ABSTRACT
RIEGL, SIERRA DAWN. A Novel Role for the Imprinted Gene Zacl and the Imprinted Gene
Network in Developmental Toxicant-Induced Non-Alcoholic Fatty Liver Disease. (Under the
direction of Dr. Michael Cowley).

Cadmium (Cd) is a toxic heavy metal that is classified as a top ten chemical of public health
concern by the World Health Organization. It is used in or is a byproduct of various industrial
practices, and once in the atmosphere, Cd can travel long distances and deposit into agricultural
land and water sources. Human exposure occurs mainly through the inhalation of tobacco smoke,
but for non-smokers, the primary route of exposure is through ingestion of contaminated food or
water. Exposure to Cd leads to various negative health outcomes, justifying its classification as a
public health concern.

In humans, non-alcoholic fatty liver disease (NAFLD) is one health outcome of Cd
exposure during adulthood. NAFLD describes a spectrum of pathologies that include steatosis,
inflammation, and fibrosis. The disease currently affects 30 % of US adults and is predicted to be
the leading cause of liver disease in children in the upcoming decade. Increasingly more diagnoses
are being made in young individuals, with up to 20 % of adolescents and young adults currently
affected. This increasing prevalence of NAFLD among young people suggests that susceptibility
to this disease may be programmed by the environment during early life.

After the Developmental Origins of Health and Disease (DOHaD) hypothesis was
proposed in the 1980s, a rapidly growing body of evidence has shown that maternal exposure to a
broad range of environmental stressors including toxic heavy metals, diet, and endocrine disruptors
affect offspring health in later life. Through epidemiological studies, associations have repeatedly
been found between adverse uterine environments and negative health outcomes. These

associations have been supported by in vivo models. However, the contribution of different



environmental stressors to the programming of diseases, including NAFLD, and the underlying
molecular mechanisms remain poorly understood.

Epigenetic mechanisms have been proposed as mediators through which maternal exposure
to stressors such as Cd may act to program adverse offspring health outcomes including NAFLD.
Our lab and others have proposed that perturbation of imprinted gene expression is one candidate
mechanism for disease programming because of the unique properties and modes of epigenetic
regulation of imprinted genes during development. DNA methylation at Imprinting Control
Regions (ICRs) is particularly sensitive to environmental perturbation in early development. Once
established, ICR epigenetic states are maintained throughout life, providing an epigenetic memory
that may link the early life environment and later life health outcomes in offspring. Many imprinted
genes are coordinately expressed as part of an Imprinted Gene Network (IGN) controlled by the
transcription factor encoded by the imprinted gene Zacl, and they have been shown to play roles
in liver development and homeostasis.

Our central hypothesis is that developmental Cd exposure is sufficient to program NAFLD,
and further, that this process is mediated by Zacl and the IGN. In Chapter 2, we demonstrate
through histological, biochemical, and molecular analyses that juvenile NAFLD can be
programmed in F1 female and male mouse offspring in response to maternal ingestion of CdCl..
In Chapter 3, exploiting our novel mouse model, we show that the IGN plays a central role in
mediating between Cd exposure in development and juvenile NAFLD and identify the imprinted
gene Zacl as a novel regulator of prosteatotic pathways in the liver. In Chapter 4, analysis of
publicly available RNA-sequencing and microarray data reveal that the IGN acts as a conserved
pathway that is dysregulated in response to several different environmental exposures that program

NAFLD.



The research in this dissertation demonstrates that maternal CdCl, exposure is sufficient to
program NAFLD in offspring in later life and identifies the IGN as a pathway that may be
responsible for programming these phenotypes in response to CdCl, and other environmental
stressors. Ultimately, these studies provide further insights into roles for imprinted genes in linking
early-life adverse exposures to disease susceptibility. Future research can capitalize on these
findings to identify potential therapeutic targets for mediating NAFLD susceptibility and adverse

liver health outcomes in adolescence.
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CHAPTER 1
Introduction
Cadmium

Cadmium (Cd) is a heavy metal, defined as having a density over 5 g/cm?, and is one of
the 53 that are naturally occurring in the Earth’s crust'. Cd is usually present in the soil at about
0.1-0.5 ppm?®. Some heavy metals are considered micronutrients and are essential for life-
sustaining metabolic activities®. However, Cd is a toxic heavy metal with no known biological
function and is classified as one of the top ten chemicals of major public health concern by the
World Health Organization®.

Anthropogenic activities deposit Cd into the environment at about 8,300 tons/year,
compared to about 1,400 tons/year that can be expected from natural sources like forest fires,
volcanic eruptions, airborne soil particles, and oceanic spray®. Municipal waste incineration and
fossil fuel combustion release Cd into the atmosphere while metal mining, battery manufacturing,
electronic appliance disposal, and phosphate fertilizer and sewage sludge application contaminate
soil with Cd>37®, These activities have led to areas with especially high Cd levels®*°.

The release of Cd into the environment is a public health concern because it can travel long
distances in the atmosphere before depositing in drinking water sources and agricultural land®’. It
should be noted that organisms such as some species of archaea, bacteria, algae, and fungi are
resistant to environmental Cd exposure and can potentially be used in remediation practices'2,
Some yeast species may also be useful in remediating Cd from the environment because they create
biosurfactants, which have been used to remove heavy metals from soil'3. Many plant and animal
species can accumulate Cd in their tissues, allowing it to transfer through the food chain?*4. For

humans, the main source of Cd exposure is via inhalation of cigarette smoke; however, for non-



smokers, the major exposure route is through ingestion®"8. For humans, the Minimal Risk Level
from oral exposures lasting from 15 to 365 days is 0.5 pg Cd/kg/day and is 0.1 pg Cd/kg/day for
exposures lasting longer than one year?. The United States Environmental Protection Agency has
determined the maximum contaminant level for Cd in drinking water is 0.005 ppm®.

Exposure to Cd during adulthood leads to renal and hepatotoxicity and is associated with
Itai-Itai disease (characterized by softening of the bones), cancer, cardiovascular disease, and
metabolic disorders including prediabetes and non-alcoholic fatty liver disease (NAFLD)*19,
Because exposure to environmental pollutants can occur during gestation, developmental exposure
is of special concern. Prenatal exposure to Cd is associated with harmful effects on fetal
development including altered birth weight and cognition*2L,

Mechanisms of Cd Toxicity

Inhaled Cd is absorbed much more effectively than ingested Cd with up to 50 % and 10 %
absorbed, respectively?3. Cd is poorly excreted and thus accumulates in the body over time®?2. Cd
has an estimated half-life of between 6-38 years in humans®%. The half-life of Cd does vary by
sex and age. Females absorb more Cd, especially during pregnancy, and show a longer half-life
than males?*%.

Absorbed Cd from the lungs or gastrointestinal tract enters the blood and binds to blood
cells, highlighting the importance of analyzing whole blood Cd levels®. Metallothionein (MT)
binds to Cd, which sequesters it into an inert form intracellularly in the liver?®. However, an
overabundance of Cd can lead to a deficiency of MT in the liver, leading to oxidative damage, and
Cd bound to MT can be released from liver cells and travel to the kidneys, making them both key

target organs of Cd toxicity and accumulation¢2226:27,



There are multiple mechanisms of Cd toxicity. Cd as a divalent cation shares similar
chemical and physical properties with other essential elements including zinc, iron, copper,
selenium, and manganese®®?°. These trace metals are absorbed from the diet or the environment
by various transporters and proteins, including solute carriers, divalent metal transporter 1, and
MT30-32 Cd competes with their uptake, especially zinc, leading to toxicity®®. Preexisting
deficiencies in these essential trace metals can exacerbate Cd toxicity, and in contrast,
supplementing the diet with them can mitigate toxicity because MT production is dependent on
the availability of zinc and selenium3334, MT is important to trace metal homeostasis, heavy metal
detoxification, and protection against oxidative stress and DNA damage3. The disruption of the
roles of MT by Cd is one of the primary mechanisms of Cd toxicity.

As reviewed elsewhere, Cd can perturb calcium, cAMP, and nitric oxide signaling®®.
Briefly, it is proposed that Cd induces the release of calcium in the endoplasmic reticulum, leading
to cell death; however, results from different studies are conflicting. Cd inhibits the cAMP
signaling pathway by inhibiting protein kinase A activity, leading to alterations in the
phosphorylation of target proteins and gene expression. Nitric oxide production is indirectly
decreased by Cd via the release of zinc from MT, which inhibits nitric oxide synthase 2, leading
to changes in cell physiology.

Cd can act as a metallohormone, mimicking the effects of the hormones estrogen and
androgen®3’. It has been shown to bind to estrogen receptor o and androgen receptor ligand
binding domains®. However, more work needs to be completed to fully elucidate the mechanism
by which Cd activates these receptors and leads to negative health outcomes in vivo.

Mitochondrial permeability transition can be initiated by Cd from the creation of a pore in

the mitochondrial membrane, thereby leading to osmotic swelling and inhibition of the electron



transport chain, inducing apoptosis®. Disrupting the electron transport chain as well as inhibiting
antioxidative enzymes leads to increased levels of reactive oxygen species within cells, leading to
oxidative stress. Oxidative stress can induce endoplasmic reticulum stress signaling, Mitogen
Activated Protein Kinases, and Nuclear Factor Kappa B>%. These processes are known to mediate
cell apoptosis, or programmed cell death.

Cd exerts genotoxic effects through the induction of oxidative stress, which was described
above, and interactions with the DNA damage response systems. Hydroxyl radicals induced by Cd
can cause double bonds between DNA bases giving rise to altered function or DNA damage*. Cd
is a weak mutagen that does not directly bind to DNA but rather alters gene expression patterns,
ultimately affecting key cell processes®. Repair mechanisms, such as mismatch repair, nucleotide
excision repair, and base excision repair for DNA damage can be blocked by Cd interference with
zinc finger proteins used in these processes®*!. As discussed in more detail below, epigenetic
changes can be caused by Cd exposure such as alterations in histone modifications, DNA
methylation patterns, and microRNA expression®#2,

Epigenetics

Epigenetics was first described as a group of developmental processes connecting the
genotype and phenotype®. The term joined the widely accepted ideas in the field of genetics of
preformation and epigenesis, which represent the unchanging nature of the gene and the dynamic
nature of gene expression, respectively**. Today, the term epigenetics describes the heritable
alteration of gene function without changes to the DNA code, which has been the prevailing
definition of the term since the beginning of the modern era of epigenetics research which began
in 1996*46, Current molecular mechanisms that are studied within epigenetics include non-coding

RNA, post-translational histone modifications and chromatin states, and DNA methylation®>'.



These various epigenetic mechanisms do not act in isolation and often impact each other through
complex cross-talking.

Non-coding RNA

Putting a kink in the central dogma of biology, which states that one gene forms one RNA
molecule that produces one protein, non-coding RNAs (ncRNAS) are various RNA molecules that
are transcribed from genomic DNA but not translated into proteins*4°, About 70 % of the human
genome is thought to be transcribed into ncRNA®. These numerous RNA molecules were once
thought to be junk DNA or noise; however, they are now known to have many regulatory and
housekeeping functions within cells*®°, Regulatory ncRNAs are classified based on their size and
include small non-coding RNAs (sncRNAs) and long non-coding RNAs (IncRNAs)>%2,

Of the sncRNAs, short interfering RNA (siRNA), microRNA (miRNA), piwi-interacting
RNA (piRNA), and tRNA-derived small RNAs (tsSRNAs) have been shown to have roles in
epigenetic regulation®%%, DNA methylation alterations by siRNAs have led to gene silencing®.
Both siRNA and miRNA bind to messenger RNA (mMRNA) that is at least partially complementary
to their sequences and, with their protein partners, cleave the mRNA*®5!, Chromatin state can be
altered by miRNAs through their action on remodeling enzymes®. DNA methylation has also been
shown to be regulated by miRNAs®*®-*8. The miRNAs miR-590-5p, miR21, miR-221, and miR-
222 have been implicated in fibrogenesis®®5. Studies have shown that piRNA regulates histone
modifications, chromatin state, and DNA methylation®%4 As a relatively newly identified
sncRNA involved in epigenetic regulation, there is still much to learn about tsRNAs. So far, they
have been shown to associate with piRNAs and regulate chromatin states as well as act as heritable

factors of disease®*®®. Though these sncRNAs have been shown to have roles regulating



developmental processes in plants®, further work needs to be done to understand the roles they
play in mammalian development.

There are a few roles for InNcCRNAs. It has been shown that IncRNAs can bind to and
stabilize mRNAs, promoting their expression®’. The maternally expressed imprinted gene H19
encodes a IncRNA. Among its many roles, H19 can modulate post-translational histone
modifications by associating with the histone modifying complex methyl-CpG-binding domain
protein 1 to control embryo growth factor expression®. The IncRNA Hotair regulates DNA
methylation at target genes, and, in mice, the loss of Hotair leads to bone developmental
abnormalities®®. Another IncRNA, Xist, is fundamental to X chromosome inactivation, and
improper functioning can lead to abnormalities in female development and cell death”®*. Other
IncRNAs act as miRNA precursors or decoys for transcription factors and repressors, altering gene
expression patterns®>’2. Recent research has indicated that some IncRNAs can act as biomarkers
of environmental exposures, including to toxic heavy metals such as Cd"3.

Histone modifications and chromatin states

While the most basic units of the DNA molecule are the nucleotides adenine, guanine,
cytosine, and thymine, the chromatin subunit model proposed that the basic unit of chromatin
structure is the nucleosome’. The nucleosome (Figure 1.1) is composed of approximately 150
base pairs of DNA wound around a histone octamer, forming a core particle’. The histone types
are H2A, H2B, H3, and H4, which form the histone core, and H1 or H5, which links DNA between
histone cores’®"’. Histones associate with the DNA molecule through hydrostatic interactions and
hydrogen bonding with DNA phosphates and nonpolar interactions with deoxyribose groups”.

Nucleosomes allow DNA within a cell to condense into chromatin, whose structure can be

modulated through ATP-dependent chromatin remodeling complexes and histone tail



modifications. Heterochromatin is transcriptionally silenced DNA that is created through the
interaction of nucleosome histone tails with silencing proteins’. Euchromatin is transcriptionally
active DNA. Chromatin remodeling complexes such as SWI/SNF and ISWI use ATP to change
the nucleosome structure and allow for DNA transcription’®. Over 200 histone post-translational
modifications have been described including acetylation, methylation, phosphorylation,
ubiquitination, sumoylation, ADP-ribosylation, proline isomerization, citrullination, butyrylation,
propionylation, and glycosylation®>"8"°, The most studied of these include histone modifications
by small chemical groups such as acetylation, phosphorylation, and methylation. Histone
acetyltransferase and histone deacetylase enzymes work to activate and repress genes,
respectively®®8l, Similarly, protein kinases and phosphorylases activate and repress genes,
respectively®. Histone lysine methyltransferase and histone lysine demethylase act to methylate
and demethylate histones, respectively®>83, Unlike with histone acetylation and phosphorylation,
histone methylation acts to either activate or repress genes in a context-dependent manner®. The
histone tail modifications act as a histone code that regulates chromatin in various biological
settings, the perturbation of which has recently been implicated in developmental reprogramming

of the epigenome after exposure to environmental contaminants such as Cd®8,

Figure 1.1. Generalized nucleosome structure. About 150 DNA base pairs are wound around a
histone octamer core composed of H2A, H2B, H3, and H4. H1 or H5 links DNA between histones
and helps control nucleosome positioning. Variable modifications on the histone tails alter
chromatin state.



DNA methylation

Like histones, DNA can also be methylated. Generally, DNA hypermethylation at gene
promoters is associated with gene repression, and conversely, DNA hypomethylation is associated
with gene expression®8 When DNA undergoes methylation, a methyl group is added to the
cytosine preceding a guanine in the 5” to 3> DNA sequence (CpG), forming 5-methylcytosine
(5mC)"®. About 70 % of CpGs in cells are methylated®. One area in the genome that is the main
exception to this global CpG methylation is called a CpG island (CGl), which is an unmethylated
200-2,000 base pair region with more than 50 % being CpGs®®. About 60 % of human genes
have CGIs in their 5’ promoter regions, and the methylation state of many CGls has been correlated
with transcription initiation and RNA polymerase Il binding8°L,

Enzymes that add methyl groups to DNA are termed DNA methyltransferases (DNMTS).
DNMT1 plays a role in methylation maintenance whereby the enzyme uses one methylated DNA
strand as a template to add methyl groups to the other®?. DNMT3a/b are involved in de novo
methylation®®, DNA methylation can be removed passively through the inhibition of DNMT1
during cell division or through an active mechanism by Tet dehydrogenase proteins®®%. For active
demethylation, Tet proteins oxidize 5mC to 5-hydroxymethylcytosine and further oxidize it to 5-
formylcytosine and 5-carboxylcytosine®>’. The 5fC and 5caC are excised by DNA glycosylase
and converted to cytosine through the base excision DNA repair mechanism®:%,

DNA methylation patterns (Figure 1.2) are not static and can change throughout life®°.
When fertilization occurs, a zygote is formed, and demethylation occurs across the parental
genomes that it inherited®91%° After implantation, de novo DNA methylation occurs within the
offspring cells, which are maintained during replication as the embryo continues to grow®. It

should be noted that there are areas of the paternal genomes that are resistant to post-fertilization



demethylation. These areas include imprinting control regions (ICRs), intracisternal A particles,

and variably erased CpG islands, and could provide possible mechanisms for epigenetic memory

between generations?t192,

Eggs Intracisternal AjParticles,
or Variably Erased CpG Islands, Intracisternal A Particles,
Sperm Imprinted DMRs Epiblast Variably Erased CpG Islands

Methylation Level

Blastocyst

Birth Puberty Fertilization Implantation Embryonic & 'Q\C’(c Embryonic Embryonic
Day 6.5 Se é?.g' Day 13.5 Day 16.5

Developmental Stage

Figure 1.2. Dynamics of DNA methylation during development. In the developing zygote, the
paternal genome (light blue line) is actively demethylated and the maternal genome (light pink
line) is passively demethylated. Imprinted gene differentially methylated regions (DMRs) (dashed
red line) do not undergo demethylation and intracisternal A particles and variably erased CpG
islands are resistant to demethylation. After implantation, de novo methylation occurs (black line).
After embryonic day 6.5, the figure is showing methylation dynamics of primordial germ cells in
the developing embryo. Sperm and eggs are fully methylated at different stages of development.
Genomic Imprinting

In eukaryotes, most genes are biallelically expressed; however, some are only expressed
from one allele. Random monoallelic expression occurs for X chromosome inactivated genes and
some autosomal genes'®®. Depending on the cell, the gene will be expressed from both alleles or
from either the maternal allele or the paternal allele, leading to a mosaic expression pattern within
the organism. When a gene is expressed from one allele in a parent-of-origin dependent manner

because of differential DNA methylation patterns on maternal and paternal alleles established

during gametogenesis, this phenomenon is termed genomic imprinting and the genes are



considered imprinted genes'®1%, Flowering plants, insects, and placental mammals have been
shown to have imprinted genes®®. It is possible to determine parent-of-origin inheritance based on
this differential DNA methylation'®. The protein DNMT3L, which does not possess enzymatic
activity, has been shown to be an essential co-factor for the de novo methyltransferases DNMT3a/b
in establishing germ cell methylation°1%,

There are about 130 imprinted genes in humans and about 150 in mice'®!%, They have
been shown to have roles in important developmental processes, including cell division and
proliferation, fetal and placental growth, metabolism, and neurodevelopment®®. Many imprinted
genes are controlled by CpG-rich cis-acting regions known as ICRs that overlap with differentially
methylated regions within the genome!®*1%, To date, 23 germline ICRs have been identified in
mice, and additional somatic ICRs that are established post-fertilization'®. ICRs control imprinted
gene clusters, thereby regulating the expression of multiple imprinted genes!%°, |CR function is
based on its methylation state'®. For example, unmethylated ICRs at promoter regions of
imprinted genes are associated with gene expression, and methylation is associated with gene
silencing. The transcription factor CTCF binds to the H19/Igf2 ICR and acts as an insulator by
regulating the interaction between the genes and their enhancers®*'%, The ICRs at the Kcnql,
Snrpn, and Gnas clusters regulate the expression of IncRNAs, which act in cis to control the
expression or repression of imprinted genes'®.

Using in silico methods, many imprinted genes have been revealed to be coordinately
expressed as part of an Imprinted Gene Network (IGN) composed of 409 mono- and biallelically
expressed genest!t, The IGN has been shown to be controlled by the transcription factor Zac1 (also
known as Plagl1), which is encoded by an imprinted gene'*2. IGN co-regulation was confirmed in

vivo and has been shown to regulate extracellular matrix composition, muscle regeneration, and
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adipocyte differentiation'>!*3, Though Zacl and other IGN members have human orthologs, to
date, functional conservation of the IGN has not been shown. However, alterations of proper
imprinting patterns can negatively affect human health as exhibited by disorders such as Prader-
Willi, Angelman, Beckwith-Wiedemann, and Silver-Russell syndromes'4%,

Though DNA methylation patterns at ICRs are sensitive to environmental perturbation
during development, once set up, the patterns are maintained throughout the life of the organism,
and thus, are potential epigenetic candidates that could provide an epigenetic memory of early life
environmental exposures'’®. In support of this, exposure to bisphenol A leads to imprinting
perturbations during fetal and placental development, which corresponds with the window of
epigenetic reprogramming, but not during postnatal development!'®. Maternal Cd exposure in
humans has been associated with altered DNA methylation patterns in the offspring, and among
differentially methylated regions, ICRs are more sensitive to maternal Cd exposure than similar
sequences within the genome!*" 18,

Developmental Origins of Health and Disease

The Developmental Origins of Health and Disease (DOHaD) hypothesis, which expands
on the fetal origins of disease hypothesis from epidemiological studies in the 20" century, states
that exposure to environmental stressors during development can negatively impact later life
health!'®. It is now considered a theory and continues to be supported by both human
epidemiological studies and animal models of exposure!?®?, Maternal exposure to endocrine
disrupting chemicals, over- or undernutrition, and heavy metals have all been shown to negatively

affect offspring health in later life!?1%7,
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Endocrine disrupting chemicals

Endocrine disrupting chemicals (EDCs) include man-made chemicals such as
pharmaceuticals, plasticizers, some pesticides, and naturally-occurring phytoestrogens that mimic
sex hormones like estrogen and androgen, ultimately affecting their production and regulation®?®,
Humans are exposed to EDCs through everyday products like bottles, cans, detergents, foods, toys,
cosmetics, and flame retardants. Exposure to EDCs in early life has been shown to be associated
with reproductive issues, cancer, metabolic disease, cognitive defects, and NAFLD!27129-131
However, there are currently no longitudinal studies evaluating the effects of developmental
exposure to EDCs on liver health in humans, but evidence from rodent models suggest they can
program NAFLD in adulthood®*?.

Maternal diet

Proper nutrition is essential to human health outcomes, and there are daily requirements
for macro- and micronutrients according to various factors and life stages like age, sex, physical
activity level, and pregnancy'®. Macronutrients are biomolecules such as fat, protein, and
carbohydrates. Micronutrients are chemicals including vitamins and minerals'3*,

Maternal undernutrition is more common in underdeveloped countries while maternal
overnutrition is a more common concern in developed countries®. Maternal under- and
overnutrition can both lead to negative health effects. During pregnancy, proper nutrition is
essential to offspring health outcomes. Deficiencies in only one micronutrient have been linked to
fetal defects including cretinism, neural tube defects, night blindness, and stunted growth®,
Improper amounts of multiple macro- and micronutrients have been associated with increased risk
of obesity, cardiovascular disease, osteoporosis, type 2 diabetes, and asthma®?°. A study in humans

showed an association between maternal nutrition and NAFLD outcomes in adulthood for their
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children, and work from our lab and others have shown that exposure to maternal metabolic

syndrome during development programs NAFLD phenotypes of steatosis and fibrosis in mice!3>-

139

Heavy metals

Cd, lead (Pb), arsenic (As), and mercury (Hg) are all top ten chemicals of health concern
listed by the World Health Organization. Humans can be exposed to individual or mixtures of
metals through occupational means or through contaminated food and water consumption. Prenatal
As exposure has been linked to increased risk of stillbirth and child mortality*°. Exposure to Pb
during pregnancy has been associated with preterm delivery, reduced birth weight, and altered
neurodevelopment in children'*142, Developmental exposure to Hg has been shown to lead to
neurological abnormalities and also impaired cardiovascular and immune function!,
Developmental Cd exposure is associated with harmful effects on fetal development including
altered birth weight and cognition?®?. A recent study found a positive association between
mercury exposure and NAFLD in human US adolescents'*. However, longitudinal studies need
to be performed to confirm these findings.

The Liver

As the name suggests, the main organ affected by NAFLD is the liver. Like other organs
in the body such as the brain and heart, the liver is conserved in all vertebrates*. The liver is a
complex organ, which arises from cells of the endoderm during development!4146. Progenitor
cells called hepatoblasts within the hepatic bud of the posterior region in the endoderm give rise
to hepatocytes, the main cell type of the liver, and cholangiocytes'*>14®. The liver requires
signaling from fibroblast growth factor, bone morphogenic proteins, Wnt, Notch, and transforming

growth factor beta (TGFB) for cell differentiation and proper functional development!4>14®,
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Specifically, the TGFB gradient is crucial for hepatocyte and cholangiocyte differentiation;
therefore, disruption of proper signaling can have negative health outcomes for the developing
organism. In the portal vein, cholangiocytes are formed through higher TGFP signals while cells
farther away from the portal vein become hepatocytes by receiving less TGFB°. Differentiation
of hepatocytes is finalized by signaling from oncostatin M, glucocorticoids, hepatocyte growth
factor, yes-associated protein signaling, and Wnt/B-catenin signaling4>146,

In humans, the liver is the largest organ and makes up about 2 % to 3 % of average
bodyweight!#’. It is a vascular organ that receives up to 25 % of total cardiac output while resting,
and anything that enters the bloodstream including xenobiotics or toxins will eventually filter
through the liver!*’. The liver is a heterogenous organ composed of multiple cell types. The
primary epithelial liver cell making up about 80 % of the cell population is the hepatocyte, which
is the primary metabolic and biosynthetic cell**>'48, Cholangiocytes are epithelial cells that line
the bile ducts, serving as an interface between the blood and the hepatocytes in the liver4>14,
They are the second most abundant cell in the liver}*. Hepatic stellate cells represent about 10 %
of liver cells and exist in either quiescent or activated states, which determines their function. In
the quiescent state, they mainly store vitamin A and lipids**®14314° In the activated state, which
usually occurs during liver injury, they are responsible for depositing collagens!*®. Because the
entire blood volume of the organism circulates through the liver, many pathogens can be
introduced and need to be cleared. Kupfer cells act as macrophages to recognize these stimuli and
help induce pro- or anti-inflammatory responses to combat them4>148,

Various models have been used to describe the microarchitecture of the liver; however, the
centrilobular concept (Figure 1.3) is the most widely-accepted'®. In this model, hepatocytes

surround the central hepatic vein in a hexagonal shape and the portal vein, hepatic artery, and bile
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ducts demarcate the periphery of the lobule'*>!>°, Each lobule is supplied with blood by portal vein

148 As mentioned above, the lobule is divided

and hepatic artery and drained by the hepatic vein
into metabolic zones. Although these are described as discrete areas, they truly function on a
gradient within the liver. The hepatocytes in Zone 1 are closest to the portal areas and receive the

148 The intermediate zone is Zone 2, which lies between Zones

richest oxygen and nutrient supply
1 and 3. The hepatocytes in Zone 3 are closest to the central veins. There is not much oxygen
available in this zone, but the cytochrome P450 (CYP) enzymes responsible for metabolizing many
xenobiotics are present here!#.

As the organism develops, the liver takes on various roles during its lifetime. Prior to bone
marrow development, the immature liver bud is the site of fetal hematopoiesis**. During early and
middle gestation in both humans and mice, the liver is involved in glucose consumption with high
expression of glycolytic enzymes; however, in the final term of gestation (week 34-37 in humans
and day 18-21 in rodents), the liver switches to glucose storage and production by increasing the
expression of gluconeogenic and glycogenic enzymes including cyclic adenosine monophosphate
(cAMP) and glucocorticoids!®. Increased glucagon levels promote glycogenolysis,
gluconeogenesis, fat oxidation and metabolism of other macronutrients by hepatocytes*. The
neonatal liver has less than 20 % of the hepatocytes that are present in the adult liver, so even after
birth, the liver continues to grow and develop*®. During the perinatal period, the liver further
matures in its ability to store, synthesize, metabolize, and release glucose, which is crucial for
postnatal organismal development and metabolism*®. Once fully matured, the liver’s role in the
organism is maintained throughout its life. The main role of the liver is as a metabolic organ. It is
the site of bile production, glucose, plasma protein, and blood volume regulation, and lipid and

cholesterol homeostasis!*>1%8, When lipid handling in the liver is disrupted, vitamin deficiencies
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can occur in the organism*. The liver is also responsible for the metabolism of drugs and
xenobiotics by Phase | and Phase Il biotransformation reactions and Phase 111 elimination4>148151,

The liver is the primary site of xenobiotic metabolism because it is the organ with the
highest expression of biotransformation enzymes®®!. Xenobiotic metabolism can be divided into
three phases. In Phase I, hydrolysis, reduction, or oxidation occurs, which exposes a functional
group on the molecule or introduces one to it, making it more hydrophilict®. Those functional
groups are then used in Phase I1 conjugation reactions, which further increases its hydrophilicity™?.
Phase I and Il reactions make it possible for the xenobiotic to be excreted in urine or bile, and the
enzymes involved in these processes depend on the chemical nature of the xenobiotic*®*. Phase I11
xenobiotic metabolism involves the elimination of the compounds through ATP-binding cassette
transporter family, subfamily C efflux proteins and the multidrug resistance proteins in the apical
and sinusoidal membranes of hepatocytes'®*. In the fetal liver but not the adult liver, CYP3A7
metabolizes xenobiotics in Phase | metabolism, making it of special interest in developmental
toxicology studies*®. The neonatal liver has a decreased capacity for glucuronide conjugation,
which is a Phase Il reaction. N-acetyltransferase 2, which is a Phase Il enzyme, is not fully
expressed in humans until 3 years of age, making infants and young toddlers slow acetylators®,
The neonatal organism also has an immature ability to produce and excrete bile, which is essential

for the excretion of waste products from endogenous processes and xenobiotic metabolism, putting

the neonatal organism at an increased risk of toxic liver injury,
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Figure 1.3. Centrilobular model. Hepatocytes surround the central vein in a roughly hexagonal
pattern, forming three metabolic zones that are not discrete but exist on a gradient. At the vertices
are the portal triads composed of the hepatic artery (blue), portal vein (red), and bile duct (green).
Non-Alcoholic Fatty Liver Disease

NAFLD was first described in adults, but the first case of pediatric NAFLD was reported
in 1983, making juvenile NAFLD a relatively new field of study®®2. For children, adolescents, and
adults, NAFLD describes a spectrum of pathologies (Figure 1.4): steatosis is caused by the
accumulation of fat in more than 5 % of hepatocytes, steatohepatitis is identified by inflammation
and swelling in the liver caused by fat buildup, fibrosis is scarring of the liver caused by collagen
deposition, and cirrhosis is identified by nodules that cause liver hardening®®3*%°. Many
individuals with cirrhosis advance to end stage liver disease and evidence suggests that NAFLD
will be the number one reason for liver transplantation in juveniles and adults in the near
future®31%,

NAFLD is currently a public health concern. The direct costs of NAFLD in the US in 2016
was estimated to be $103 billion/year>®. A recent study found that up to 20 % of adolescents and
young adults are currently affected by NAFLD, and another study showed that about 30 % of obese
juveniles have NAFLD"1%8 NAFLD is estimated to affect about 30 % of adults in Western

countries and affects about 85 % of those with obesity'*°. One model estimated that about 64
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million people have NAFLD in the US, but another study estimates that number to be about 80
million individuals'®®®, In total, about 52 million individuals are estimated to have NAFLD in
Germany, France, Italy, and the United Kingdom®®®. Current evidence suggests that in both
children and adults, mortality occurs within 10 years of cirrhosis developing®®®.

Children and adolescents are at higher risk of developing NAFLD if they are overweight
or obese, have insulin resistance, type 2 diabetes, or dyslipidemia, follow a poor diet, do little to
no exercise, or carry genetic polymorphisms!®. It has been shown that the average age of diagnosis
in children is 11 to 13 years old, but it is thought to develop even earlier and remain
asymptomatic®®®. In adults, NAFLD is highly associated with insulin resistance, dyslipidemia,
cardiovascular disease and, obesity*>>'%°. NAFLD can be diagnosed through urine and blood tests,
oral glucose tolerance tests, fibroscans, ultrasounds, and liver biopsies®®3,

The pathogenesis of NAFLD includes the activation of pathways that disrupt lipid
metabolism, promote inflammation, and drive fibrogenic transformation in the various liver cell
types. Hepatocytes are the main cell type affected by steatosis, or fat accumulation in the liver!6?,
Peroxisome proliferator-activated receptor (Ppar)y expression is highly up-regulated in steatotic
livers'®2163 Ppary heterodimerizes with retinoid X receptor and is involved in lipid storage,
metabolism, regulation of glucose homeostasis, adipogenesis, and inflammation6>%%4, There are
two sources of fatty acids that are delivered to the liver. One source is from the lipolysis of
triglycerides in adipose tissue, which is delivered to the liver via the blood®. Insulin resistance in
adipose tissue can lead to an excess of fatty acids that are delivered to the liver'®. The second
source is from fatty acid synthesis by de novo lipogenesis in the liver where they are metabolized
by mitochondrial B-oxidation or esterification, forming triglycerides, which are exported to the

blood as very low-density lipoprotein®®. Accumulation of lipids occurs when de novo lipogenesis
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is increased or when mitochondrial B-oxidation or secretion of very low-density lipoprotein is
decreased®’. An overabundance of lipids within hepatocytes can lead to their ballooning and
lipotoxicity, which ultimately injures the hepatocyte!®. Lipotoxicity can lead to the release of
danger associated molecular patterns and reactive oxygen species, which are known to stimulate
hepatic stellate cells (HSCs)!%170, Up-regulated Notch signaling in hepatocytes in response to
injury can lead to the production of osteopontin, a known activator of HSCs’t. Macrophages and
injured hepatocytes release inflammatory cytokines, which also activate HSCs'611%, HSCs are
considered the major driver of fibrogenesis by responding to liver injury after differentiating into
active myofibroblast-like cells'**', TGFB-1 is considered to be the most potent fibrogenic agonist
and exerts its effects by binding to the TGFpB-1 receptor, inducing SMAD3 phosphorylation,
thereby leading to the production of fibril-forming type I and 111 collagens61165169.172

There are various treatments for NAFLD, including diet modification, increasing exercise,
and liver transplantation'®3, There are also many drugs for NAFLD that are in clinical trials.
Obeticholic acid is a synthetic agonist for farnesoid X receptor, which increases glycogen synthesis
and fatty acid oxidation in the liver!’>'74, Elafibranor is a PPAR agonist that ameliorates insulin
insensitivity and reduces hepatic steatosis, inflammation, and fibrosis!’>’®, Cenicriviroc inhibits
both CCR2 and CCR5 and has been shown to have beneficial effects on fibrosis!’’.
Thiazolidinedione (TZD) is a PPARy agonist in adipocytes currently used to treat individuals with
type 2 diabetes by increasing insulin sensitivity and increasing adipose tissue fat storage!’**8,
However, a study has shown in mice with up-regulated hepatic Ppary expression that prolonged
TZD treatment results in severe hepatic steatosis, suggesting its administration to individuals with
altered PPARY signaling may result in detrimental effects in hepatic lipid metabolism and energy

balancel’.
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Healthy Liver Steatosis Steatohepatitis Fibrosis Cirrhosis

Figure 1.4. Stages of NAFLD progression. Excess lipid accumulation in the liver leads to steatosis,
which can damage hepatocytes and cause inflammation. Unresolved inflammation causes
steatohepatitis and ultimately fibrosis, or collagen deposition in the liver. The red arrow indicates
the stage at which NAFLD can no longer be reversed.

From Mouse to Human

Humans have utilized animal models in scientific inquiry for thousands of years, many
species are considered model organisms to study biological processes fundamental to
development. A few of these models include the soil roundworm Caenorhabditis elegans, the fruit
fly Drosophila melanogaster, the frog Xenopus laevis, the zebrafish Danio rerio, the chick Gallus
gallus domesticus, the laboratory rat Rattus norvegicus, and the laboratory mouse Mus
musculus'®.

Mice are used in research because they are easy to maintain and breed and many strains
are commercially available®. Like rats, they are a useful model of development because they are
placental mammals; however, there are more resources and tools available for studies using mice
than rats, making them the preferred model organism for developmental studies. Mice are also a
useful model for human biology and disease because about 80 % of their genes have a human
ortholog, 90 % of their genome has synteny with the human genome, and mice have similar
physiological processes to humans!®®2 Unlike rodents, humans have a non-lobated liver;
however, it has been shown that liver size and rate of perfusion increases proportionally to body
size, making rates of exposure to certain xenobiotics comparable between the species®®?,

The average length of gestation in humans is about nine months, while for mice, gestation

takes about 18-20 days depending on the strain, making the mouse a more feasible and convenient
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placental model for studying the effects of maternal environmental exposures on offspring
health'®. While mice and humans share many physiological and molecular processes, their
placenta differ in anatomy and molecular biology*®>®. However, despite these differences, some
toxicants such as Cd do not efficiently cross the placental barrier in either species, indicating that
mice are useful models in understanding the effects of maternal exposures on offspring
health87-188,

As stated above, Cd has an estimated half-life of between 6-38 years in humans, and its
half-life in mice is about 42-350 days>?%8. The absorption rate for Cd in humans is between 1
and 10 % while in rodents it is between 1 and 2 %, and both species inefficiently excrete Cd?.
Though the half-life for Cd varies between the species, for both humans and mice, it does similarly
vary by sex and age. Females also absorb more Cd and show a longer half-life than males and
younger individuals accumulate more Cd than older individuals?4!8, This indicates that mice are
a useful model of Cd exposure; however, care should be taken when translating toxicological
outcomes observed in mice to humans without proper epidemiological evidence. Mouse models
with humanized livers have been shown to more accurately mimic human metabolism and toxicity,
but their use is limited to adult studies because they are generated by repopulating the damaged
livers with human cells'*®®. Future studies are needed to generate humanized mice with heritable
humanized genetics, which would then allow for their use in early life developmental studies.

This dissertation project utilizes a hybrid mouse model that combines two genetically
divergent inbred strains of mice (C57BI/6J and CAST/EiJ, shorthand: BxC) with fully sequenced
reference genomes. Crossing these two strains results in over 20 million single nucleotide
polymorphisms that allow for the analysis of allele-specific changes in DNA methylation and gene

expression at target genes caused by maternal CdCl, exposure. This work shows that maternal
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CdCl; exposure can program NAFLD in juvenile offspring and identifies the Imprinted Gene
Network (IGN) as a molecular pathway in the liver that is perturbed in response to maternal CdCl»

exposure.
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CHAPTER 2

Developmental Cadmium Exposure Programs Non-Alcoholic Fatty Liver Disease

The following chapter has been submitted to a peer-reviewed journal as part of a larger

publication.
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Abstract

Cadmium (Cd) is a naturally occurring, toxic heavy metal present in the Earth’s crust.
However, human industrial activities such as mining, manufacturing, and combustion of waste and
fossil fuels have led to an accumulation of Cd in the environment, leading to the contamination of
water sources and crop land. Exposure to Cd in adulthood is associated with various negative
health effects, including cancer, heart disease, and non-alcoholic fatty liver disease (NAFLD),
which is characterized by steatosis, inflammation, and fibrosis. The prevalence of NAFLD in
children is increasing, suggesting that the developmental environment can program susceptibility.
However, the role of developmental Cd exposure in programming NAFLD remains unclear. Here,
we test the hypothesis that developmental Cd exposure can lead to NAFLD in later life. Using a
mouse model, we show that developmental CdCl. exposure leads to histological, biochemical, and
molecular signatures of steatosis and fibrosis in juvenile offspring. Our findings demonstrate that
developmental CdCl, exposure is sufficient to program juvenile NAFLD in mice. Future studies
can capitalize on this model to test potential therapeutic interventions for NAFLD, including small

molecule inhibitors and pharmaceuticals.

Introduction

Anthropogenic activities deposit cadmium (Cd) into the environment at about 8,000
tons/year, which is five times more than can be expected from natural sources®. As a result, Cd
accumulates in drinking water sources and agricultural land?. It is classified as one of the top ten
chemicals of major public health concern by the World Health Organization. The main route of
human exposure is via inhalation of cigarette smoke; however, for the non-smoking portion of the

population, the major route is through ingestion. Grains and leafy vegetables that are recommended
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to pregnant women as part of a healthy diet often lead to Cd exposure because they absorb it from
the soil®.

Chronic Cd exposure during adulthood causes renal and hepatotoxicity, and is associated
with softening of the bones, cancer, cardiovascular disease, and metabolic disorders including non-
alcoholic fatty liver disease (NAFLD)*18, NAFLD describes a spectrum of liver defects ranging
from steatosis and non-alcoholic steatohepatitis to fibrosis and cirrhosis™*. In mice, exposure to
Cd causes hepatic steatosis, the first major histological hallmark of NAFLD, although a role for
Cd in promoting progression of the disease beyond steatosis has not been shown®®.,

NAFLD is the leading type of chronic liver disease, resulting in $103 billion per year in
medical costs and affecting 30 % of the adult US population'®®%°, Diagnosis of NAFLD is
occurring at increasingly younger ages, with up to 20 % of adolescents and young adults currently
affected, suggesting that susceptibility to NAFLD may be programmed by the environment during
early life’>’. Consistent with this hypothesis, we previously showed that mice nursed by dams with
metabolic syndrome develop NAFLD as juveniles, presenting with steatosis and fibrosis*®.

In mice, developmental Cd exposure has been shown to program metabolic dysfunction
and cardiovascular impairment*®1°2. Epidemiological studies in humans have shown that Cd
exposure during gestation and early life is associated with neurobehavioral, cognitive, and renal
impairments'®31%4 However, its contribution to the programming of NAFLD in later life is unclear.

To address this knowledge gap, we tested the hypothesis that developmental CdCl»
exposure in mice is sufficient to program NAFLD in later life. We comprehensively evaluated
female and male mice exposed to CdCl. during development using histological, biochemical, and

molecular approaches.
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Materials and Methods

Animal model and CdCl, exposure

Animal work was approved by the North Carolina State University Institutional Animal
Care and Use Committee, under protocols 15-013-B and 19-049-B. Experiments were conducted
in accordance with the Guiding Principles in the Use of Animals in Toxicology.

Female C57BI/6J and male CAST/EiJ mice were obtained from Jackson Laboratory at
three and four weeks old, respectively, and were allowed an acclimation period of one week before
experimental manipulations. Mice were maintained on a 14-hour/10-hour light/dark cycle at 30-
70 % humidity, 22°C + 4°C and housed in Green Line IVC Sealsafe cage housing systems
(Tecniplast) and fed AIN-93G rodent diet (Research Diets, D10012G) ad libitum for the duration
of the study. At 4 weeks of age, female mice were provided unrestricted access to filtered drinking
water (Millipore RiOs Essential RO water purification system) containing 0, 1, or 50 ppm
cadmium chloride (CdClIy) (Sigma-Aldrich, 202908). At 9 weeks of age, female mice were mated
with unexposed CAST/EiJ males. CdCl, exposure ended when offspring reached postnatal day
(PND) 10, the developmental equivalent of human birth%.

The United States Environmental Protection Agency has determined the maximum
contaminant level for Cd in drinking water is 0.005 ppm, which is much less than the water
concentrations used in this study®. For humans, the Minimal Risk Level (MRL) from oral
exposures lasting from 15 to 365 days is 0.5 pg Cd/kg/day?. Our mice in the 1 ppm and 50 ppm
groups were exposed to 28 ug Cd/kg/day and 1501 pg Cd/kg/day, respectively. Though there is a
large discrepancy between our doses and the MRL, there are regions of high Cd contamination
where humans are exposed to 180 to 600 pg Cd/day%. Our female mice were exposed to about

0.5 to 26 ug Cd/day, indicating that our model is still relevant to human exposures even though it
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exceeds the established MRL and EPA recommendation. Indeed, we have previously shown that
both the 1 ppm and 50 ppm CdCl. exposures lead to maternal blood Cd levels comparable to the
circulating blood Cd levels of humans in polluted areas®&1%,

F. offspring were euthanized at PNDO to standardize the litters to 6 pups with a
male:female ratio of 3:3 whenever possible and tissues were collected and flash frozen. At PND21,
a subset of F1 mice were euthanized after a 6-hour fasting period and tissues were flash frozen and
stored at -80°C until processing or prepared for histology as described below. The remaining F1
mice were weaned at PND21 and given ad libitum access to AIN-93G diet until euthanasia at
PND90 after a 6-hour fasting period, at which point tissues were collected and processed as
described for PND21. The study was blinded until animals were selected for histological,
biochemical, and molecular analyses. For both sexes in all three treatment groups at each
timepoint, the 5-8 animals with liver masses closest to the mean for that group, avoiding animals
from the same litter, were selected for further analyses.

Glucose tolerance test

Mice at PND76 were fasted for 16 hours in preparation for the procedure. Blood from the
tail vein was applied to a glucose strip (Fisher Scientific, 23-111-276) in a handheld glucometer
(Fisher Scientific, 23-111-275) to measure fasting blood glucose (To). An intraperitoneal injection
was used to administer glucose at 1.5 mg glucose/g body weight in 1X Dulbecco’s Phosphate
Buffered Saline (Fisher Scientific, 17-515Q). Blood glucose concentrations were measured at 15,
30, 45, 60, 90, and 120 minutes after injection.

Histology
A portion of F1 median liver lobes was fixed in 4 % formaldehyde overnight at 4°C. Lobes

were transferred to 70 % ethanol and dehydrated, paraffin embedded, and sectioned. Sections were

27



stained with hematoxylin and eosin (H&E) or Sirius red (SR) using protocols described

previously*3®

. A portion of the left lobe for each animal was flash frozen and cryosectioned to 10
pum thick and stored at -80°C. Cryosections were stained with Oil Red O (ORO) (Sigma, O-0625)
using protocols previously described®®. All images were taken at 40X magnification using

brightfield microscopy, and a central vein was centered in each image.

Biochemical assays

An assay of hepatic hydroxyproline (BioVision, K226) was performed according to the
manufacturers’ instructions on a portion of the left liver lobe.

An assay of hepatic triacylglycerides (Thermofisher, TR22421) was performed on a
portion of the median liver lobe. To prepare the lobes for the triacylglyceride assay, they were
weighed then placed in an equal volume of a solution to their mass, which was composed of 50
pL sterile water, 650 uL.100% molecular grade ethanol (Thermofisher, BP2818), and 300 uL 3M
KOH (Emsure, 1310-58-3). The samples were then heated at 70°C for 1 hour and vortexed every
20 minutes. Samples sat at room temperature overnight. The next day, the total volume of each
sample was brought to 250 puL with 2M Tris-base (Thermofisher, BP152) pH 7.5. Each sample
was diluted 1:500 in the same Tris-base. Control and glycerol standards were prepared. All
samples were loaded in duplicate into a 96-well plate using 100 pL of material. Then 150 uL of
the triglyceride reagent was added. The plate was incubated at 37°C for 10 minutes. Samples were
analyzed according to the manufacturer’s instructions on a plate reader (FluoStar Omega, BMG
Labtech).

Nucleic acid isolation

A portion of the left liver lobe for females and males at PNDO, 21, and 90 was homogenized

using a microtube homogenizer (Biospec 3110Bx Cell Disrupter 4800, BZ10124883) in Trizol
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reagent (Invitrogen, 15596026) according to the manufacturer’s instructions. Nucleic acids were
quantified on a Nanodrop 2000 and RNA integrity was confirmed using a 1.3 % agarose gel.
gRT-PCR

500 ng of total RNA from livers was used to synthesize first strand cDNA according to the
manufacturer’s protocol (M-MLV RT enzyme, Promega). cDNA was diluted 1/5 or 1/10 for qRT-
PCR, which was performed in triplicate on 96-well plates with a QuantStudio 3 system
(Thermofisher) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1725271) with
standards in sequential dilution 1/5, 1/10, 1/20, 1/40, and 1/80 and water as a no template control
(NTC). The cycling conditions were as follows: 95°C for 30 seconds; 40 cycles of 95°C for 15
seconds, 60°C for 30 seconds. The primer sequences are provided in Supp. Table 2.1. The
dissociation curves showed that there were no products in the NTC and that primers amplified a
single PCR product. Amplification efficiencies were calculated. Beta actin was used as a reference
gene and was not significantly differentially expressed between treatment groups (data not shown).
Gene expression was quantified using the AACt method*®,

Statistical analyses

Unless otherwise stated, statistical analyses were performed using a one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test comparing 0 ppm to 1 ppm and 50 ppm CdCl;
exposure groups using GraphPad Prism Version 8, or a Student’s t-test, two-tailed, comparing 0
ppm and 50 ppm CdCl. exposure groups using Excel. Data are presented as the mean * standard

error of the mean. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Results

Mouse model of developmental CdCl, exposure

We established a mouse model of developmental CdCl, exposure by exposing female
C57BI/6J mice to 0 (control), 1, or 50 ppm CdCl; through drinking water for 5 weeks prior to
mating. Females were bred to unexposed CAST/EiJ male mice to generate F1 hybrid animals
that enabled analyses of allele-specific gene expression and DNA methylation (Figure 2.1a), as we
have described previously'®®. Exposure continued through gestation until offspring reached
PND10 (Figure 2.1b). The presence of CdCl. did not significantly alter Fo female water
consumption (Figure 2.2a) or body mass (Figure 2.2b) from those of controls. Exposure to CdCl;
did not affect offspring sex ratio (Figure 2.3a) or litter size at PNDO (Figure 2.3b), but exposure to

50 ppm CdCl. did reduce offspring survival (Figure 2.3c) compared to the control group.

A Female Male
(C57BI/6J) (CAST/EL)

A |51rc
e
Ajl—c

B F, Female CdCl, Exposure

5 Weeks

Mating PNDO PND10 PND21 PNDS0

Human gestation equivalent

Figure 2.1. Mating strategy and CdCl, exposure model used to produce maternally-exposed F:
hybrid offspring. (A) Mating strategy in which parental alleles can be discriminated by single
nucleotide polymorphisms (SNPs). (B) Human gestational-equivalent exposure model.
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Figure 2.2. Female Fo summary data. (A) Water consumption over the five weeks prior to mating.
Repeated measures ANOVA with Dunnett’s post-hoc test comparing 1 ppm and 50 ppm CdCl»-
exposed mice to 0 ppm controls. (B) Body mass after five weeks of CdCl2 exposure prior to mating.
One-way ANOVA with Dunnett’s post-hoc test comparing 1 ppm and 50 ppm CdCl,-exposed
mice to 0 ppm controls. All data are presented as means + S.E.
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Figure 2.3. F1 litter summary data. (A) Sex ratios. Chi-squared test with expected values to be
equal. (B) Litter size. One-way ANOVA with Dunnett’s post-hoc test comparing 1 ppm and 50
ppm CdClz-exposed mice to 0 ppm controls. For (A-B): Data are presented as means £ S.E. (C)
Survival curve.

Developmental CdCl, exposure alters body and liver masses

In utero Cd exposure in humans is associated with fetal growth restriction and smaller body
mass at birth?®20 Consistent with this, F1 females and males exposed to 50 ppm CdCl. weighed
significantly less than those in the O ppm group at PNDO (Figure 2.4a). This phenotype persisted
at PND21 (Figure 2.4b), when mice presented with a significantly reduced proportional mass of
leg muscle and increased proportional masses of retroperitoneal white adipose tissue, brain

(females only), heart, and kidney (Supp. Table 2.2). The proportional mass of brown adipose tissue
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was also reduced for both sexes, albeit not significantly (Supp. Table 2.2). At PND90, both sexes
showed similar body weights between groups (Figure 2.4c).

At PNDO, there were no differences in liver mass as a proportion of body mass between
groups for either sex (Figure 2.4d). However, at PND21, both males and females in the 50 ppm
group showed significantly increased proportional liver mass compared to control mice (Figure
2.4¢e). At PND90, only the males in the 50 ppm group showed significantly increased proportional
liver mass (Figure 2.4f).

Overall, these data indicate that developmental CdCl, exposure induces growth defects,

including of the liver, that persist beyond the period of exposure.
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Figure 2.4. Effects of CdCl> exposure on F1 female and male body and liver mass. (A-C) Body
mass at PNDO, PND21, and PND90. (D-F) Liver mass as a proportion of body mass at PNDO,
PND21, and PND90. All data are presented as means + S.E. One-way ANOVA with Dunnett’s

post-hoc test comparing 1 ppm and 50 ppm CdClz-exposed mice to 0 ppm controls. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Developmental CdCl» exposure is sufficient to program NAFLD

We next determined if developmental CdCl> exposure leads to evidence of metabolic

syndrome, and histological and biochemical signatures of NAFLD. At PNDO, there was no
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evidence of differences in hepatic lipid accumulation between groups for either females or males
(Figure 2.5a-b). At PND21, both female and male F1 mice exposed to 50 ppm CdCl, during
development presented with steatosis, indicated by increased neutral lipid accumulation in
hepatocytes. Mice exposed to 50 ppm CdCl> also presented with fibrosis, indicated by increased
collagen deposition (Figure 2.5¢-d). The fibrosis phenotype was more pronounced in females than
males. No differences in the accumulation of lipids and collagens between the 1 ppm CdCl. group
and controls were observed at this timepoint. At PND90, males and females from all treatment
groups showed hepatic lipid accumulation and no differences between the groups were observed
(Figure 2.5e-f).

Histological evidence for NAFLD at PND21 was supported by biochemical assays on liver
tissue. Both females and males in the 50 ppm group showed significantly increased accumulation
of hepatic triacylglycerides (Figure 2.6a), a measure of steatosis, compared to controls. Females
but not males showed a significant increase in hepatic hydroxyproline (Figure 2.6b), a readout for
fibrosis, compared to controls. This is consistent with the sex difference observed at the
histological level. The 1 ppm CdCl group did not show significant increases in either measure
when compared to the O ppm group.

Glucose tolerance testing at PND76 revealed no impaired response in either sex (Figure
2.7a, ¢). Area under the curve (AUC) analysis for both sexes also indicated no effect of gestational
CdCl; exposure on the response to glucose challenge (Figure 2.7b, d).

Together, these data show that developmental CdCl, exposure is sufficient to program

advanced stages of NAFLD in juvenile mice, without long-term effects on glucose homeostasis.

33



A F, Female Livers at PNDO B F, Male Livers at PNDO

C F, Female Livers at PND21 D F, Male Livers at PND21
0 ppm 1 ppm 50 ppm

0 ppm

HE

SR

E F, Female Livers at PND90 F F, Male Livers at PND90
0 ppm

0 ppm 1 ppm 50 ppm

HE HE

ORO ORO

SR SR |

Figure 2.5. Effect of developmental CdCl> exposure on NAFLD at PNDO, 21, and 90. (A-B)
Representative photomicrographs (40x) of PNDO F: female and male liver sections stained with
ORO. (C-D) Representative photomicrographs (40x) of F1 female and male liver sections. (E-F)
Representative photomicrographs (40x) of PND90 F; female and male liver sections. For (C-F):
First row: H&E (HE) staining. Second row: Oil Red O (ORO) staining. Third row: Sirius red (SR)
staining. All images are centered around a central vein. Scale bars represent 200 pum.
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Figure 2.6. Effect of developmental CdCl, exposure on NAFLD programming at PND21. (A)
Quantification of hepatic triacylglycerides. (B) Quantification of hepatic hydroxyproline. All data
are presented as means = S.E. One-way ANOVA with Dunnett’s post-hoc test comparing 1 ppm
and 50 ppm CdClz-exposed mice to 0 ppm controls. ***p<0.001 and ****p<0.0001.
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Figure 2.7. Effect of developmental CdCl> exposure on F1 response to glucose challenge at
PND76. (A, C) Glucose clearance in female and male mice. Repeated measures ANOVA with
Dunnett’s post-hoc test comparing 1 ppm and 50 ppm CdCl»-exposed mice to 0 ppm controls. (B,
D) Glucose AUC for the GTT depicted for each sex. One-way ANOVA with Dunnett’s post-hoc
test comparing 1 ppm and 50 ppm CdCl»-exposed mice to 0 ppm controls. All data are presented
as means = S.E. *p<0.05.

Markers of NAFLD are up-requlated at the transcriptional level at PND21

To determine if our observations at the histological and biochemical levels were reflected
at the level of gene expression, qRT-PCR was performed on liver tissues. We targeted genes that
are canonical markers of steatotic (Cd36, Mgatl, Fsp27, and Fabp4), inflammatory (ll-15, Ccr2,

and Ccr5), and fibrotic (Tgfg-1, Snail, Collal, Col5al, Col5a2, Col6al, Col6a2, Vim, and Mmp2)
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pathways. At PNDO, neither female nor male F1 mice showed significant overall differences in the
expression of these genes between groups (Figure 2.8a-b). However, at PND21, consistent with
phenotypic presentation of NAFLD, both sexes in the 50 ppm group showed significant up-
regulation of genes indicative of these pathologies (Figure 2.9a-b). At PND90, neither female nor
male F1 mice showed significant overall differences in the expression of these genes between
groups (Figure 2.10a-b). These results indicate transcriptional dysregulation of key pathways
underlying NAFLD pathogenesis at PND21, consistent with phenotypic presentation at this

timepoint.
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Figure 2.8. Effects of CdCl exposure on F1 hepatic gene expression at PNDO. (A-B) Female and
male transcript abundance for genes of steatosis, inflammation, and fibrosis pathways. All data are
presented as means + S.E. One-way ANOVA with Dunnett’s post-hoc test comparing 1 ppm and
50 ppm CdClz-exposed mice to 0 ppm controls. ND: not detected. *p<0.05, **p<0.01,
****p<0.0001.

36



A Female F, Hepatic Gene Expression at PND21

500

° -
3
=2 400 — Dose (ppm)
£s =
[
4 8 300 aes 0

1 —
85 an =
@ 5 200 — —— - =
=]
g g = 50
X 100
Cd36  Fabp4  Mgatl  Fsp27 &7 Cer2 Cor5  Tgfp-1 Snail  Coltal  Col5al  Col5a2  Colsal  Col6a2 Vim
Inflammation
Fibrosis
B Male F; Hepatic Gene Expression at PND21
600 .
2 —
0
E Dose (ppm)
Sz
g I} 400 [ ==}
(U] ) N
S5 300 L e =1
g s [ — [— . — | — .
i =

28 0 — ' * = 50
by
]

Cd3e Fabp4 Mgat1 Fsp27 I-1p Cerz Cers Tafp-1 Snail Coltal Col5a1 Col5a2 Colgat Colga2 Vim

Inflammation
Fibrosis

Figure 2.9. Effects of Cd exposure on F1 hepatic gene expression at PND21. (A-B) Female and
male transcript abundance for genes of the IGN and steatosis, inflammation, and fibrosis pathways.
All data are presented as means + S.E. One-way ANOVA with Dunnett’s post-hoc test comparing
1 ppm and 50 ppm CdClz-exposed mice to 0 ppm controls. ND: not detected. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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Figure 2.10. Effects of CdCl, exposure on F1 hepatic gene expression at PND90. (A-B) Female
and male transcript abundance for genes of steatosis, inflammation, and fibrosis pathways. All data
are presented as means = S.E. One-way ANOVA with Dunnett’s post-hoc test comparing 1 ppm
and 50 ppm CdClz-exposed mice to 0 ppm controls. ND: not detected. *p<0.05, **p<0.01,
****p<0.0001.
Discussion

Cd is naturally present in the soil, but human activities lead to accumulation of it in the
environment, presenting a public health concern. Cd is poorly metabolized and excreted®. It
accumulates in the liver, kidneys, and bone, resulting in negative health effects!’. The Korean
National Environmental Health Survey and Third National Health and Nutrition Examination
Survey reveal associations between Cd exposure and liver-related mortality'®2°2, NAFLD is the
leading type of chronic liver disease in the US, and observations in humans and model organisms
suggest that NAFLD susceptibility can be programmed by the developmental environment.
However, the role of Cd exposure in programming NAFLD remains unclear.

To explore the hypothesis that developmental Cd exposure is sufficient to program NAFLD

later in life, we exposed hybrid mice to CdCl, during development for a period equivalent to human
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gestation. 50 ppm CdCl, exposure resulted in NAFLD phenotypes in juvenile mice including
histological and biochemical evidence of steatosis and fibrosis, and gene expression profiles
consistent with diseased liver states. The findings of this study provide evidence that exposure to
CdCl; during early development is sufficient to program NAFLD.

Developmental CdCl, exposure affects offspring growth and development

Mice exposed to 50 ppm CdCl> through gestation had significantly reduced body masses
compared to 0 ppm mice at PNDO. This is concordant with human studies that have shown an
association between in utero Cd exposure, fetal growth restriction, and smaller body size at
birth2°°'201.

Mice in the 50 ppm group also showed a significantly lower rate of survival prior to
weaning than animals in the 0 ppm group. While the reason for this is unknown, we observed that
most deaths occurred around PND14. This timepoint is consistent with the timing at which mice
undergo key metabolic changes including a second phase of brown adipose tissue recruitment to
enable proper thermoregulation outside the nest?®®. One study showed that increased DIk1
expression during this second phase of recruitment led to immature and dysfunctional brown
adipose tissue and increased offspring mortality?®. DIk1 is a member of a transcriptionally co-
regulated network of genes called the Imprinted Gene Network (IGN) that is controlled by the
imprinted gene Zac1™!%3, At PND21, we observed that offspring in the 50 ppm group showed a
trend towards decreased brown adipose tissue mass when compared to the 0 ppm group, although
the difference was not statistically significant. Our working hypothesis is that developmental
CdCl; exposure disrupts brown adipose tissue recruitment and function by dysregulating the
expression of Zacl and the IGN, affecting offspring survival. Further studies are required to test

this empirically, including collecting brown adipose tissue at PND14 for molecular and
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histological analyses. At PND14, mice undergo a transition to a solid food diet, altering their
metabolic state from lipolytic to lipogenic®®. The same study that associated increased pup
mortality at PND14 in mice with improper dosage of the DIk1 gene also revealed that the mice
exhibited delayed onset of this transition period as measured by adipose tissue®®. However, in our
model of developmental CdCl, exposure, there were no significant differences in white adipose
tissue weight between groups for either sex. Another possible explanation for loss of viability in
these mice is infanticide caused by maternal stress. Stress has been shown to alter maternal
behavior in mice, leading to increased pup mortality?®>. Human exposure to Cd during pregnancy
has been shown to increase anxiety?®®. However, further studies are required to test the hypothesis
that Cd increases maternal stress and leads to increased pup mortality.

Exposure to developmental CdCl, programs NAFLD in juvenile mice

Exposure to Cd in adulthood has been associated with NAFLD. However, increasingly
younger individuals are being diagnosed with NAFLD each year. A recent study found an
association between epigenetic alterations and liver disease in children, potentially indicating a
role for the developmental environment in programming NAFLD?. In our study, mice exposed
to 50 ppm CdCl; during gestation and early postnatal life presented with histological, biochemical,
and molecular signatures of NAFLD at PND21, a timepoint corresponding to the onset of
adolescence in rodents?%, These data suggest that early life Cd exposure could be contributing to
the increasing rates of juvenile NAFLD in humans.

A recent study, which examined the effects of life-long Cd exposure on high fat diet-
induced NAFLD, reported that 5 ppm CdCl, exposure exacerbated high fat diet-induced NAFLD
but CdCl,-exposed mice on a normal diet did not develop the disease?®. Our 1 ppm CdCl. dose is

comparable to the levels of Cd typically found in the Earth’s crust?. We have previously shown
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that 50 ppm CdClz in this mouse model leads to blood Cd levels in dams of 5.23 + 0.99 pg/L (mean
+ standard error)!®. This is similar to the blood Cd levels of ~6 pg/L observed in people in a
contaminated area of Japan?'°. The different outcomes between this study and our own are most
likely due to differences in CdCl. dose. In support of this, mice exposed to 1 ppm CdCl; in our
own study did not present with NAFLD, indicating that the disease is induced in mice only by
exposure to higher levels of Cd.

We identified sex-specific differences in Cd-induced NAFLD phenotypes at PND21. Both
females and males presented with steatosis, the first major hallmark of NAFLD, while only
females presented with the more advanced stage of fibrosis. This observation is consistent with
previous studies reporting sex-specific differences in the metabolic response to developmental Cd
exposure, which revealed female mice to be more susceptible to steatosis!®2. This could be
explained by Cd having a longer half-life in females, both in mice and humans, and by the
increased permeability of the female placenta to Cd*°21212 The significance of this for human
NAFLD is unclear since our understanding of sex-specific differences in susceptibility to this
disease requires further study?2.

Neither females nor males showed impaired glucose responses at PND76, indicating CdCl.
exposure alone is not sufficient to program long-term glucose homeostasis dysregulation in this
model, which is indicative of metabolic syndrome in mice. At PND90, there were no differences
between the CdCl, exposure groups at the histological level. At this timepoint, control mice
exhibited considerable accumulation of neutral lipids in hepatocytes, consistent with the
propensity of C57BI/6J mice to develop metabolic deficiencies in adulthood?'*. This result may
also be linked to the different gene signatures associated with lipid metabolism and immune

response at different liver developmental phases?'®. Genes relevant to steatosis and fibrosis overall
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were no longer up-regulated at PND90 in Cd-exposed mice compared to controls. Our results
indicate that developmental CdCl. exposure is sufficient to program juvenile NAFLD, but that
differences are no longer discernible between groups in the absence of continued exposure. We
and others have proposed a multiple-hit hypothesis for NAFLD whereby predisposed individuals
require another insult to maintain NAFLD phenotypes in later life?®. Our future work will test
whether developmental Cd-induced NAFLD can persist into later life in the presence of a second
environmental insult, a model that is potentially more consistent with the life-long exposures
experienced by humans?’.

In summary, our results support the hypothesis that Cd exposure during development is
sufficient to program juvenile NAFLD in mice. For pediatric NAFLD in humans, Type 1 NAFLD
exhibits steatosis with hepatocyte ballooning and fibrosis without inflammation and Type 2 is
characterized by steatosis with inflammation and fibrosis®!®. Like the human juvenile NAFLD
pathologies discussed in more detail in Chapter 1, the mice in our model exhibited evidence of
steatosis and fibrosis, but not inflammation. Work in Chapter 3 will exploit our model to
determine the underlying mechanism that programs NAFLD in response to developmental CdCl;

exposure.
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CHAPTER 3
Developmental Cadmium-Induced Non-Alcoholic Fatty Liver Disease is Programmed via

Up-Regulation of Zacl and the Imprinted Gene Network

The following chapter has been submitted to a peer-reviewed journal as part of a larger

publication.
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Abstract

In humans, exposure to cadmium (Cd) in adulthood is associated with non-alcoholic fatty
liver disease (NAFLD), which is a progressive disease characterized by steatosis, inflammation,
and fibrosis. NAFLD is predicted to be the leading cause of liver disease in children in the
upcoming decade, suggesting a role for the developmental environment in programming
susceptibility. In Chapter 2, we showed that developmental CdCl, exposure is sufficient to
program NAFLD in our mouse model. However, the underlying mechanisms remain unclear. We
have proposed that imprinted genes are strong candidates for connecting the early life environment
and later disease. In support of this, we previously identified roles for the Imprinted Gene Network
(IGN) and its regulator Zacl in programming NAFLD in response to maternal metabolic
dysfunction. Here, we aim to test the hypothesis that developmental Cd-induced NAFLD is
mediated by the imprinted gene Zacl and the IGN. Using the hybrid mouse model from Chapter
2, we show that transcriptomic analyses comparing livers of CdCl,-exposed and control mice show
up-regulation of Zacl and the IGN coincident with disease presentation. Increased hepatic Zacl
expression is independent of promoter methylation and imprinting statuses. Finally, we show that
over-expression of Zacl in cultured hepatocytes is sufficient to induce lipid accumulation in a
Ppary-dependent manner, suggesting a direct link between Zacl and a key pathway underlying
NAFLD pathogenesis. Together with our previous work, our findings establish Zacl and the IGN
as key regulators of prosteatotic and profibrotic pathways, two of the major pathological hallmarks

of NAFLD.
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Introduction

Cadmium (Cd) is toxic heavy metal that is naturally present in the soil at about 0.1-0.5
ppm?. However, human industrial processes such as waste incineration, fossil fuel combustion,
and metal mining, have led to areas with high Cd levels"®!°. The release of Cd into the
environment is a public health concern because it contaminates food and water sources.

In children, adolescents, and adults, exposure to heavy metals has been associated with
non-alcoholic fatty liver disease (NAFLD)%!26219 Globally, about 20 % of adolescents are affected
by NAFLDY’. Children and adolescents are at higher risk of developing NAFLD if they are
overweight or obese, have insulin resistance, type 2 diabetes, or dyslipidemia, follow a poor diet,
do little to no exercise, or carry specific genetic polymorphisms®3, NAFLD can be diagnosed
through urine and blood tests, oral glucose tolerance tests, fibroscans, ultrasounds, and liver
biopsies®®3.

NAFLD describes a spectrum of liver defects, including steatosis, inflammation, and
fibrosis®™*. The pathogenesis of NAFLD includes the activation of pathways that disrupt lipid
metabolism, promote inflammation, and drive fibrogenic transformation. The nuclear receptor
peroxisome proliferator-activated receptor (PPAR)y is a major prosteatotic factor that
heterodimerizes with retinoid X receptor o to reprogram transcriptional networks involved in lipid
storage and metabolism*®2. While the roles of this and other pathways in NAFLD progression have
been extensively studied, the mechanisms through which NAFLD can be programmed by the
developmental environment are not well characterized.

Epigenetic mechanisms have been proposed as mediators, but few specific examples of
causative epigenetic changes have been described??®??!, We and others have proposed that

perturbation of imprinted genes, defined by their expression from a single parental allele, is a
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candidate mechanism for disease programming because of the unique properties and modes of
epigenetic regulation of imprinted genes during development. DNA methylation at Imprinting
Control Regions (ICRs) is sensitive to environmental perturbation during development, including
in response to Cd exposure in humans'’118222  QOnce established, ICR epigenetic states are
maintained throughout life, providing an epigenetic memory of the early life environment!t°.
Imprinted genes also play key roles in liver development and energy homeostasis, suggesting that
changes to their expression could influence hepatic metabolism?2®224, In support of this idea, we
previously demonstrated a novel role for imprinted genes in our model of NAFLD programmed
by maternal metabolic syndrome?3,

Many imprinted genes are coordinately expressed as part of an Imprinted Gene Network
(IGN) controlled by the transcription factor Zacl (also called Plagll), itself encoded by an
imprinted gene!'?. The IGN, composed of 409 genes, regulates extracellular matrix composition
and is implicated in muscle regeneration and adipocyte differentiation'*3, Using gene set
enrichment analysis, we previously reported that IGN genes are highly predictive of ‘Hepatic
Fibrosis’, adding further support for imprinted genes playing a role in programming liver
disease®*®. We showed that artificial over-expression of Zac1 in cultured hepatoma cells activated
the IGN and increased procollagen production, a hallmark of fibrosis. This was associated with
transcriptional up-regulation of the profibrogenic cytokine Tgf#-1 and activation of Tgfp-1
signaling. Using chromatin immunoprecipitation (ChIP), we demonstrated binding of Zacl to the
Tgf5-1 promoter, forming a direct link between imprinted genes and a major pathway underlying
the pathogenesis of NAFLD-related fibrosis.

In Chapter 2, we showed that mice exposed to Cd during development have NAFLD as

juveniles, presenting with steatosis and fibrosis. An advantage of mouse studies is that they provide
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empirical mechanistic evidence for a link between different exposures, including Cd, and NAFLD,
which can be difficult to determine in human epidemiological studies. Building on our findings in
Chapter 2, we tested the hypothesis that developmental CdCl.-induced NAFLD is mediated by
the imprinted Zacl gene in mice. We comprehensively evaluated mice exposed to CdCl. during
development using molecular approaches. Using cultured mouse hepatocytes, we examined the

role of Zacl in lipid accumulation via Ppary signaling.

Materials and Methods

Animal model and CdCl, exposure from Chapter 2

Animal work was approved by the North Carolina State University Institutional Animal
Care and Use Committee, under protocols 15-013-B and 19-049-B. Experiments were conducted
in accordance with the Guiding Principles in the Use of Animals in Toxicology.

Female C57BI/6J and male CAST/EiJ mice were obtained from Jackson Laboratory at
three and four weeks old, respectively, and were allowed an acclimation period of one week before
experimental manipulations. Mice were maintained on a 14-hour/10-hour light/dark cycle at 30-
70 % humidity, 22°C + 4°C and housed in Green Line IVC Sealsafe cage housing systems
(Tecniplast) and fed AIN-93G rodent diet (Research Diets, D10012G) ad libitum for the duration
of the study. At 4 weeks of age, female mice were provided unrestricted access to filtered drinking
water (Millipore RiOs Essential RO water purification system) containing 0, 1, or 50 ppm
cadmium chloride (CdCly) (Sigma-Aldrich, 202908). At 9 weeks of age, female mice were mated
with unexposed CAST/EiJ males (Figure 2.1a). CdCl> exposure ended when offspring reached

postnatal day (PND) 10, the developmental equivalent of human birth'®® (Figure 2.1b).
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The United States Environmental Protection Agency has determined the maximum
contaminant level for Cd in drinking water is 0.005 ppm, which is much less than the water
concentrations used in this study®®. For humans, the Minimal Risk Level (MRL) from oral
exposures lasting from 15 to 365 days is 0.5 pg Cd/kg/day?. Our mice in the 1 ppm and 50 ppm
groups were exposed to 28 ug Cd/kg/day and 1501 pg Cd/kg/day, respectively. Though there is a
large discrepancy between our doses and the MRL, there are regions of high Cd contamination
where humans are exposed to 180 to 600 pg Cd/day*®®. Our female mice were exposed to about
0.5 to 26 pg Cd/day, indicating that our model is still relevant to human exposures even though it
exceeds the established MRL and EPA recommendation. Indeed, we have previously shown that
both the 1 ppm and 50 ppm CdCl. exposures lead to maternal blood Cd levels comparable to the
circulating blood Cd levels of humans in polluted areas®&1%,

F. offspring were euthanized at PNDO to standardize the litters to 6 pups with a
male:female ratio of 3:3 whenever possible and tissues were collected and flash frozen. At PND21,
a subset of F1 mice were euthanized after a 6-hour fasting period and tissues were flash frozen and
stored at -80°C until processing or prepared for histology as described below. The remaining F1
mice were weaned at PND21 and given ad libitum access to AIN-93G diet until euthanasia at
PND90 after a 6-hour fasting period, at which point tissues were collected and processed as
described for PND21. The study was blinded until animals were selected for histological,
biochemical, and molecular analyses. For both sexes in all three treatment groups at each
timepoint, the 5-8 animals with liver masses closest to the mean for that group, avoiding animals

from the same litter, were selected for further analyses.
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Cell culture

AML12 mouse hepatocytes (ATCC, CRL-2254) were cultured with Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 medium (Genesee Scientific, 25-503) containing 10 % fetal
bovine serum (FBS) (Genesee Scientific, 25-514) and 100 U/mL penicillin, 100 pg/mL
streptomycin (HyClone, SV30010), supplemented with a mixture of 10 pg/mL insulin, 5.5 pg/mL
transferrin, 6.7 ng/mL selenium (Gibco, 41400-045), and 40 ng/mL dexamethasone (Sigma,
D4902). Cells were maintained in a humidified atmosphere at 5 % CO- and 37°C. All cells used
for experiments were under twenty passages.
Transfection

AML12 cells were seeded at 400,000 cells/well in 6-well plates. Cells were starved with
serum free medium for 24 hours. Transient expression of EGFP (control) or Zacl was achieved
by transfecting cells with 1 pg of pLenti-CMV-EGFP or pLenti-CMV-Zacl-FLAG using
Lipofectamine 3000 according to the manufacturer’s instructions (Thermofisher, L3000015).
These constructs have been described previously**®. For mRNA extraction and qRT-PCR, cells
were collected 18 hours after transfection.

Fatty acid and Ppary inhibitor exposure

AML12 cells were cultured and transfected as described above. At 18 hours post-
transfection, cells were exposed to DMEM/F-12 medium containing 50 pg/uL oleic acid-BSA
(Sigma-Aldrich, 03008), 100 ug/uL oleic acid-BSA (Sigma-Aldrich, O3008), or comparable
levels of BSA (Sigma-Aldrich, A7030) (control). After 24 hours, cells were prepared for histology
as described below. For experiments involving the Ppary inhibitor, cells were cultured, transfected,
and exposed to fatty acids as described above. At the time of transfection, cells were dosed with 5

or 10 pg/pL of the Ppary inhibitor TO070907 (Selleck Chemicals, S2871) that covalently modifies
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its structure to prevent it binding to coactivators and DNA. The cells were then prepared for and
processed through histology as described below.
Histology

AML12 cells were stained with ORO (Sigma, O-0625) after culturing as described above.
Briefly, cells were fixed in 10 % formalin (Midland Scientific, MSI N0019) for 5 minutes then
dehydrated in 1,2-Propanediol (Sigma, 134368) for 1 minute. Cells were stained with 0.5 % ORO
for 10 minutes at 60°C then rinsed with 1,2-Propanediol for 1 minute. The cells were
counterstained for 15 seconds with Harris Hematoxylin (Sigma, HHS16) then placed in 0.5 %
ammonium water (Ricca Chemical, 633-32) for 1 minute to improve contrast. Within 24 hours,
ORO signal was quantified in Photoshop (Adobe). A minimum of three, discrete images were
taken at 40X magnification, imported into Photoshop, and lipid color was selected. A fuzziness
setting of 50 was applied to the selection color, all pixels with the color range within the image
were selected and then pixel area was calculated using the software.

Nucleic acid isolation

From Chapter 2: A portion of the left liver lobe for females and males at PNDO, 21, and
90 was homogenized using a microtube homogenizer (Biospec 3110Bx Cell Disrupter 4800,
BZ10124883) in Trizol reagent (Invitrogen, 15596026) according to the manufacturer’s
instructions. Nucleic acids were quantified on a Nanodrop 2000 and RNA integrity was confirmed
using a 1.3 % agarose gel.

Additional method: AML12 cells were processed using the NucleoSpin kit (Macherey
Nagel, 740955.250) according to the manufacturer’s instructions to obtain RNA, which was

quantified and validated as described above for liver tissue samples.
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gRT-PCR from Chapter 2

500 ng of total RNA from livers and cells was used to synthesize first strand cDNA
according to the manufacturer’s protocol (M-MLV RT enzyme, Promega). cDNA was diluted 1/5
or 1/10 for qRT-PCR, which was performed in triplicate on 96-well plates with a QuantStudio 3
system (Thermofisher) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1725271)
with standards in sequential dilution 1/5, 1/10, 1/20, 1/40, and 1/80 and water as a no template
control (NTC). The cycling conditions were as follows: 95°C for 30 seconds; 40 cycles of 95°C
for 15 seconds, 60°C for 30 seconds. The primer sequences are provided in Supp. Table 3.1. The
dissociation curves showed that there were no products in the NTC and that primers amplified a
single PCR product. Amplification efficiencies were calculated. Beta actin was used as a reference
gene and was not significantly differentially expressed between treatment groups (data not shown).
Gene expression was quantified using the AACt method®,

DNA methylation analysis

350 ng of genomic DNA was treated with sodium bisulfite using the Zymo EZ DNA
Methylation Kit (Zymo Research, D5006). Bisulfite-converted DNA (bsDNA) was amplified by
PCR and products were confirmed on a 1.3 % agarose gel. PCR amplicons were then subjected to
pyrosequencing using a Pyromark Q96 MD Pyrosequencer (Qiagen). The primer sequences and
conditions are provided in Supp. Table 3.2. Methylation level was determined for each CpG
dinucleotide using Pyromark software (Qiagen).

Allele-specific expression analysis

cDNA was generated as described above and amplified by PCR using gene-specific
primers. The hybrid model produced from crossing C57BI/6J and CAST/EiJ strains produces over

20 million single nucleotide polymorphisms (SNPs) that can be used for target genes in this
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analysis. Forward and reverse primers were designed using Pyromark software to include a SNP
between the parental strains within the amplified and sequenced region to assign transcripts to the
parental alleles. The primer sequences and conditions are provided in Supp. Table 3.2. Products
were confirmed on a 1.3 % agarose gel and were subject to pyrosequencing using a Pyromark Q96
MD Pyrosequencer (Qiagen). The percent contribution of each allele to total transcript abundance
was determined.

RNA-sequencing

RNA samples isolated from PNDO and 21 female and male samples as described above
were submitted for Illumina RNA library construction and sequencing. RNA integrity, purity, and
concentration were assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip
(Agilent Technologies, USA). All samples used for RNA-sequencing (RNA-seq) had an RNA
integrity number (RIN) > 9.0. cDNA libraries for Illumina sequencing were constructed using the
NEBNext Ultra Directional RNA Library Prep Kit (NEB) and NEBNext Mulitplex Oligos for
Illumina (NEB) using the manufacturer-specified protocol. The samples were sequenced on one
lane of an Illumina NovaSeq S4, utilizing a 150x2 bp paired end S4 sequencing reagent kit
(Mumina, USA). The software package Real Time Analysis (RTA) was used to generate raw bcl
files, which were then de-multiplexed by sample into fastq files for data submission.

An average of ~48.6 million paired-end RNA-seq reads were generated for each replicate.
The quality of sequenced data was assessed using fastqc, and 12 poor-quality bases were trimmed
from the 5’-end. The remaining reads were aligned to the mouse reference genome (mm38, version
100) downloaded from the Ensembl database using a STAR aligner with a WASP approach. This
option allows mapping of one haplotype and supplies the other haplotype variants as VCF files

(C57BL_6NJ version 5 SNPs downloaded from dbSNP142)%?°,

53



For each replicate, per-gene counts of uniquely mapped reads were calculated using the
htseg-count script from the HTSeq python package??®. The count matrix was imported to R
statistical computing environment for further analysis. Initially, genes that have no count in most
replicate samples were discarded. The remaining count data were normalized for sequencing depth
and distortion, and dispersion was estimated using the DESeq2 Bioconductor package®?’. A linear
model was fitted using the treatment levels, and differentially expressed genes were identified after
applying multiple testing corrections using the Benjamini-Hochberg procedure??®. The data
discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are
accessible through GEO Series accession number GSE201906.

Enrichment analysis

To enable comparison, the differentially expressed genes (DEGS) identified from the PNDO
and 21 RNA-seq and the IGN and imprinted gene lists'!* were converted to Ensembl 1D v104
using the Database Conversions tool (bioDBnet) and the ID history converter (Ensembl) for
consistency prior to enrichment analysis (Supp. Table 3.3). After conversion, we retrieved 474/474
female PNDO DEGs, 347/347 male PNDO DEGs, 4600/4602 female PND21 DEGs, 4701/4701
male PND21 DEGs, and 408/409 IGN IDs, including 80 imprinted genes.

To assess enrichment of the IGN and imprinted genes within DEG datasets, only IGN
and imprinted gene members expressed in the RNA-seq datasets were considered. The p-values
were calculated based on the cumulative distribution function (CDF) of the dataset hypergeometric
distribution (Graeber Lab) with k (number of successes) = number of IGN members within DEGs,
s (sample size) = number of DEGs, M (number of successes in the population) = number of IGN
members measured by RNA-seq, and N (population size) = total number of genes measured by

RNA-seq (Table 3.1). The expected number of successes = (s*M)/N.
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Table 3.1. Inputs for hypergeometric calculations of enrichment.

For cutoff p<0.05: Imprinted Genes IGN

PNDO Females PNDO Males PND21 Females PND21 Males|PNDO Females PNDO Males PND21 Females PND21 Males
k 1 0 30 31 12 5 178 178
M 66 66 66 66 373 373 373 373
N 16572 16572 16572 16572 16572 16572 16572 16572
s 474 347 4600 4701 474 347 4600 4701
Expected Successes 2 1 18 15 11 8 104 106

Mapping analysis

RNA-seq reads from individual animals at PND21 were pooled based on sex and dose and
converted to BAM files to enable them to be uploaded into Integrative Genomics Viewer (IGV)
software for read mapping analysis. The SNP track (C57BL_6NJ version 5 SNPs downloaded
from dbSNP142) was converted to a BAM file as well. The I1Ds for the imprinted genes determined
to be enriched between 0 and 50 ppm groups for both sexes were determined as described above.
For both females and males, the number of reads aligning to either the maternal or paternal genome
at a particular SNP for the enriched imprinted genes were counted for both the 0 and 50 ppm doses
to enable gene imprinting status to be determined.

Statistical analyses

Unless otherwise stated, statistical analyses were performed using a one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test comparing 0 ppm to 1 ppm and 50 ppm CdCl;
exposure groups using GraphPad Prism Version 8, or a Student’s t-test, two-tailed, comparing 0
ppm and 50 ppm CdCl» exposure groups using Excel. Data are presented as the mean * standard

error of the mean. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Results

Markers of the IGN are up-requlated at the transcriptional level at PND21

To determine if the IGN was dysregulated in our model of NAFLD, we initially performed
gRT-PCR on a subset of IGN genes (Cd36 (see Chapter 2), Zacl, H19, Grb10, Igf2, Cdknlc, and
Mmp2). At PNDO, overall, the IGN genes examined were not dysregulated for either sex in
response to CdCl, exposure (Figure 3.1a-b). However, at PND21, all representative IGN members
except for Mmp2 were up-regulated for both sexes in the 50 ppm group compared to controls
(Figure 3.1c-d). At PND90, IGN dysregulation did not persist for females or males, with the
exception of H19, which remained significantly up-regulated in males (Figure 3.1le-f). The
phenotypic presentation of steatosis and fibrosis at PND21 is associated with up-regulation of IGN

members suggesting a role for the IGN in CdClz-induced juvenile NAFLD.
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Figure 3.1. Effects of CdCl, exposure on F1 hepatic gene expression at PNDO, 21, and 90. (A-B)
Female and male transcript abundance for genes of the IGN at PNDQ. (C-D) Female and male
transcript abundance for genes of the IGN at PND21. (E-F) Female and male transcript abundance
for genes of the IGN at PND90. All data are presented as means + S.E. One-way ANOVA with
Dunnett’s post-hoc test comparing 1 ppm and 50 ppm CdCl>-exposed mice to 0 ppm controls.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

The IGN is enriched among differentially expressed genes at PND21

To determine the full extent of IGN genes that are dysregulated in response to
developmental CdCl, exposure, RNA-seq of F; liver was performed on both sexes from the 0 ppm
and 50 ppm groups at PNDO and 21. There were 474 and 347 differentially expressed genes
(DEGS) (g-value<0.05) between the two groups for F1 females and males, respectively, at PNDO
(Supp. Table 3.3). At PND21, there were 4600 DEGs for F; females and 4701 DEGs for F1 males
between the two groups (Supp. Table 3.3). Genes of the IGN were not significantly over-
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represented among PNDO DEGs for both Fi females and males (Figure 3.2a-b) but were
significantly over-represented among PND21 DEGs for both sexes (Figure 3.3a-b). At PND21,
imprinted genes within the IGN were also significantly over-represented among DEGs for both
sexes (Figure 3.3c-d), but not among PNDO DEGs (Figure 3.2c¢-d)

At PNDO, though the IGN was not significantly enriched among DEGs for either sex, most
of them were up-regulated by CdClI, exposure (Figure 3.2e-f). Most (87 % and 89 % for females
and males, respectively) of the differentially expressed IGN genes at PND21 were up-regulated by
CdCl; exposure (Figure 3.3e-f). Consistent with qRT-PCR data, Zacl was up-regulated by CdCl,
exposure in both sexes in RNA-seq. Altogether, these data show that developmental CdCl;
exposure is sufficient to up-regulate the IGN at PND21 and provides further support for a role for

imprinted genes in the pathogenesis of NAFLD.
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Figure 3.2. RNA-sequencing analysis on F1 livers at PNDO. (A-B) Venn diagrams represent the
number of DEGs between the 0 ppm and 50 ppm CdCl, exposure groups and their intersection
with the IGN, for females and males. (C-D) Venn diagrams represent the number of DEGs and
their intersection with imprinted genes (IGs), for females and males. (E-F) Volcano plots showing
the directionality of gene expression changes between 0 and 50 ppm CdCl. exposed female and
male. IGN genes are indicated in red. Dashed line indicates g-value = 0.05. For (A-D): Enrichment
was determined using a hypergeometric test. Circle sizes are proportional to number of genes.
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Figure 3.3. RNA-sequencing analysis on F1 livers at PND21. (A-B) Venn diagrams represent the
number of DEGs between the 0 ppm and 50 ppm CdCl> exposure groups and their intersection
with the IGN, for females and males. (C-D) Venn diagrams represent the number of DEGs and
their intersection with imprinted genes (IGs), for females and males. (E-F) Volcano plots showing
the directionality of gene expression changes between 0 and 50 ppm CdCl, exposed female and
male. IGN genes are indicated in red. Dashed line indicates g-value = 0.05. For (A-D): Enrichment
was determined using a hypergeometric test. Circle sizes are proportional to number of genes.

Zacl up-requlation is independent of DNA methylation at its ICR

Zacl, the master regulator of the IGN, is a paternally expressed imprinted gene that is
silenced on the maternally inherited allele by DNA methylation at its promoter-associated ICR
(Figure 3.4a). Because developmental Cd exposure alters the epigenetic state of imprinted genes
in humans!!®, we determined whether CdCl,-induced Zac1 up-regulation in our mouse model was
due to loss of DNA methylation at the ICR and inappropriate transcription from the maternally
inherited allele. For both sexes, control mice showed the expected ~50 % methylation at the ICR,
reflecting one methylated and one unmethylated allele (Figure 3.4b). Mice exposed to 50 ppm
CdCl; showed no significant change in ICR methylation. These data show that Zac1 up-regulation

associated with CdCl, exposure is not due to a disruption of ICR DNA methylation.
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Figure 3.4. Determination of F1 hepatic Zacl ICR methylation. (A) Diagram of the imprinted Zacl
locus. Black boxes represent the Zacl gene, closed lollipops represent methylation at the ICR, and
the blue arrow represents the transcription of the paternal allele for the gene. (B) Zacl ICR
methylation levels in male and female 0 and 50 ppm CdClz-exposed mice. Data are presented as
means = S.E. Student’s t-test comparing 50 ppm CdCl.-exposed mice to O ppm controls.

Zacl up-requlation is not associated with loss of imprinting

We exploited our hybrid mouse model to measure transcription independently from the
maternally and paternally inherited alleles using single nucleotide polymorphisms (SNPs) between
the parental genomes. Consistent with no differences in DNA methylation at the Zacl ICR, mice
from the 50 ppm CdCl> group showed no significant difference in allele-specific expression

compared to controls (Figure 3.5).
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Figure 3.5. Zacl allele-specific expression in female and male 0 and 50 ppm CdCl2-exposed mice.
Data are presented as means + S.E. Student’s t-test comparing 50 ppm CdCl>-exposed mice to 0
ppm controls.

Differentially expressed imprinted genes within the IGN did not exhibit loss of imprinting overall

Taking advantage of our ability to map our RNA-seq data to SNPs within the hybrid mouse

genome using IGV software, we determined that both female and male mice from the 50 ppm
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CdCl; group showed no difference in allele-specific expression of imprinted genes among the
DEGs at PND21 when compared to controls overall (Supp. Table 3.4). Together these data show
that Zacl and IGN up-regulation associated with CdCl> exposure is not due to loss of imprinting.

Zacl overexpression in cultured mouse hepatocytes is sufficient to promote lipid accumulation

Our lab has previously shown that Zac1 drives fibrosis in NAFLD programming®. In our
model of developmental CdCl> exposure, the most striking NAFLD-related phenotype for both
females and males is the accumulation of neutral lipids in hepatocytes at PND21. Consistent with
this finding, expression of the major prosteatotic factor Ppary is significantly increased in 50 ppm
CdCl,-exposed mice (Figure 3.6a). A previous study using mouse neuronal cells suggested that
Zacl regulates Ppary, but whether this signaling pathway is conserved in hepatocytes, and whether
Zacl plays a role in driving steatosis, have not been determined??®. To test this, we artificially
overexpressed Zacl in the AML12 mouse hepatocyte cell line (Figure 3.6b). Zacl overexpression
was associated with significant up-regulation of Ppary at 18 hours post-transfection compared to
control cells over-expressing EGFP (Figure 3.6¢).

Exposing cells to 50 or 100 pg/uL oleic acid-BSA led to a significant increase in the
accumulation of neutral lipids in Zacl over-expressing cells compared to controls (Figure 3.7a-b).
Together, these data suggest a link between Zacl, Ppary expression and lipid accumulation in
AML12 cells. To test the dependency of Zacl-induced lipid accumulation on Ppary signaling, we
treated Zacl overexpressing cells with the specific Ppary inhibitor, TO070907, at 5 and 10 pg/pL
in the presence of excess oleic acid-BSA. Both doses of the inhibitor significantly attenuated the
Zacl-driven neutral lipid accumulation (Figure 3.7c-d), suggesting that Zacl drives lipid

accumulation via the Ppary signaling pathway.
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Figure 3.6. Association between Zacl and Ppary expression. (A) Ppary transcript accumulation
in F1 female and male livers at PND21. (B) Zacl transcript accumulation 18 hours after
transfection. (C) Ppary transcript accumulation in AML12 cells 18 hours after transfection. All
data are presented as means + S.E. Student’s t-test comparing 50 ppm CdCl. to 0 ppm control
group and Zacl overexpressing cells to EGFP controls. *p<0.05, **p<0.01, ***p<0.001.
****p<0.0001.
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Figure 3.7. Role of Zacl in lipid accumulation. (A) Quantification of Oil Red O (ORO) staining
of AML12 cells exposed to oleic acid-BSA. (B) Representative photomicrographs (40x) of ORO
staining from quantification. (C) Quantification of ORO staining of AML12 cells exposed to 50
pg/uL oleic acid with or without 5 or 10 pg/uL T0070907 Ppary inhibitor. (D) Representative
photomicrographs (40X) of ORO staining from quanitification. For (A, C): Data are presented as
means = S.E. ****p<0.0001. Data represent 3 independent experiments with N=3
replicates/condition. For (A): One-way ANOVA with Dunnett’s post-hoc test comparing all
conditions to EGFP overexpressing cells exposed to BSA. For (C) : One-way ANOVA with
Dunnett’s post-hoc test comparing all conditions. For (B, D): Arrowheads indicate neutral lipids.
Scale bars represent 200 um. Data represent 3 independent experiments. Histology was quantified
using a minimum of 3 discrete images/slide.

Discussion

The release of the toxic heavy metal Cd into the environment as the result of anthropogenic
activities poses a public health concern. Cd is poorly metabolized and excreted from the body,
leading to the accumulation of it in the liver, kidneys, and bone and resulting in negative health
effects®!’. National health surveys in Korea and the United States reveal associations between Cd

exposure and liver-related mortality*®2°2, NAFLD is the leading type of chronic liver disease in

the US, and observations in humans and model organisms suggest that NAFLD susceptibility can
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be programmed by the developmental environment. However, the underlying causes and
mechanisms remain unclear. We and others have proposed that imprinted genes are strong
candidates for bridging the early developmental environment with later life disease. In support of
this, we previously described a role for the imprinted gene Zacl in programming NAFLD in
response to maternal metabolic syndrome*,

To explore the hypothesis that developmental Cd-induced NAFLD is mediated by Zacl
and IGN signaling, we exposed hybrid mice to CdCl> from gestation to PND10 to mimic human
gestational exposure. As shown in Chapter 2, 50 ppm CdCl, exposure resulted in NAFLD
phenotypes. In support of our hypothesis, CdCI, exposure increased Zacl expression and up-
regulated the IGN, a well-characterized transcriptional network of imprinted and biallelically-
expressed genes. Artificial Zacl over-expression in vitro promoted lipid accumulation in a Ppary-
dependent manner. The findings of this study provide evidence that developmental Cd-induced

NAFLD is mediated through Zacl and the IGN.

CdCl, up-requlates Zacl and the IGN

Our lab previously showed that Zacl and the IGN are up-regulated in NAFLD
programming after exposure to maternal metabolic syndrome, and that exposure specifically
during postnatal development drives the phenotype'®. Consistent with those findings,
developmental exposure to 50 ppm CdCl> led to NAFLD-related phenotypes at PND21 (as shown
in Chapter 2). At the same time, Zacl and the IGN are up-regulated in female and male livers,
suggesting that these genes form a conserved mechanism that responds to different environmental
stressors. Leveraging samples from the Newborn Epigenetics Study (NEST), we previously
showed that DNA methylation at ICRs in humans is sensitive to Cd exposure in maternal and

newborn cord blood, providing a potential mechanism for imprinted gene dysregulation!!®,
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However, Zacl up-regulation in our mouse model was independent of methylation changes at its
ICR, afinding that is mirrored at additional imprinted loci in other mouse models of developmental
CdCl; exposure developed by our group*®®.

The differences in the epigenetic response to Cd between mice and humans could be
explained by interaction effects from the diverse environmental stressors that humans are exposed
to, which can be more carefully controlled in mouse studies. An alternative explanation is that our
mouse model examines only the impact of maternal CdCl, exposure, whereas in human
populations, paternal exposure to environmental insults influences offspring epigenetics. A recent
study showed that exposure to Cd can impact the sperm methylome, although the impact this has
on imprinted genes in offspring still needs to be determined?. Furthermore, the differences could
be explained by species-specific variation in ICR sensitivity. Cd-induced Zacl up-regulation could
occur via alternative epigenetic mechanisms. In embryonic carcinoma cells, the expression of Zacl
has been shown to be regulated by histone acetylation, which is associated with gene expression?3.,
Imprinted genes including Zacl are highly expressed in prenatal development; however, they are
progressively down-regulated after birth by chromatin remodeling, a process mediated by the -
thalassemia mental retardation X-linked (Atrx) protein?®2-234 Our future work will test the
hypothesis that Cd exposure during this critical time-period disrupts Atrx function and the
placement of repressive histone variants using ChlP.

Zacl regulates Ppary signaling to drive steatosis

Fibrosis is dependent upon interactions between hepatocytes and hepatic stellate cells
(HSCs)*°2%5, Although we previously showed that hepatocyte-specific overexpression of Zacl is
sufficient to induce fibrosis, the role of HSCs in this context requires further study**. However,

hepatocytes are the primary drivers of liver steatosis?®. It has been shown that NAFLD patients
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have increased levels of hepatic Ppary, but the specific events triggering this up-regulation during
disease progression have not yet been identified'®*. Another study in non-hepatic cell types

229 Given our observations in vivo,

indicated a link between Zacl and the prosteatotic gene Ppary
we tested whether Zacl could be responsible for Cd-induced hepatic lipid accumulation through
this pathway. Overexpressing Zacl in the presence of fatty acids in a murine hepatocyte cell line
leads to significantly increased lipid accumulation, which can be abrogated by a Ppary-specific
antagonist.

To summarize, our results support the hypothesis that imprinted genes play a central role
in mediating between Cd exposure in development and juvenile NAFLD and, together with our
previous findings, identify the imprinted gene Zacl as a novel regulator connecting prosteatotic
and profibrotic pathways in hepatocytes. Work in Chapter 4 will exploit this and other models of

NAFLD in mice to determine whether Zacl and the IGN are part of a conserved hepatic response

to environmental stressors.
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CHAPTER 4
Imprinted Gene Network Dysregulation is a Conserved Hepatic Response to Different

Environmental Stressors

The following chapter is the first draft of part of a publication that will be submitted to a

peer-reviewed journal.

68



Abstract

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease characterized by
steatosis, inflammation, and fibrosis. It affects 30 % of the adult US population and up to 20 % of
children and young adults. NAFLD is predicted to be the leading cause of chronic liver disease in
children worldwide in the upcoming decade, suggesting a potential role for the developmental
environment in programming susceptibility. In humans, exposure to various environmental
stressors such as xenobiotics and diet in adulthood is associated with NAFLD. In Chapter 2, we
showed that developmental cadmium chloride (CdCl) exposure is sufficient to program NAFLD
in our mouse model. In Chapter 3, we showed that transcriptomic analyses comparing livers of
CdCl,-exposed and control mice showed up-regulation of Zacl and the Imprinted Gene Network
(IGN) coincident with disease presentation. We also showed that over-expression of Zacl in
cultured hepatocytes was sufficient to induce lipid accumulation in a Ppary-dependent manner,
suggesting a link between Zacl and steatosis, which is a key pathway underlying NAFLD
pathogenesis. Here we test the hypothesis that up-regulation of Zacl and the IGN represent a
conserved hepatic response to different environmental stressors and use an in vitro model of CdCl;
exposure to determine if the response is cell autonomous. Our findings establish Zac1 and the IGN
as a novel mechanism linking different developmental environmental stressors to NAFLD,

providing potential therapeutic targets for further investigation.

Introduction
Non-alcoholic fatty liver disease NAFLD describes a spectrum of liver defects, including
steatosis, inflammation, and fibrosis>*. Exposure to cadmium (Cd), carbon tetrachloride (CCla),

and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in adulthood has been linked to chronic liver
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disease, specifically NAFLD219237.238 However, toxicant exposure is not the only culprit that
can lead to NAFLD, and studies reviewed in detail elsewhere indicate that diet can also play a role
in NAFLD development?3%240,

In support of the developmental origin of health and disease (DoHAD) hypothesis
discussed in detail in Chapter 1, maternal exposure to endocrine disrupting chemicals, over- or
undernutrition, and heavy metals have all been shown to negatively affect offspring health in later
lifel?>-124 For example, exposure to the endocrine disruptor TCDD during gestation is associated
with lower neurodevelopmental, motor, and cognitive scores in children and with neurobehavioral
deficits in mice?*:2%, A review of choline deficiency during pregnancy showed that it leads to
altered neuron size and decreased electrophysiological responsiveness in mice?*. Maternal
metabolic syndrome has been associated with increased hepatic lipid accumulation in human
offspring, and work from our lab and others have shown that it programs NAFLD phenotypes of
steatosis and fibrosis in mice!®-138, CCl, exposure during gestation in humans is associated with
low birth weight and neural tube and palate defects®*®. Exposure to CCly is a classic model for
toxicant-induced liver disease in mice, though it is often combined with exposure to a high fat diet
to more accurately recapitulate human NAFLD phenotypes®’. As discussed previously, prenatal
exposure to Cd in humans is associated with harmful effects on fetal development including altered
birth weight and cognition?>2%%7, In studies from our lab and others developmental Cd exposure
has been linked to hypertension, metabolic syndrome, and DNA damage, and in Chapter 2, we
showed that it can program NAFLD in mice!8192:248

Increasingly younger people are being diagnosed with NAFLD each year, suggesting that
susceptibility to NAFLD may be programmed by the environment during early life’>’. Research

into this area is becoming more critical as pollution increases. Human industrial processes such as

70



waste incineration, fossil fuel combustion, and metal mining, have led to geographical areas with
high Cd levels’*°. CCls was used to make refrigerants and propellants, and though it is now
limited to industrial use, workers can be exposed to it as well as individuals in areas polluted by
historic CCls waste?*%20, Polychlorinated dioxin such as TCDD is mainly used in pesticides and
herbicides, so exposure to TCDD usually occurs through occupational means or in areas polluted
from industrial accidents?®*2%, The release of toxicants into the environment is a public health
concern because they can contaminate food and water sources and lead to negative health
outcomes, including NAFLD.

The pathways that promote NAFLD pathogenesis have been well studied; however, the
mechanisms through which NAFLD can be induced by the environment are not well characterized.
There are currently no FDA approved therapies for NAFLD as targets within the main
pathogenesis pathways, including Ppary and Tgfs-1, play critical roles in other cellular processes
and as such their perturbation results in undesirable side effects, indicating a need to find other
pathways critical to NAFLD development that could present novel targets for therapeutic
interventions'’4. We previously demonstrated a novel role for imprinted genes in our models of
NAFLD programmed by Cd exposure (in Chapter 3) and maternal metabolic syndrome'®.
Imprinted genes are expressed from a single parental allele, and many imprinted genes are part of
an Imprinted Gene Network (IGN) controlled by the transcription factor encoded by the imprinted
gene Zacl (also called Plagl1)*?%3, Imprinted genes are known to play key roles in liver
development and energy homeostasis, suggesting that changes to their expression could influence
hepatic metabolism?23224, Supporting this role, we previously reported that IGN genes are highly

predictive of ‘Hepatic Fibrosis’, using gene set enrichment analysis*3®,
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Building on our findings in Chapter 3, we tested the hypothesis that the IGN is a conserved
pathway that is up-regulated in the liver in response to different environmental stressors using
publicly available RNA-sequencing (RNA-seq) and microarray data. We also used in vitro Cd
exposure as a model of toxicant exposure to determine whether Zacl is up-regulated via a cell-

autonomous mechanism in hepatocytes.

Materials and Methods

Literature search strategy

Searches were performed in PubMed, Web of Science, Google Scholar, and NC State
University Libraries. The following terms were used: non-alcoholic fatty liver disease, chronic
liver disease, steatosis, fibrosis, mouse, developmental exposure, adult exposure. The
bibliographic reference lists of relevant research articles were manually searched for more articles.
The literature search was limited to studies performed until February 2022 when this publication
was written. In total, six studies were used in the analysis, including data from Chapter 2
GSE201906 (CdCl, [BxC]), data from our collaborator GSE150679 (CdCl, [CD-1])**?, another
dataset from our lab GSE183809 (Ct-MetS)*3®, and datasets from other publications GSE81990
(TCDD)®*, GSE73985 (CCls)?%, and GSE35961 (MCD)%® (Supp. Table 4.1). CdCl; [BXC],
CdCl; [CD-1], and Ct-MetS represent developmental exposures and TCDD, CCls, and MCD
represent adult exposures.

Inclusion and exclusion criteria

Mouse model studies with publicly available RNA-seq or microarray data were included

in the analysis. Studies were excluded from the analysis if they did not indicate NAFLD
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phenotypes of either steatosis or fibrosis, were written in a language other than English, or
identified fewer than 25 differentially expressed genes (DEGSs), defined by a g-value < 0.05.

Data extraction and analysis

From Chapter 3: For CdCl, [BxC], the quality of sequenced data was assessed using
fastqc, and 12 poor-quality bases were trimmed from the 5’-end. The remaining reads were aligned
to the mouse reference genome (mma38, version 100) downloaded from the Ensembl database
using a STAR aligner with a WASP approach. This option allows mapping of one haplotype and
supplies the other haplotype variants as VCF files (C57BL_6NJ version 5 SNPs downloaded from
dbSNP142)?%. For each replicate, per-gene counts of uniquely mapped reads were calculated using
the htseg-count script from the HTSeq python package??. The count matrix was imported to R
statistical computing environment for further analysis. Initially, genes that have no count in most
replicate samples were discarded. The remaining count data were normalized for sequencing depth
and distortion, and dispersion was estimated using the DESeq2 Bioconductor package??’. A linear
model was fitted using the treatment levels, and differentially expressed genes were identified after
applying multiple testing corrections using the Benjamini-Hochberg procedure??,

Additional method: The MCD and CCls microarray datasets were publicly available on
GEO and were analyzed with GEO2R. Treatment and control groups were defined on the
dropdown menu, and the corresponding groups were selected for each. The results were analyzed
on the site and exported to Excel. The TCDD raw RNA-seq dataset was publicly available on GEO
and the results were downloaded. For TCDD, Ct-MetS, and CdCl, [CD-1], the quality of
sequenced data was assessed using fastgc, and 12 poor-quality bases were trimmed from the 5°-
end. The remaining reads were aligned to the mouse reference genome (mma38, version 100)

downloaded from the Ensembl database using a STAR aligner. For each replicate, per-gene counts
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of uniquely mapped reads were calculated using the htseq-count script from the HTSeq python
package®?®. The count matrix was imported to R statistical computing environment for further
analysis. Genes that had no counts in most replicate samples were discarded, and the remaining
count data were normalized for sequencing depth and distortion. Dispersion was estimated using

227 A linear model was fitted using the treatment levels, and

the DESeq2 Bioconductor package
differentially expressed genes were identified after applying multiple testing corrections using the
Benjamini-Hochberg procedure??®.

Enrichment analysis

To enable comparison, the total genes identified from the six studies and the IGN and
imprinted gene lists*'! were converted to Ensembl ID v106 using the Database Conversions tool
(bioDBnet) and the ID history converter (Ensembl) for consistency prior to enrichment analysis
(Supp. Table 4.2). After conversion, we retrieved the following for each dataset: 408/409 IGN IDs
including 83 imprinted genes, 4600/4602 female and 4701/4701 male DEGs for CdCl, [BxC],
445/446 PND21 and 5777/5789 PND42 DEGs for CdCl, [CD-1], 408/408 DEGs for Ct-MetS,
6093/6096 DEGs for TCDD, 6101/6219 DEGs for CCls, and 4800/4805 DEGs for MCD.

To assess enrichment of the IGN and imprinted genes within DEG datasets, only IGN
members and imprinted genes expressed in the RNA-seq and microarray datasets were considered.
The p-values were calculated based on the cumulative distribution function (CDF) of the dataset
hypergeometric distribution (Graeber Lab) with k (number of successes) = number of IGN
members within DEGs, s (sample size) = number of DEGs, M (number of successes in the
population) = number of IGN members measured by RNA-seq, and N (population size) = total
number of genes measured by RNA-seq (Supp. Table 4.4). The expected number of successes =

(s*M)/N.
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Ingenuity pathway analysis

The IDs of genes found to be significantly differentially expressed were used as input for
core analysis using Ingenuity Pathway Analysis (IPA) software (Qiagen). A comparison analysis
was performed between all the datasets. The upstream regulators were filtered to only consider the
molecule type termed genes, RNAs and proteins.

Cell culture

From Chapter 2: AML12 mouse hepatocytes (ATCC, CRL-2254) were cultured with
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (Genesee Scientific, 25-503). All
media contained 10 % fetal bovine serum (FBS) (Genesee Scientific, 25-514) and 100 U/mL
penicillin, 100 pg/mL streptomycin (HyClone, SV30010), supplemented with a mixture of 10
pg/mL insulin, 5.5 pg/mL transferrin, 6.7 ng/mL selenium (Gibco, 41400-045), and 40 ng/mL
dexamethasone (Sigma, D4902). Cells were maintained in a humidified atmosphere at 5 % CO-
and 37°C. All cells used for experiments were under twenty passages.

Additional method: HepG2 cells (ATCC, HB-8065) were grown in high-glucose DMEM
(Genesee Scientific, 25-501) supplemented as described above and under the conditions described
above for AML12 cells.

CdCl; exposure

AML12 and HepG2 cells were seeded at 20,000 cells/well in 96-well plates for viability
assays and 600,000 cells/well in 6-well plates for mMRNA extraction and qRT-PCR in triplicate.
Cells were provided serum free medium for 24 hours then exposed to water (solvent control),
media, 0.1, 0.5, 1, and 5 pM CdCl> (Sigma-Aldrich, 202908). For viability assays, cells were
collected at 6, 24, and 48 hours after exposure. For mRNA extraction and gRT-PCR, cells were

serum starved for 24 hours then exposed to water (control), media, 0.1, 0.5, and 1 puM CdClo.
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AML12 cells were collected at 24 and 48 hours after exposure. HepG2 cells were collected at 6,
12, 18, and 24 hours after exposure.

These concentrations and timings were based on other cell culture data in primary
hepatocytes, AML12 cells, and HepG2 cells?>'~2%, The expression of the gene MT-1 was used as
a positive control for Cd exposure based on previous work?5:,

Viability assay

AML12 and HepG2 cells were dosed as described above for the Cytotox-Glo viability
assay (Promega, G9291) and processed and analyzed on a plate reader (FluoStar Omega, BMG
Labtech) according to the manufacturer’s instructions.

Nucleic acid isolation from Chapter 2

AML12 and HepG2 cells were processed using the NucleoSpin kit (Macherey Nagel,
740955.250) according to the manufacturer’s instructions to obtain RNA. Nucleic acids were
quantified on a Nanodrop 2000 and RNA integrity was confirmed using a 1.3 % agarose gel.

gRT-PCR from Chapter 2

1 pg of total RNA from cells was used to synthesize first strand cDNA according to the
manufacturer’s protocol (M-MLV RT enzyme, Promega). cDNA was diluted 1/5 or 1/10 for qRT-
PCR, which was performed in triplicate on 96-well plates with a QuantStudio 3 system
(Thermofisher) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1725271) with
standards in sequential dilution 1/5, 1/10, 1/20, 1/40, and 1/80 and water as a no template control
(NTC). The cycling conditions were as follows: 95°C for 30 seconds; 40 cycles of 95°C for 15
seconds, 60°C for 30 seconds. The primer sequences are provided in Supp. Table 4.3. The
dissociation curves showed that there were no products in the NTC and that primers amplified a

single PCR product. Amplification efficiencies were calculated. Beta actin was used as a reference
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gene and was not significantly differentially expressed between treatment groups (data not shown).
Gene expression was quantified using the AACt method*®%,

Statistical analyses

Unless otherwise stated, statistical analyses were performed using a one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test comparing CdCl> conditions to water (solvent
control) using GraphPad Prism Version 8. Data are presented as the mean + standard error of the

mean. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Results

Study characteristics

Six mouse studies were used in the analysis and a detailed summary of each is provided in
Supp. Table 4.1. Briefly, the CdCl> [BxC] study from Chapter 2 examined C57BI/6J x Cast/EiJ
hybrid F1 offspring after dams had been exposed to 0, 1, and 50 ppm CdCl; in drinking water from
five weeks prior to mating until PND10. Markers of steatosis, inflammation, and fibrosis were
measured at PNDO, 21, and 90. Only the highest dose showed steatosis (males and females) and
fibrosis (females only) at PND21. In the analysis for this study, both female and male PND21
RNA-seq data was used comparing the 50 ppm CdClI> group to the 0 ppm group.

The CdCl, [CD-1] study examined F1 offspring from the outbred CD-1 strain after dams
were exposed to 0 and 500 ppb CdCl> in drinking water from five weeks prior to mating until
PND10. Markers of steatosis, inflammation, and fibrosis were measured at PNDO, 21, 42, 90, and
120. Only steatosis was observed in females at PND42. In the analysis for this study, female

PND21 and 42 RNA-seq data were used comparing the 500 ppb CdCl> group to the 0 ppb group.
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The Ct-MetS study examined PND21 female C57BI/6J F1 offspring exposed to maternal
metabolic syndrome (MetS) during prenatal development only (MetS-Ct), postnatal development
only (Ct-MetS), throughout development (MetS-MetS), or never (Ct-Ct). Markers of steatosis and
fibrosis were measured, and only the Ct-MetS group showed evidence of both phenotypes at
PND21. Therefore, for the analysis for this study, RNA-seq data comparing the Ct-MetS group to
the Ct-Ct group at this timepoint was used.

The TCDD study examined adult C57BI/6J females orally gavaged with 0.1 mL sesame
oil control or 0.01, 0.03, 0.1, 0.3, 1, 3, 10, or 30 mg/kg TCDD every fourth day beginning at
PND28 for 92 days. Markers of steatosis, inflammation, and fibrosis were measured, and only the
highest dose showed evidence of all three phenotypes of NAFLD. For the analysis for this study,
RNA-seq data comparing the control group to the high dose group was used.

The CCl,4 study examined fibrosis in 5-week-old C57BI/6J males exposed to a 25 % olive
oil control or CCls at 0.5 uL/g body weight via intraperitoneal injection twice per week for 8
weeks. Evidence for fibrosis was found, and microarray data comparing both groups was used in
the analysis for this study.

The MCD study examined markers of steatosis, inflammation, and fibrosis in C57BI/6J 8-
week-old mice fed a normal chow or methionine- and choline-deficient (MCD) + high fat diet
(HFD) with or without 0.1 % metformin for 8 weeks. All three phenotypes were observed in the
MCD + HFD group without metformin, so microarray data comparing the MCD + HFD group to
the chow control group was used in the analysis for this study.

IGN enrichment among differentially expressed genes after different environmental exposures

IGN and imprinted genes were examined for enrichment in publicly available RNA-seq

and microarray data to determine the full extent of IGN genes that are dysregulated in response to
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different environmental exposures during development. Genes of the IGN were significantly over-
represented among all developmental exposure DEGs except for PND42 DEGs for CdCl, [CD-1]
(Figure 4.1a-e). Imprinted genes within the IGN were only significantly over-represented among
DEGs for the developmental exposures CdCl, [BxC] and Ct-MetS, but not the other developmental
exposures (Figure 4.2a-e). Genes of the IGN were significantly over-represented among all adult
exposure DEGs, but none of them showed enrichment of the imprinted genes among DEGs (Supp.
Table 4.4). These results indicate that the IGN is conserved among DEGs for different

environmental exposures occurring during gestation, postnatally, and in adulthood.

A CdCl, [BxC] Female B CdCl, [BxC] Male c CdCl, PND21 [CD-1]
4600 DEGs 4701 DEGs 445 DEGs
IGN IGN IGN
373 genes 373 genes 358 genes
24 genes overlap
178 genes overlap 178 genes overlap Enrichment = 2.14 fold
Enrichment = 1.72 fold Enrichment = 1.68 fold p-value = 0.0004
p-value = 9.61e-17 p-value = 9.56e-16
D CdCl, PND42 [CD-1] E Ct-MetS
5777 DEGs 408 DEGs
IGN
IGN 334 genes
316 genes 29 genes overlap

Enrichment = 2.77 fold
p-value = 7.17e-07

152 genes overlap
Enrichment = 1.09 fold
p-value = 0.09

Figure 4.1. IGN gene enrichment among different developmental environmental exposure models.
(A-B) Venn diagrams represent the number of DEGs between the 0 ppm and 50 ppm CdCl;
exposure groups and their intersection with the IGN, for females and males. (C-D) Venn diagrams
represent the number of DEGs between the 0 ppm and 500 ppb CdCl. exposure groups and their
intersection with the IGN for PND21 and 42. (E) Venn diagrams represent the number of DEGs
between the Ct-Ct and Ct-MetS exposure groups and their intersection with the IGN. Circle sizes
are proportional to number of genes.

79



CdCl, [BxC] Female B CdCl, [BxC] Male c CdCl, PND21 [CD-1]
4600 DEGs 4701 DEGs 445 DEGs

IGs
IGs 62 genes
66 genes

3 genes overlap
Enrichment = 1.55 fold
p-value = 0.31

IGs
66 genes

30 genes overlap
Enrichment = 1.64 fold
p-value = 0.0015

31 genes overlap
Enrichment = 1.66 fold
p-value = 0.0010

D CdCl, PND42 [CD-1] E Ct-MetS
5777 DEGs 408 DEGs

IGs
52 genes

1Gs
47 genes 5 genes overlap
Enrichment = 3.06 fold
p-value = 0.02

19 genes overlap
Enrichment = 1.09 fold
p-value = 0.35

Figure 4.2. Imprinted gene enrichment among different developmental environmental exposure
models. (A-B) Venn diagrams represent the number of DEGs between the 0 ppm and 50 ppm
CdCl; exposure groups and their intersection with imprinted genes (IGs), for females and males.
(C-D) Venn diagrams represent the number of DEGs between the 0 ppm and 500 ppb CdCl;
exposure groups and their intersection with 1Gs for PND21 and 42. (E) Venn diagrams represent
the number of DEGs between the Ct-Ct and Ct-MetS exposure groups and their intersection with
IGs. Circle sizes are proportional to number of genes.

Directionality of IGN dysregulation by environmental exposures

To understand how members of the IGN respond to different environmental exposures, the
IGN genes among the DEGs were examined for the various exposures for direction of
dysregulation. All of the developmental exposures at PND21 showed overall up-regulation of IGN
members within their DEGs (Table 4.1). The adult exposures to CCls and MCD showed a higher
proportion of down-regulated IGN members within their DEGs (Table 4.1). For TCDD, a higher
proportion of IGN genes within DEGs were up-regulated (Table 4.1). These data show that these

developmental exposures and exposure to TCDD in adulthood is sufficient to up-regulate the IGN.
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Table 4.1. Direction of IGN gene dysregulation in response to different environmental exposures.

Exposure Window Exposure Model Up-regulated (%) Down-regulated (%)

Developmental CdClI2 [BxC] Female 87.64044944 12.35955056
Developmental CdClI2 [BxC] Male 89 3258427 10.6741573
Developmental Ct-MetS 86.20689655 13.79310345
Developmental CdCI2 [CD-1] PND21  83.33333333 16.66666667
Adult TCDD 67.41573034 32.58426966
Adult CCl4 11.45374449 88.54625551
Adult MCD 18.31683168 81.68316832

IGN member conservation between different exposures

Since all the studies that were analyzed developed NAFLD phenotypes, shared genes could
indicate a core subnetwork within the IGN. The datasets were analyzed to determine if a consistent
set of IGN genes was shared between the different environmental exposure models. All exposure
models share Ccdc80, Col5a2, and Tmsh4x, which are biallelically expressed genes (Supp. Table
4.5). The developmental models, CdCl> [BxC], CdCl [CD-1] at PND21, and Ct-MetS, share these
three genes as well as the imprinted gene H19, which was up-regulated. Consistent with the overall
IGN dysregulation determined previously, Ccdc80, Col5a2, and Tmsh4x were all up-regulated in
the developmental exposures and in the TCDD study, but down-regulated in the adult exposure
models.

Hepatic responses to different environmental stressors

Transcriptome analysis was performed on all the datasets and compared in IPA to
determine similarities in hepatic responses to different environmental stressors. Similar responses
were observed between the CdCl, [BxC], Ct-MetS, CdCl, [CD-1] PND21, and TCDD datasets for
canonical pathways, upstream regulators, and diseases and functions, with the TCDD and CdCl;
[BXC] datasets showing more similar z-scores (Figure 4.3a-c). MCD and CCls datasets also

exhibited similar trends to each other for canonical pathways, upstream regulators, and diseases
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and functions (Figure 4.3a-c). The CdCl, [BxC] and TCDD datasets showed positive activation z-
scores for hepatic fibrosis signaling pathway, cell movement and leukocyte migration, and
interleukin and SMAD3 signaling while the CdCl, [CD-1] dataset showed weak positive scores

and the MCD and CCl4 datasets showed an inverse response.
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Figure 4.3. Hepatic transcriptome changes measured by RNA-sequencing and microarray analysis
on different environmental exposure models. (A) Top canonical pathways and their associated
activation z-scores. (B) Top diseases and functions and their associated activation z-scores. (C)
Top upstream regulators and their associated activation z-scores.

Development of an in vitro model of Cd-induced toxicity: AML12 cells

In response to environmental exposures, the entire organism can be affected and cell
signaling from other organs, such as adipose tissue, can alter how the liver responds to the
exposure. Our lab has previously shown that Zacl dysregulation occurs in hepatocytes'*, so to
test if Cd-induced up-regulation of Zacl is cell autonomous, CdClI, exposure was modeled in the
murine hepatocyte AML12 cell line. AML12 cells were originally isolated from normal mouse
liver tissue and exhibit hepatocyte characteristics including peroxisomes and bile canalicular-like

structures?®?, making them an ideal potential model.
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Cyto-tox glo viability assays were performed on the cells in response to CdCl,. For AML12
cells at 6 hours, 0.1, 0.5, 1, and 5 uM CdCl; did not significantly decrease viability (Figure 4.4a).
At 24 and 48 hours, 0.1, 0.5, and 1 uM CdCl> did not result in significantly altered viability (Figure
4.4b-c).

The Mt-1 gene encodes the protein metallothionein, which is involved in Cd sequestration
and handling as described in detail in Chapter 1. Mt-1 was used to verify that the AML12 cells
responded to CdCl> in a dose-dependent manner (Figure 4.5a-b). Having confirmed this, we tested
whether CdCl, exposure affected Zacl expression. However, after 24 and 48 hours of exposure,
Zacl could not be robustly detected via gRT-PCR (data not shown). Multiple primer sets were
designed to target Zacl, but none were able to successfully amplify. This indicates that AML12
cells did not represent a suitable model for assaying the Zacl transcript abundance in response to

CdCl; treatment.

A 6 Hours Post-Exposure B 24 Hours Post-Exposure C 48 Hours Post-Exposure
125 125

s
100 100

&l 75

50 50

RLU (%)
RLU (%)

25 25

0 ND 0 ND
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CdCl, (UM) CdCl, (M) CdCl, (UM)

Figure 4.4. Viability of AML12 cells after CdCl2 exposure. (A) Viability after 6 hours exposure.

(B) Viability after 24 hours exposure. (C) Viability after 48 hours exposure. All data are presented

as means = S.E. One-way ANOVA with Dunnett’s post-hoc test comparing CdCl, conditions to

water (solvent control). **p<0.01, ****p<0.0001. Data represent 3 independent experiments with

N=3 replicates/condition. ND: not detected.
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Figure 4.5. Effects of CdCl, exposure on Mt-1 gene expression in AML12 cells. (A-B) Mt-1
transcript accumulation after 24 and 48 hours exposure. All data are presented as means + S.E.
One-way ANOVA with Dunnett’s post-hoc test comparing CdCl> conditions to water (solvent
control). *p<0.05, ****p<0.0001. Data represent 3 independent experiments with N=3
replicates/condition.

Development of an in vitro model of Cd-induced toxicity: HepG2 cells

Because of the limitation of the AML12 cell line, HepG2 cells were tested as a model of

CdCl; exposure in vitro. HepG2 cells were derived from human hepatocellular carcinoma?®®

. Cyto-
tox glo viability assays were performed on the cells in response to CdCl,. For HepG2 cells at 6
hours, 0.1, 0.5, 1, and 5 uM CdCl; did not significantly decrease viability (Figure 4.6a). As with
the AML12 cells, HepG2 cells exposed to 5 uM CdCl> at 24 and 48 hours resulted in significantly
decreased viability (Figure 4.6b-c).

Again, Mt-1 expression was tested to verify that the HepG2 cells were responding to CdCl;
in a dose-dependent manner. At 6, 12, 18, and 24 hours post-treatment, Mt-1 was significantly up-
regulated in 0.5 and 1 uM CdCl (Figure 4.7a-d). These data confirm the validity of the model in
testing the response to Cd at the transcriptional level. For HepG2 cells, Zacl was not significantly
affected by CdCl> exposure at 6 hours post-exposure (Figure 4.7e). However, Zacl was down-
regulated at 12, 18, and 24 hours post-exposure in response to 0.5 and 1 uM CdCl; (Figure 4.7f-

h). These data indicate that the up-regulation of Zacl in vitro is not cell autonomous, and the

HepG2 cell models of CdCl, exposure is not representative of Zacl dysregulation in vivo.
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Figure 4.6. Viability of HepG2 cells after CdCl> exposure. (A) Viability after 6 hours exposure.
(B) Viability after 24 hours exposure. (C) Viability after 48 hours exposure. All data are presented
as means = S.E. One-way ANOVA with Dunnett’s post-hoc test comparing CdCl> conditions to
water (solvent control). *p<0.05, **p<0.01, ****p<0.0001. Data represent 3 independent
experiments with N=3 replicates/condition. ND: not detected.
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Figure 4.7. Effects of CdCl, exposure on HepG2 gene expression. (A-D) MT-1 transcript
accumulation after 6, 12, 18, 24 hours exposure. (E-H) Zacl transcript accumulation after 6, 12,
18, 24 hours exposure. All data are presented as means = S.E. One-way ANOVA with Dunnett’s
post-hoc test comparing CdCl, conditions to water (solvent control). *p<0.05, **p<0.01,
****p<0.0001. Data represent 3 independent experiments with N=3 replicates/condition.
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Discussion

Human industrial processes have led to areas of increased Cd, CCls, and TCDD, which
have negative health impacts®’%10.250-253 The release of toxic environmental contaminants into
the environment is a public health concern because they can contaminate food and water sources
and lead to negative health outcomes, including NAFLD. Each year, increasingly more children
and adolescents are being diagnosed with NAFLD, suggesting that susceptibility to it may be
programmed by the developmental environment®®’. Evidence suggests that maternal nutrition can
also impact the future health of offspring*.

The pathways that promote NAFLD pathogenesis have been well studied; however, the
mechanisms through which NAFLD can be induced by the environment are not well understood.
Our lab has previously demonstrated a novel role for imprinted genes in our models of NAFLD
programmed by Cd exposure (in Chapter 3) and maternal metabolic syndrome'®. To further
explore the hypothesis that Zacl and IGN up-regulation represents a conserved pathway through
which different environmental exposures program NAFLD, we analyzed publicly available RNA-
seg and microarray data. In support of our hypothesis, the IGN was enriched in all the exposure
models; moreover, it was up-regulated in the developmental exposure and adult TCDD models.
The findings of this study provide evidence that developmental exposure-induced NAFLD is
mediated through the IGN.

Transcriptomic trends between the different exposure models

The CdCl, [BxC] and TCDD datasets showed positive activation z-scores for hepatic
fibrosis signaling pathway, cell movement and leukocyte migration, and interleukin and SMAD3
signaling, which are all indicative of NAFLD pathologies of steatosis, inflammation, and fibrosis.

IL-33 was associated with a positive z-score in these datasets, and injured hepatocytes release IL-
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33 to drive HSC activation®*. Macrophages in the liver promote inflammatory responses by also
releasing interleukins'®®. SMAD3 phosphorylation leads to the production of type I and Il
collagenst®>16°,

The IGN is a conserved, dysrequlated network in response to different exposure models

The IGN was significantly enriched in all the exposure models; however, it was up-
regulated in the developmental models (Ct-MetS, CdCl> [BxC], CdCl. [CD-1]) and TCDD but
down-regulated in the MCD and CCl4 adult models. The difference in response of the members
within the IGN between the adult exposures of TCDD, MCD, and CCl4 could be caused by the
disparities between the dosing timelines. The mice exposed to TCDD were exposed beginning at
PND28, which was multiple weeks before the CCls and MCD exposures began, potentially
indicating that the IGN is still responsive to prolonged up-regulation at this timepoint.

The IGN was similarly up- or down-regulated in the models where exposure timings and
phenotypic outcomes were more closely matched such as between the adult exposures (CCls and
MCD) and developmental exposures. Supporting this finding, another study using a diet-induced
animal model of NAFLD revealed that the expression of genes are differentially regulated at
different timepoints and points in the course of NAFLD progression?®, indicating that members
of the IGN may have temporal or phenotypic regulatory roles in NAFLD development. To
overcome some of the discrepancies between these studies, a similar type of analysis could be
performed on samples collected at similar timepoints from different environmental exposures
dosed similarly such as those from the Toxicant Exposures and Responses by Genomic and
Epigenomic Regulators of Transcription (TaRGET) Program?®®.

From the IGN, the biallelically expressed genes, Ccdc80, Col5a2, and Tmsh4x were shared

between all the exposure models. These genes, as well as the imprinted gene H19, were shared
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among the developmental models. H19 up-regulation has been implicated in NAFLD progression
by promoting lipid accumulation and fibrogenesis®®"-?%¢, Ccdc80, Col5a2, and Tmsh4x were up-
regulated in the developmental models and TCDD, but down regulated in the adult exposure
models. The adult models presented with fibrosis and steatosis outcomes, so this could be the result
of a negative feedback signaling mechanism or could indicate a difference in the roles for these
genes in NAFLD development temporally. Collagens are known to play a role in fibrotic livers®®.
Thymosin beta-4 is encoded by Tmsb4x, and has been implicated in hepatic stellate cell
activation®®®. Recent studies have linked Ccdc80 with altered lipid metabolism in mice?’%2";
however, more research is needed to fully understand the mechanism of Ccdc80 in the liver in
NAFLD pathogenesis. Like thiazolidinedione agonizing Ppary in adipocytes for type 2 diabetes
treatment, targeting Ccdc80 may help alleviate this risk factor for NAFLD™#, but this requires
further interrogation.

Zacl response to CdCl» in vitro

Our lab has previously shown that Zacl up-regulation occurs in hepatocytes'®. CdCl
exposure was modeled in the murine hepatocyte AML12 cell line and the human hepatoma HepG2
cell line to test if Cd induced up-regulation of Zacl is cell autonomous. Zacl could not be reliably
detected in AML12 cells, though Mt-1 expression was dose-responsive to CdCl». Zinc is known
to stimulate metallothionein expression, and supplementation with zinc has been shown to mitigate
Cd toxicity®3, AML12 cells are cultured in DMEM-F12 media, which contains zinc. Though Mt-1
responded to Cd in the AML12 model, the background levels were already high as indicated by a
low Ct value compared to HepG2 cells via gRT-PCR (data not shown). The HepG2 cells responded
to Cd; however, the dynamics of Zac1 did not recapitulate what was observed in vivo. This could

be caused by differences between in vivo and in vitro models or differences in Zacl signaling in
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response to Cd between the species. More likely, signaling in the form of circulating microRNAs
(discussed in more detail in Chapter 1) or other small molecules between the pancreas, adipose
tissue, and digestive tract is responsible for the dysregulation of Zac1 in vivo??, but this needs to
be tested empirically. Future studies in our lab plan to expand on the AML12 cell model by using
toxicants that do not interact with metallothionein to determine if Zacl up-regulation in response
to those exposures is cell autonomous and to further study its mechanism of action. However, in
Chapter 3, AML12 cells were used to elucidate the mechanism through which Zacl programs
lipid accumulation via the Ppary signaling pathway using a Zacl overexpression construct.
Determining its mechanism in response to CdCl. exposure will have to be undertaken in vivo.

In summary, our results support the hypothesis that the IGN is a conserved pathway in the
liver that is dysregulated in response to different environmental stressors. Whether the conserved
genes between the exposure models that were identified here can be exploited as therapeutic targets

to alleviate NAFLD outcomes requires further study.
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CHAPTER 5
Conclusions & Future Directions

The toxic heavy metal cadmium (Cd) is a top ten chemical of public health concern
according to the World Health Organization. Exposure to it during gestation and adulthood have
been shown to lead to various negative health outcomes discussed previously in this dissertation.
Overall, the research described here sought to understand 1) if developmental exposure to CdCl;
could program non-alcoholic fatty liver disease (NAFLD), 2) if imprinted genes, including Zacl
and other members of the Imprinted Gene Network (IGN), are dysregulated in response to
developmental CdCl, exposure and contribute to NAFLD pathologies, 3) if the IGN is a conserved
network that is dysregulated in response to different environmental stressors. We modified a
mouse exposure paradigm used previously in our lab and used this to test the effects of two doses
of CdClz: 1 ppm that represents an environmentally relevant low-dose and 50 ppm, which produces
maternal circulating blood levels similar to those observed in humans in areas with high Cd
pollution®1%21% Utilizing our mouse model in combination with cell culture models, we were able
to interrogate possible mechanisms through which developmental CdCl, exposure acts to program
NAFLD.

As discussed throughout this dissertation, increasing evidence from human and animal
studies shows that maternal exposures to environmental stressors, including to the toxic heavy
metal Cd, are associated with negative health outcomes in offspring, supporting the theory of
developmental origins of health and disease. Therefore, to contribute to this body of knowledge,
we tested the hypothesis that maternal CdCl, exposure is sufficient to program NAFLD in
offspring in Chapter 2. Using histological, biochemical, and molecular techniques, we showed

that offspring exposed to 50 ppm CdCl. developed steatosis (females and males) and fibrosis
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(females) at postnatal day (PND) 21, a time point that corresponds to the onset of adolescence in
rodents and offers many comparisons to human juvenile NAFLD?%, The sex-specific differences
in Cd-induced NAFLD observed in our study are consistent with another recent study, which
revealed female mice to be more susceptible to Cd-induced steatosis; however, that study did not

identify evidence of fibrosis'®?

. Our study is, therefore, the first to demonstrate that developmental
CdCl; exposure is sufficient to program phenotypes associated with advanced NAFLD. Future
studies can utilize our model to test potential therapeutic interventions for both steatosis and
fibrosis, two major pathologies underlying NAFLD.

In Chapter 3, we tested the hypothesis that developmental CdCl.-induced NAFLD is
programmed by dysregulation of the Imprinted Gene Network (IGN) and its master regulator, the
imprinted gene Zacl. Exploiting our mouse model of developmental CdCl>-induced NAFLD at
PND21 from Chapter 2, we showed that 50 ppm exposure increased Zacl expression and up-
regulated the IGN in the liver at the same time. Though evidence from our lab suggests that
hepatocytes are the primary hepatic cell types in which Zacl and IGN respond to environmental
stress'3®, our RNA-sequencing (RNA-seq) analysis was performed on bulk tissue. Future studies
can take advantage of cell sorting and single cell RNA sequencing to confirm for the first time that
hepatocytes are responsible for the majority of prosteatotic Ppary and profibrotic Tgfp-1 signaling
after Cd exposure.

Results from a previous study from our lab analyzing samples from the Newborn
Epigenetics Study (NEST) showed that DNA methylation at imprinting control regions (ICRs) in
humans is sensitive to Cd exposure in maternal and newborn cord blood!*®. This provided a
potential mechanism for imprinted gene dysregulation in our model; however, Zacl up-regulation

in mice was independent of methylation changes at its ICR, consistent with results observed at
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additional imprinted loci in other mouse models of developmental CdCl. exposure developed by

199

our group~*”, indicating another mechanism is responsible.

A study in non-hepatic cell types indicated a link between Zacl and the prosteatotic gene

229 Given our observations of steatosis in both sexes in vivo, we tested whether Zacl could

Ppary
be responsible for Cd-induced hepatic lipid accumulation through this pathway. We artificially
overexpressed Zacl in a murine hepatocyte cell line, promoting lipid accumulation in a Ppary-
dependent manner, which could be abrogated by the addition of a Ppary-specific antagonist. Our
results draw a direct mechanistic link between Zacl and hepatic lipid accumulation for the first
time and reveal that imprinted genes play a central role in mediating between Cd exposure in
development and juvenile NAFLD. Using chromatin immunoprecipitation (ChlP), future work
will exploit this overexpression model to show that Zacl directly controls Ppary expression by
binding to its promoter region in hepatocytes.

Outside of the liver, appropriate Ppary signaling is critical for proper pancreas and adipose
tissue functions. It is unclear if the relationship between Zacl and Ppary that we identified in the
liver is conserved in these tissues. In rodent models, it has been shown that up-regulation of Ppary
in the pancreas inhibits B-cell proliferation and compromises pancreas insulin secretion?”>274, If
altered Zacl signaling dysregulates proper Ppary dosage in this tissue, diabetes may result. In
adipose tissue, Ppary induces adipocyte differentiation®”®. Up-regulation of Ppary has been shown
to increase adipose tissue fat storage, which helps to alleviate insulin insensitivity?’%. Zacl may
have a role in regulating Ppary signaling in this tissue and may lead to increased adiposity and
weight gain if up-regulated. Our lab previously showed a direct link between Zacl signaling and
the profibrogenic cytokine TgfB-1 in the liver'*®. Appropriate TgfB-1 signaling is also critical to

lung function, and improper up-regulation of Tgfp-1 in the lungs has been shown to lead to
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pulmonary fibrosis?’’. If Zac1 regulates TgfB-1 in lung cells in a similar manner as the liver, it may
be a potential therapeutic target in that organ as well.

Building on our findings from Chapter 3 and another study from our lab that previously
demonstrated a novel role for imprinted genes in developmental models of NAFLD**, in Chapter
4, we tested the hypothesis that the IGN is a conserved pathway that is up-regulated in the liver in
response to different environmental stressors using publicly available RNA-seq and microarray
data. We also used in vitro CdCl, exposure as a model of toxicant exposure to determine whether
Zacl is up-regulated via a cell-autonomous mechanism in hepatocytes. Our results revealed that
the IGN is significantly enriched in all the exposure models, but it was overall up-regulated in
response to developmental CdClz, maternal metabolic syndrome, and early adulthood 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) exposure. We also showed that the up-regulation of Zacl in
response to CdCl exposure is not cell autonomous, and AML12 and HepG2 cells exposed directly
to CdCl2 do not reproduce the Zacl dysregulation observed in vivo. As discussed in Chapter 1,
juvenile NAFLD affects about one in five children globally®®’, and different developmental
exposures have been shown to negatively impact offspring health later in life. To our knowledge,
this is the first time the IGN has been shown to be dysregulated in response to different
environmental stressors, implicating the IGN as a mechanism through which developmental
exposures act to program NAFLD and providing novel potential therapeutic targets for further
studies.

Future studies are needed to continue elucidating the mechanism through which
developmental CdCl. exposure acts to dysregulate imprinted genes to program juvenile NAFLD.
As shown in Chapter 3, Zacl was up-regulated in response to CdCl, exposure independent of

changes to its ICR methylation or imprinting status at PND21. Therefore, Cd-induced Zacl up-
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regulation could occur via alternative epigenetic mechanisms. For example, imprinted genes,
including Zacl, are highly expressed in prenatal development. They are progressively down-
regulated within a few days of birth by chromatin remodeling, a process mediated by the a-
thalassemia mental retardation X-linked (Atrx) protein?>-2%, The Atrx remodeling complex adds
the H3.3 histone variant and the repressive histone mark H3K9me3 to down-regulate these
genes®32%One mechanism we propose is that Cd exposure during early postnatal development
disrupts normal imprinted gene down-regulation by the Atrx complex, leading to developmentally
inappropriate high levels of imprinted gene expression. Future studies will test the hypothesis that
Cd exposure during this critical time-period disrupts Atrx function and the placement of repressive
histone variants using ChiP.

Studies described here have provided associative evidence linking Zacl and IGN
dysregulation and NAFLD outcomes but have not shown that Zacl dysregulation is necessary or
sufficient to program juvenile NAFLD in response to CdCl, exposure. To address this, future
studies in our lab will utilize a novel conditional Zacl knockout mouse model that allows for
deletion of Zacl in the presence of Cre recombinase in an exposure regime similar to that described
in Chapter 2. Because data from our lab suggest that Zac1 dysregulation occurs predominantly in
hepatocytes®3®, future work will delete the gene in a hepatocyte-specific manner using albumin
(Alb)-Cre?’®, We propose that Zac1 deletion in hepatocytes will result in partial or full abrogation
of Cd-induced steatosis and fibrosis, revealing that it is necessary for Cd-induced NAFLD. To
further demonstrate the role of Zacl signaling and critical windows of susceptibility in
programming juvenile NAFLD in the absence of environmental perturbation, future work will
overexpress Zacl in vivo using an adeno-associated virus (AAV) 8 delivery system or

transfection'*®2’°, We propose that Zacl overexpressing mice will show statistically significant
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evidence of NAFLD via histological, molecular, and biochemical analysis when compared to
control mice, revealing that Zacl up-regulation is sufficient to program NAFLD. Together, our
future work will test the hypothesis that Zacl signaling is necessary and sufficient for
developmental Cd-induced NAFLD in mice.

The IGN contains other potential regulators of NAFLD such as the one encoding the long
non-coding RNA (IncRNA) H19, which could potentially act to control other members within the
network to program NAFLD*!3, Zac1 has been shown to regulate the expression of H19 by binding
to its enhancer''3, As shown in Chapter 3, H19 is highly up-regulated in the livers of female and
male mice developmentally exposed to 50 ppm CdCl, at PND21, the same timepoint when Zacl
is up-regulated and NAFLD is observed. Other studies have also shown that H19 up-regulation is
linked to steatosis and fibrosis outcomes in adult mice?®”2%8 indicating a potential role for the
InNcRNA H19 in NAFLD programming. Future work will aim to further build on our understanding
of IGN signaling presented in this dissertation by examining the epistatic interactions between
IGN members. To determine if Zacl up-regulation can program juvenile NAFLD in response to
developmental CdCl. exposure independent of H19, we intend to utilize a genetic H19 hepatocyte-
specific knockout mouse model in an exposure regime similar to our paradigm described in
Chapter 2. We propose that Zacl programs NAFLD partially through H19. Therefore, we expect
H19 knockout mice exposed to 50 ppm CdClz will show statistically significant evidence of
NAFLD when compared to littermates exposed to O ppm CdCl.. However, we expect the
phenotypes to be less severe as those described in the model within this dissertation. Future work
could also utilize the H19 knockout mouse model by overexpressing Zacl in vivo using AAVS8 to
confirm our results in the absence of CdCl> exposure. This work will test the hypothesis that Zacl

signaling independent of H19 is sufficient for developmental Cd-induced NAFLD in mice and will
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further elucidate individual contributions of different IGN members to the programming of
NAFLD.

To date, our in vitro studies investigating the role of Zacl signaling in lipid accumulation
via Ppary and collagen deposition via Tgf5-1 have used small molecule inhibitors and ChIP,
respectively, to associate Zacl expression and measurable biochemical and molecular outcomes.
However, to definitively show that Zacl signaling controls these outcomes, future work will use
the CRISPR/Cas9 system to mutate the Zacl binding sites in the promoter regions for both Ppary
and Tgfp-1 and expose those mutated cell lines to the Zacl overexpression construct from Chapter
3280 We propose that mutating these sites will inhibit Zacl binding at these promoter regions,
which will be confirmed with ChIP. Ultimately, we predict that the mutated cells will show
significantly decreased accumulation of lipids and collagens compared to the mutated cells
overexpressing the EGFP control construct and the non-mutated cells, indicating that these
phenotypes depend on Zac1l signaling. Future studies will test the hypothesis that Zacl binding at
these promoter regions is necessary to lead to lipid and collagen accumulation in vitro.

Our results from our mouse model in Chapter 2 indicate that after PND21, phenotypic
differences are no longer discernible between groups in the absence of continued CdCl> exposure.
We and others have proposed a multiple-hit hypothesis for NAFLD, whereby developmental
exposures prime an individual for susceptibility to another environmental insult later in life to lead
to negative health outcomes?®®2'®. Future work will test whether developmental Cd-induced
NAFLD can persist into later life in the presence of a second environmental insult, such as high
fat diet, continued Cd exposure, or exposure to one or multiple other contaminants— models that

are potentially more consistent with the life-long exposures experienced by humans.
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In children, adolescents, and adults, exposure to heavy metals and endocrine disruptors
have been associated with NAFLD¥:126.127.219 ‘However, human studies are difficult to control and
eliminate all potential confounding variables, especially adult models where even minimal alcohol
intake can affect liver health outcomes. Mice are a useful tool for exposure studies because their
environment is easy to control. They are also a useful model of human biology and disease because
about 80 % of their genes have a human ortholog, 90 % of their genome has synteny with the
human genome, and mice have similar physiological processes to humans'®-82, An advantage of
mouse studies is that they provide empirical mechanistic evidence for a link between different
exposures, including Cd, and NAFLD, and we showed in Chapter 1 that Cd exposure alone is
sufficient to program NAFLD in mice and provided evidence that this was via Zacl and IGN
signaling. To provide translational evidence that Zacl and IGN signaling is relevant to human
NAFLD, future studies can capitalize on biological repositories such as the Non-Alcoholic
Steatohepatitis Clinical Research Network established by the National Institute of Diabetes and
Digestive and Kidney Diseases. Analysis of preserved samples could reveal ZAC1 and IGN gene
dysregulation in response to different exposures in humans with NAFLD. Cultured cells from fresh
human biopsies could provide a model to study the conservation of IGN signaling and function in
humans, which has not yet been determined.

In summary, utilizing the mouse as a model allowed us to investigate the potential
mechanism connecting developmental Cd exposure and liver disease, which would not have been
feasible in human studies. The work described in this dissertation builds on current knowledge in
the fields of toxicology and epigenetics by identifying imprinted genes as novel mediators between
exposure to environmental stressors, such as Cd, and later life disease, including juvenile non-

alcoholic fatty liver disease. Further research is needed to fully elucidate the mechanism through
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which Cd exposure dysregulates imprinted genes to program NAFLD. However, the studies
discussed here highlight the importance of imprinted genes in programming NAFLD and reveal

the need to consider them as potential therapeutic targets for disease mitigation in the future.
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Appendix A

Chapter 2 Supplemental Data

Supp. Table 2.1. Primer sequences used for qRT-PCR.

Target Fwd (5'-3") Rev (5'-3')

Tgfp-1 AAGTTGGCATGGTAGCCCTT GCCCTGGATACCAACTATTGC
I-ip  CCTGTTCTTTGAAGTTGACG CCTGAAGCTCTTGTTGATGTGC
Mgat! CTGGTTCTGTTTCCCGTTGT TGGGTCAAGGCCATCTTAAC
Cd36 GGAGCCATCTTTGAGCCTTCA GAACCAAACTGAGGAATGGATCT
Vim  CGAGCAGCAGAACAAAATCC GGCAATTTCTTCCTGCAAGGATTCC
Fabp4 TCTCCAGTGAAAACTTCGAT TTACGCTGATGATCATGTTG
Fsp27 GGAGACAGAAGAATACTTCC GCGAGTATGTGTCATAGAGG
Cer2  TTTGCAACTGCCTCTTTCCT CTTCTGTCCCTGCTTCATCC
Cer5  ATGGATTTTCAAGGGTCAGTTCC  CTGAGCCGCAATTTGTTTCAC
Snail CGGAAGATCTTCAACTGC GGTATCTCTTCACATCCG

Collal CCATCAAGGTCTACTGCAACATGG GCTGTTCTTGCAGTGATAGG
Col5a1l CCGAATCACATGACCTAGCCA ACCTATCCTGAGAGCTGAAGGGT
Col5a2 GGAAGTCAAGTAGGACTCATGC  CCTTCAAGACCTTTGTGTCC
Coléal CCCACTGACAAAACAGGAATAGG GCATCTCAGCGTTCCCTTTAA
Col6a2 GAACCCAAAGCCCCTTACCTACT GGGCAAGGTATAGGTAGGATGGA
ActB  GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Supp. Table 2.2. F; proportional organ data at PNDO, 21, and 90.

This table is provided as an additional document that is downloadable on the repository

page for this ETD.
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Appendix B
Chapter 3 Supplemental Data

Supp. Table 3.1. Primer sequences used for qRT-PCR.

Target Fwd (5'-3") Rev (5'-3")
Zacl CCATTCAAGTGCTCGAAGG CACTGGTGAATCTTCTGTGG
H19 CTTGTCGTAGAAGCCGTCTGTTC GTAGCACCATTTCTTTCATCTTGAGG
Grb10 AGGATCATCAAGCAACAAGGTCTC ATTACTCTGGCTGTCACGAAGGA
Mmp2 CGTAAAGTATGGGAACGCTGATGG CCTCGGTGGTACAGCTGTTGTAGG
Igf2 TACGGCCCCGGAGAGACT GGTTGGCACGGCTTGAAG
Cdkn1c AACGTCTGAGATGAGTTAGTTTAGAGG AAGCCCAGAGTTCTTCCATCGT
ActB  GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Supp. Table 3.2. Primer sequences used for pyrosequencing.

Target BS-Modified Fwd (5'-3") BS-Modified Rev (5'-3") BS-Modified Seq (5'-3')
Zacl GGTTAGGGTAGGTAAGTAGTGA ACACCCAAATTCAAAATTTATCACCTC GGTAGGTAAGTAGTGATAAT
Zac1-AQ ATGCTTCTACACCCGGAAAGATG  GGAGGCATGGGATCAACCTTTA AACTCATTGCGCCTT

Supp. Table 3.3. RNA-sequencing DEG information and enrichment data for PNDO and 21.
This table is provided as an additional document that is downloadable on the repository
page for this ETD.

Supp. Table 3.4. Determination of allele-specific expression of imprinted genes among DEGs for
females and males at PND21.
This table is provided as an additional document that is downloadable on the repository

page for this ETD.
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Appendix C
Chapter 4 Supplemental Data
Supp. Table 4.1. Details for the studies used in the analysis.

This table is provided as an additional document that is downloadable on the repository
page for this ETD.

Supp. Table 4.2. Ensembl gene 1Ds for RNA-sequencing and microarray datasets.
This table is provided as an additional document that is downloadable on the repository
page for this ETD.

Supp. Table 4.3. Primer sequences used for qRT-PCR.

Target Fwd (5'-3") Rev (5'-3")
Mouse Zact CCATTCAAGTGCTCGAAGG CACTGGTGAATCTICTGTGG
Primers ActB GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
MT1  AACTGCTCCTGCTCCAC GCCCTGGGCACATTTIGG
Target Fwd (5-3") Rev (5'-3')

Human Zac1 CAAGTGTGTGCAGCCTGACTGT GAACGTCTTCTCACAGTGAGCAC
Primers Gapdh GCACCGTCAAGGCTGAGAAC  TGGTGAAGACGCCAGTGGA
MT1  TCCTGCAAGTGCAAAGAGTG AAAGGTTGTCCTGGCATCAG

Supp. Table 4.4. RNA-sequencing and microarray analysis from various adult environmental
exposures.

This table is provided as an additional document that is downloadable on the repository

page for this ETD.

Supp. Table 4.5. Exposure model comparisons for shared IGN genes.
This table is provided as an additional document that is downloadable on the repository
page for this ETD.
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