAGE4) gene (Figure 4.1B). PAGE4 protects

cells from stress-induced apoptosis by inhibiting reactive oxygen species production and
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via regulation of the mitogen-activated protein kinase (MAPK) signaling pathway (The
UniProt Consortium, 2019). The MAPK pathway plays a critical role in the regulation of
cell proliferation and communication of an extracellular signal to the nucleus (Zhang and

Liu, 2002).

112 genes were expressed in the fetal brain of pigs and mice but absent in the
placenta of both species. Included in the common genes is Dorsal Inhibitory Axon
Guidance Protein (DRAXIN) and Neural EGFL Like 2 (NELL2) (Figure 4.2A). DRAXIN,
in mice is required for the development of the spinal cord and forebrain commissures and
acts as a chemorepulsive guidance protein for commissural axons during development
(The UniProt Consortium, 2019). NELL?2 is involved in the regulation of hypothalamic
GNRH secretion and the control of puberty (The UniProt Consortium, 2019). The 112
common genes were analyzed using PANTHER Pathway, this analysis found that these
genes were involved in development of the head, CNS, and neurons as well as neuronal
differentiation, regulation of neurotransmitter levels, neurogenesis, axonogenesis, and

cell-to-cell signaling.

10 common genes (EPCAM, NRK, MBNL3, SPINT1, ELF3, S100G, PRRG4,
SMPDL3B, Clorf210, and TMPRSS2) were expressed both in the pig and mouse placenta
but absent in the fetal brain of both species (Figure 4.2B). Although these animals have
different types of placentation, this study identified common gene expression in the
placenta that is vital for fetal viability. The epithelial cell adhesion molecule (EPCAM)
gene may provide an immunological barrier against mucosal infection, and it may play a
role in embryonic stem cell proliferation and differentiation (The UniProt Consortium,

2019). The Nik related kinase (NRK) gene is highly expressed in the placenta, regulates
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cell proliferation and development of placental tissues (Denda et al., 2011). The
Muscleblind Like Splicing Regulator 3 (MBNL3) gene is abundant in the placenta of
humans and has low expression in muscle. The MBNL3 gene inhibits muscle
differentiation by altering the splicing pattern of pre-mRNA (Lee et al., 2010). The Serine
Peptidase Inhibitor, Kunitz Type 1 (SPINT1) gene displays high cell type-specific
expression in the villous cytotrophoblasts of human placenta and in basal chorionic
trophoblast cells of mice, and regulates placental labyrinth formation (Walentin et al.,
2015). It is also known to be an essential regulator of mouse placentation with Spintl—/—
mice displaying an early placenta defect with lethality at embryonic day 10.5 (Walentin
et al., 2015). In humans and mice, the E74 Like ETS Transcription Factor 3 (ELF3) gene
may play an important role in epithelial cell differentiation, be associated with mammary
gland development and involution, and play an important role in the regulation of
transcription with TATA-less promoters in preimplantation embryos, which is essential
in preimplantation development (The UniProt Consortium, 2019). The S100 calcium-
binding protein G (S100G) is expressed in the uterine endometrium during the estrous
cycle and pregnancy of mice, pigs, and rats. S100G is also regulated by estrogen and has
been suggested to play an important role in the establishment of pregnancy in pigs (Choi
et al., 2012). The molecular function of the proline rich and gla domain 4 (PRRG4) gene
is not fully understood, but PRRG proteins are highly expressed in the spinal cord, and
PRRG4 protein has been found in the Golgi apparatus (Justice et al., 2017). PRRG4 may
be a functional homolog of Drosophila commissureless, which is required for axon
guidance and synapse formation in the fruit fly (Justice et al., 2017). The Sphingomyelin

Phosphodiesterase Acid Like 3B (SMPDL3B) gene has in vitro phosphodiesterase activity
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in humans, but the physiological effects are poorly understood (The UniProt Consortium,
2019). The Chromosome 1 Open Reading Frame 210 (Clorf210) gene may be involved
in membrane trafficking between endosomes and plasma membrane in humans (The
UniProt Consortium, 2019). While the biological functions of the mammalian
Transmembrane protease serine 2 (TMPRSS2) gene has not been determined, other
serine proteases are known to play essential roles in many processes including
coagulation, digestion, hormone processing, wound healing, embryonic development,
immune responses, and cancer progression (Kim et al., 2006). TMPRSS2 has been shown
to be expressed in the epithelium of the human placenta and is indispensable for cell
entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Li et al., 2020;
Pique-Regi et al., 2020). While the function of some of these genes is not fully
understood in pigs and mice, this study identified common gene expression between pigs
and mice that have different anatomical placental types. Comparative genomics have also
shown that orthologs of over 80% of the genes known to be required for proper placental
development in mice are also expressed in the human placenta (Cox et al., 2009). Mouse
and human placenta are more anatomically similar than mouse and pig placenta, but the
common genes between the two show that there are functions of genes that are conserved

among species and imperative for normal placental development in mammals.

The study further showed that REST is the common regulator of the genes expressed
either in the placenta or the fetal brain of both pigs and mice. REST is a multifaceted
transcription factor (Ooi and Wood, 2007) and plays a role in controlling other biological
processes including embryonic stem cell self-renewal, cellular plasticity, neuronal

excitement, and longevity (Gopalakrishnan, 2009; Zullo et al., 2019). In the embryonic
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stage, REST promotes stem cell pluripotency by suppressing neuronal genes in
embryonic stem cells and blocking neuronal differentiation (Gupta et al., 2009; Singh et
al., 2008). A recent study has shown that REST controls processes of neuronal activities
and acts as a potent regulator of longevity (Zullo et al., 2019). Studies have shown that
REST is expressed in the placenta, although the precise functions are unknown (Oda et
al., 2004; Starks et al., 2019). An earlier study showed that genes suppressed in the
placenta relative to the fetal brain of mice were significantly enriched with binding motifs
of REST (Behura et al., 2019b). In the immediate upstream DNA (within 500 bp) of these
genes, the known REST binding motifs were over-represented, based on iRegulon

analysis (Janky et al., 2014).

In a separate study, Susanta Behura’s lab has identified REST target genes (n=641) in
the placenta of male and female fetal mice on d15 by ChIP-seq. The study has not yet
been published, but the ChIP-seq data are available at GEO under the accession number
GSE157552. While most REST peaks were identified in the placenta of both sexes,
nearly 17-fold more peaks were observed in the placenta of male fetuses compared to the
placenta of female fetuses. Motif enrichment analysis showed that both canonical and
non-canonical RE1 motifs were recognized by REST. The analysis also showed sex-
specific enrichment of REST binding sequences in the d15 placentae. Nearly 74% of
peaks were localized within gene promoter regions. GO analysis of REST target genes
associated with placenta development and functions, such as Cited2, Ccnf, Aridla, Krt8
and Cdknlb (Jaquemar et al., 2003; Wang et al., 2016; Withington et al., 2006) were
targeted by REST in the male placenta only. On the other hand, genes associated with

chromatin modification, protein modification processes, and protein metabolic processes

92



were targeted by REST in the female placenta only. The genes commonly targeted by
REST in placentae of male and female fetuses were related to different regulatory
processes, including regulation of protein depolymerization, microtubule polymerization,
protein-containing complex disassembly, and keratinocyte proliferation. Given these
findings in mice research, it remains to be seen how REST regulates target genes in the

pig fetal brain and placenta.

Conclusion

The goal of this study was to investigate the similarities between gene expression in
the fetal brain and placenta of pigs and mice to further understand evolutionary conserved
genes during development, and the role of gene expression in the brain-placental axis.
This goal was accomplished using gene expression data from fetal pigs and mice to
perform comparative analyses of gene expression between the species. Although mice
and pigs are phylogenetically distant species, and they have different means of
reproduction and types of placentation, this study identified conserved genes and
common gene expression during development in the fetal brain and the placenta. In
particular, understanding of the role of REST in the brain-placental axis in pigs will
provide valuable information to develop pigs as a model to further study brain

development.
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Table 4.1. The number of pig genes expressed (mean FPKM<10) in the fetal brain but
not expressed (mean FPKM <1) in the placenta or expressed in the placenta but not the
fetal brain of pigs at gestation day (d) 60 and 90.

Gestation Day Exp_ressed_ in placenta Exp_ressed in brain
not in brain not in placenta

de0 87 553

d90 80 554
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Table 4.2. The number of pig genes at gestation day (d) 60 and 90 expressed (mean
FPKM > 10) in the mouse fetal brain but not expressed (mean FPKM < 1) in the placenta
or expressed in the mouse placenta but not the fetal brain.

Pig genes expressed in Pig genes expressed in
Gestation Day the mouse placenta but the mouse fetal brain
not in the fetal brain  but not in the placenta

d60 92 171
d90 80 553
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Table 4.3. The number and type of homology genes between pigs and mice.

Gene homology type Number of Genes
One to one 15376

One to many 2541

Many to many 5193
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Figure 4.1. Venn diagrams comparing the pig genes expressed (mean FPKM<10) in the fetal brain but not expressed (mean FPKM
<1) in the placenta (A) at gestation day (d) 60 and d90 or expressed in the placenta but not expressed in the fetal brain at d60 and d90

(B).
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Figure 4.2. Venn diagrams comparing the number of genes expressed (mean FPKM<10) in the pig and mouse fetal brain but not
expressed (mean FPKM <1) in the placenta (A) or expressed in the placenta but not expressed in the fetal brain (B).
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Figure 4.3. Venn diagrams comparing the 1:1 orthologous genes and the number of genes expressed (mean FPKM<10) in the pig fetal
brain but not expressed (mean FPKM <1) in the placenta at gestation day (d) 60 and d90 (A) and 1:1 orthologous genes compared to
genes expressed in the pig placenta but not expressed in the fetal brain at d60 and d90 (B).
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Figure 4.4. Description of one-to-one orthologous genes in pigs and mice, genes expressed in the fetal brain or placenta of both
species and the common genes and transcription factor.
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