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Abstract

Cardiovascular disease (CVD) is the leading cause of death worldwide.!> CVDs are often
chronic, and symptoms may not appear until advanced stages of disease, making prevention and
treatment difficult.’ Importantly, there are prominent sex differences in manifestations,
pathogenesis, and prognosis of CVD.%* While genetic and lifestyle factors are well-known
contributors to CVD, the role of environmental pollutants is less defined. Lead (Pb), a common
environmental contaminant from industrial emissions and older infrastructure, is strongly
associated with adverse cardiovascular outcomes.’

One way Pb may contribute to the development of CVD is through epigenetic regulation:
changes that control expression of genes without altering the underlying DNA sequence.
According to the Developmental Origins of Health and Disease hypothesis, environmental
exposures during early development can affect disease risk later in life by disrupting normal
epigenetic programming.® Perinatal exposure to Pb has been shown to alter DNA methylation in
a sex specific manner in cardiac tissue, and these changes were associated with genes important
for cardiac development.’

PIWI-interacting RNAs, or piRNAs, are a class of small noncoding RNAs that function as
part of the epigenetic regulatory system in the germline, and although piRNAs are well
characterized in the germline, they have recently been detected in somatic tissues, including the

heart, though their function remains poorly understood.® Previous work has found altered piRNA
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expression related to the development of CVD, but none have studied how environmental
exposures may play a role in regulating piRNA in CVD.*!?

While both Pb exposure and abnormal piRNA expression have been independently
associated with adverse cardiovascular outcomes, no study has looked at the two in relation to
one another. The central hypothesis of this project is that early developmental exposure to Pb
causes adverse sex specific cardiovascular health outcomes later in life through dysregulation of
the piRNA system, molecular pathways, and cardiac function.

Aim 1 (Chapter 2) characterizes a sex stratified baseline map of the piRNA-ome in the
mouse heart, finding nearly 19,000 piRNAs mapping disproportionately to exons. Aim 1 further
reveals hundreds of unique piRNAs in males and females affected by perinatal Pb exposure,
mapping near gene regions controlling essential processes in the heart, including mitochondrial,
ribosomal, and heart contraction pathways. Additionally, changes in piRNA-associated Piwil
expression and expression of excitation contraction coupling genes were found only in male
mice.

Aim 2 (Chapter 3) characterizes sex specific perinatal Pb exposure induced changes in
molecular pathways and function in mice hearts, finding enrichment of pathways related to heart
structure and function in both sexes, mitochondrial function in females, and histone biology in
males. Further, echocardiograms point towards male-specific changes in heart structure and
function induced by perinatal Pb exposure.

Aim 3 (Chapter 4) assesses how Pb exposure during cardiomyocyte differentiation affects
gene expression and function of cardiomyocytes derived from one male and one female patient
derived human induced pluripotent stem cell (iPSC) cell line. In the female line, gene and

pathway changes related to heart development and mitochondrial structure and function were
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dysregulated throughout differentiation. In both cell lines, there were cell line specific
disruptions in electrophysiology.

Overall, these projects uncovered a comprehensive understanding of the sex specific
impacts of developmental Pb exposure on expression of piRNAs, other pertinent molecular
pathways, and function in the heart. Importantly, these early life changes may contribute to the

development of CVD later in life.
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Chapter 1: Introduction

1.1: Cardiovascular Disease

Cardiovascular disease (CVD) is a group of illnesses affecting the heart and circulatory
system, including atherosclerosis, myocardial infarctions, stroke, heart failure, arrhythmias, and
heart valve problems.!! Worldwide, CVD killed 18.6 million people in 2019, with most deaths
(85%) resulting from heart attacks or strokes.!>'? In the United States alone, one person dies
every 33 seconds from CVD and in the year 2020 CVD accounted for 1 in every 5 deaths.!>!4
The prevalence of cases of CVD doubled from 1990-2019, and 40.5% of the United States
population is expected to have some form of CVD by 2030.!%!>16 Importantly, one third of
worldwide deaths due to CVD are premature, occurring in people under 70 years old.! Including
costs of health care services, medicines, and loss of productivity due to death, heart disease cost
the United States $254.3 billion in 2019-2020.""

Men and women exhibit significant differences in manifestations, pathogenesis, and
prognosis of CVD.?* Men are more likely to contract occlusive coronary artery disease (CAD)
while women are more likely to suffer from nonobstructive CAD or microvascular dysfunction.*
Further, because men develop CAD earlier and with more severe atherosclerosis, myocardial
infarctions (MIs) occur an average of 10 years earlier in men than women.* However, mortality
from MI is higher in younger women compared to younger men.'® Contrastingly, men are more
likely to die from ischemic sudden death due to arrhythmia.* Heart failure (HF) affects more

women than men, although women more often have HF with preserved ejection fraction



(HFpEF) and men more often have HF with reduced ejection fraction (HFrEF), meaning women
have HF where the heart pumps normally but has difficulty relaxing while men have HF where
the heart’s pumping is impaired.!'*!”-!° Furthermore, women with HF tend to have better clinical
outcomes.?*2! Conversely, age-related atrial fibrillation (AF), the most prevalent heart rhythm
disorder, is more common in men than women, but men tend to have better quality of life and are
less at risk for adverse events.?> Women, on the other hand, have lower rates of developmental
heart conditions, also known as congenital heart defects (CHDs), compared to men.??

Cardiomyocytes, the contractile unit of the heart that make up the majority of a heart’s
mass, show sex-specific structural and functional defects in CVD.2* Changes in cardiomyocytes
in CVD include pathological hypertrophy (enlarging of the muscle tissue), altered programmed
cell death, mitochondrial changes, and impaired electrical activity causing arrythmias.>*2’” Male
and female specific cardiomyocytes have been shown to have differences in their excitation-
contraction coupling (ECC) pathway, the process by which electrical impulses (action potentials)
are linked to muscle contraction.?® In this process, action potentials trigger the release of calcium
(Ca) into the cell, where it binds to troponin, causing actin and myosin filaments to slide and thus
creating uniform contraction that forms a heartbeat.?® Studies have shown that sex hormones
regulate intracellular Ca in cardiomyocytes, but other mechanisms, such as epigenetics (see
Chapter 1.3) may also be at play.?®

Despite the significant global burden of CVD, promising improvements have been made in
prevention and treatment, prominently through modifications of lifestyle factors. However, the
disease is difficult to confront due to its chronic nature in which symptoms may not develop until
advanced stages, as often the first sign of disease may be occurrence of heart attack or stroke

which may lead to sudden death.!* Both lifestyle and genetic factors may play a role in the



development of CVD, and high blood pressure, high blood cholesterol, smoking, and poor diet
are all significant risk factors.!> CVD often originates as atherosclerosis, or plaque buildup in the
arteries, and management of lifestyle factors or medications are often aimed at managing and
preventing atherosclerosis.*°

Less attention has been paid to environmental pollutants as causative agents of CVD
compared to other lifestyle risk factors, but studies have shown that the cardiovascular system is
highly sensitive to the effects of environmental exposures.>! Ambient air pollution and the metals
arsenic, cadmium, and Pb are the most well studied environmental contaminants affecting the
cardiovascular system and are prevalent human exposures.?! Air pollution and metal exposure
have both been implicated in the development and progression of CVD through facilitating the
development of atherosclerotic plaques, prompting of ischemic events, causing arrhythmias, or

otherwise altering normal cardiovascular functioning.®!

1.2: Lead Exposure and CVD

Lead (Pb) is a naturally occurring element that is highly toxic to humans and animals.>
While standards in the past were more lenient, currently both the World Health Organization and

1.33 1t is well understood that

Centers for Disease Control agree that there is no safe blood Pb leve
even low levels of Pb exposure, particularly in young children, can result in neurological and
developmental problems.?? Pb poisoning resulting from exposure through municipal water
systems was prominently exposed by the Flint water crisis but exists throughout the United
States and the world.?#*> In 2021, an estimated 1.5 million deaths globally were attributed to Pb
exposure, most significantly due to cardiovascular effects.’® An earlier study found Pb exposure

contributed to 5.5 million adult deaths in 2019 from cardiovascular disease worldwide (10% of

global deaths that year).37-*8



Origins of Pb poisoning include both occupational and environmental sources and Pb
exposure is a public health issue in both high- and low-income countries.*>>** The consumer use
of Pb was banned in the United States (US) in 1978, but the problem of Pb pollution persists
today from past contamination or current industrial usage.*? Pb is present in the air, water, soil,
and inside homes, and major sources of exposure in the US include paint in older homes,
industrial legacy pollution (waste), batteries, and plumbing.’® It is estimated that Pb is present in
25% of homes in the US.*® Thus, exposure routes include inhalation, ingestion, or dermal
absorption.

While studies have shown there is no safe level of Pb, it is important to consider historical
and current exposure ranges. According to the US Occupational Safety and Health
Administration (OSHA), workers can be exposed to high Pb levels resulting in a blood Pb level
of over 60 ug/dL, causing both acute and chronic health effects.*! The NIOSH Adult Blood Lead
Epidemiology and Surveillance (ABLES) program recommends that worker blood Pb levels be
maintained below 20 pg/dL over a twenty-year period or below 10 pg/dL over a forty-year
period in order to prevent chronic health effects.*! However, studies conducted between 1970-
2010 have shown that worker blood Pb levels of 14 pg/dL on average for paint based exposure
and 42 pg/dL on average for Pb from manufacturing Pb acid batteries, the latter of which was
responsible for over 90% of the Pb consumed in the US.*

In non-industrial settings, blood Pb levels are generally lower, but continue to be a problem
globally, with one third of children worldwide having a blood Pb level at or above 5 pg/dL.*
Historically, one survey in 1980 in the US found blood Pb levels around 20 pg/dL or higher in
homes with damaged Pb paints.** In Flint, MI, where corrosive water usage caused Pb to leak

from pipes, the percentage of children with elevated blood Pb levels (> 5 pg/dL) nearly



doubled.***¢ While this crisis exposed the problem to the US, Flint is not alone, as almost 3,000
U.S. neighborhoods showed blood Pb levels among tested children at least twice as high as in
Flint.3* As of 2021, CDC reference blood Pb level was lowered from 5 to 3.5 ug/dL.*” This
value is based on the 97.5" percentile of blood Pb distribution among children 1-5 years old in
the US, and it represents a threshold to identify children at high risk and prompt follow up
actions to help those most vulnerable.

Once in the body, Pb travels through the bloodstream and is distributed throughout the body
and is stored in the bones, where it accumulates over time.*> In adults, 94% of the total body
burden of Pb is stored in bone or teeth, while only 73% of children’s Pb body burden is stored in
these mineralizing tissues.*® Resorption from bones occurs in the body during osteoporosis,
pregnancy, lactation, menopause, and other conditions and thus there is an increase in Pb
concentration in the blood during these conditions.*® Pb can also be transmitted from mother to
fetus and from mother to infants through breast milk.*® The half-life for blood Pb ranges from 1
week to 2 years, varying with age and exposure history.*® The half-life of Pb stored in bone, on
the other hand, is 1 to 2 decades.*® This means that Pb stored in bone is an endogenous source of
Pb that can be released into the body and cause damage well after an exposure has ended.

Studies have found the major target organ of Pb poisoning to be the central nervous system,
with symptoms of lack of attention, memory loss, and headache.*® Pb exposure has been
associated with a drop in intelligence quotient (IQ), and even blood Pb levels lower than 5 pg/dL
cause a decrease in IQ score.* Low-level, non-occupational exposure to Pb (below 10 ug/dL),
have been shown to cause neurological and behavioral disorders in children as well as

neurological disorders in adults.>



Pb exposure association with adverse cardiovascular outcomes has been supported by both
prospective and cross-sectional epidemiological studies.’ These include hypertension,
arrythmias, increased risk of mortality from MI, increased incidence and mortality from coronary
disease, and increased risk of peripheral arterial disease.> "5 One prospective cohort study of
adults found that low level Pb exposure (lower than 5 pg/dL) is an important risk factor in
cardiovascular disease mortality, finding an equivalent of 256,000 cardiovascular disease related
deaths annually in the United States could be attributable to Pb blood concentrations.>® It has also
been shown that Pb exposure in pregnant mothers may affect cardiac development in offspring,
with numerous studies showing associations between maternal Pb levels and risk of congenital
heart defects in the fetus.”-%!

Mechanistically, Pb has been found to stimulate oxidative stress, inflammation, endothelial
dysfunction, and proliferation of vascular smooth muscle cells and fibroblasts, all of which can
lead to the development of hypertension.®? In cellular pathways, Pb is known to mimic Ca, given
that Pb ions are similar to Ca ions.%® As highlighted in the previous section, Ca signaling is
important in the cardiovascular system, as it controls uniform contraction of the heart via ECC.%*
Pb has been shown to alter intracellular processes involving Ca, including altering Ca
homeostasis as well as function of ion channels, receptors, and transporters.®®> These disruptions
have been extensively studied in relation to the neurotoxicant properties of Pb but are less well
documented in the heart. However, studies have found that through disruption of Ca signaling,

Pb exposure can lead to the development of arrhythmias and action potentials that are reduced in

amplitude and elongated.%



1.3: Epigenetics

Another potential mechanism of action through which Pb exposure may lead to adverse
cardiovascular outcomes is through epigenetic regulation. Epigenetics refer to mitotically
heritable changes in gene expression without altering the underlying DNA sequence, and can be
influenced by environmental factors. The developmental biologist Conrad Waddington coined
the word epigenetics in 1942, and in 1957 he proposed the epigenetic landscape, building a
metaphor in which a cell is represented by a ball that could follow different paths depending on
characteristics of the landscape, signifying different intra or extracellular environmental
factors.%¢%7 This theory explains why most cells in a body all have the same genotype but
different gene expression profiles leading to very different characteristics and functions.

Epigenetics comprises three main elements: modifications to DNA, histone modification,
and non-coding RNA, all of which interplay together to control gene expression.®® All three have
been found to be regulated by Pb in the context of neurodevelopmental disorders.®

Less work has been conducted on how Pb alters the epigenome in the heart, with the bulk of
work focused on alterations of DNA methylation. Briefly, DNA methylation is the transfer of a
methyl group onto the C5 position of the cytosine to form 5-methylcytosine (5mC).” When
present at gene promoters, DNA methylation is repressive, preventing transcription factors from
binding and leading to gene silencing.’® Interestingly, based on findings in hematopoietic stem
cells, Ca helps regulate DNA methylation, as Ca dependent proteases Calpain 1 and Calpain 2
regulate protein levels of TET enzymes which help in the process of demethylation, and lower
Ca levels increase TET1 and TET2 protein expression, as well as the abundance of a DNA
demethylation intermediate 5-hydroxylmethylcytosine (ShmC).”! Since Pb ions mimic Ca and

may disrupt Ca signaling, this may be a mechanism by which Pb potentially alters DNA



methylation in the heart. Accordingly, associations between Pb exposure and DNA
hypomethylation, particularly of Long Interspersed Nuclear Elements, 1 (LINE-1) transposable

elements (TEs), have been found in various studies.’”>">

1.4: Developmental Origins of Health and Disease

The Developmental Origins of Health and Disease (DOHaD) hypothesis originated in three
studies that found poor nutrition at an early age could influence the development of heart disease
later in life.”5"® Similarly, different exposures, including to Pb, at an early age could lead to
CVD later in life. During critical periods of development in the womb or in early life, exposures
may modify the epigenome to induce long-lasting changes in programming that may render
individuals more susceptible to CVD.” Of note, there have been shown to be sex differences in
how the early environment induces the development of hypertension and CVD.%°

DNA methylation plays a critical role during development. As cells undergo differentiation,
epigenetic changes help guide this process, and these modifications allow for specific gene
expression patterns that influence lineage specification and cell identity.! For this to happen,
germ cells must be extensively reprogrammed.?! As sperm and egg cells develop, they establish
their own epigenetic patterning.3! Upon fertilization, the zygote undergoes another wave of
demethylation, allowing for cells to be in a pluripotent state which then undergo specific
methylation patterns during differentiation.®! Theoretically, if Pb affects epigenetic
modifications, this could have implications for both germ cell development and early embryonic
development. Metals, including Pb, have indeed been shown to alter the epigenetics of
embryonic stem cells, causing changes in pluripotency and differentiation.?

Previous work from our lab discovered that mice treated perinatally (during gestation and

lactation) with human exposure relevant levels of Pb were found to have hundreds of sex-



specific differentially methylated cytosines (DMCs) and differentially methylated regions
(DMRs) in their heart tissue later in life, some of which were on genes related to cardiac
development.” These included both hypermethylated regions as well as hypomethylated regions
in both male and female mice.” Interestingly, these DMCs were found to correspond with unique
pathways in males and females upon enrichment analysis, including a few pathways important
for normal heart development and function in male DMCs.” Thus, Pb induced DNA methylation

changes during development may contribute to cardiovascular disease in later life.

1.5: Small non-coding RNA

The majority of the genome (98%) contains non protein coding material, previously thought
of as “junk DNA,” but in the past few decades studies have shown the many vital processes
regulated by RNA transcribed from these non-coding regions.?*#* Non-coding RNAs (ncRNAs)
are comprised of long and short ncRNAs as well as transfer and ribosomal RNAs.#* There are
three main types of small noncoding RNA (smRNA): microRNA (miRNA), small interfering
RNA (siRNA), and piRNAs which each operate through distinct mechanisms.

MicroRNAs (miRNAs) have been shown to be dysregulated both by Pb and in CVD. Pb
exposure in particulate matter was found to be correlated to expression of microRNAs important
in oxidative stress and inflammation pathways.> In the heart, miRNA have been shown to be
dysregulated in CVD, providing both potential biomarkers of disease and mechanistic links to
disease progression with involvement in homeostasis, differentiation, and heart function.?¢%7
In particular, miRNAs have been shown to play roles in cardiomyocyte proliferation and cardiac

repair mechanisms as well as cardiac remodeling during disease progression.388



1.6: piRNA

PIWI-interacting RNAs, or piRNAs, are key players in modulating the epigenome. Aim 1
connects piRNA function with the DOHaD hypothesis: piRNA pathways may be affected by
early exposures, leading to the development of CVD. piRNAs are well characterized to prevent
transposable element (TE) mobilization and thus maintain genomic integrity, and exposures to
heavy metals have been shown to regulate TE induced damage.”® In mouse studies, perinatal
exposures to Pb were associated with changes in DNA methylation of transposon-associated
loci.”!? In addition, some human studies have found associations between Pb exposure and
hypomethylation of LINE-1 TEs, and one study found in utero exposure to Pb in humans also
resulted hypermethylation at LINE-1 TEs at birth.”>7>% As piRNAs regulate DNA methylation
of transposable elements and these have shown altered methylation profiles caused by Pb,
piRNA may represent a potential mechanism by which Pb acts. Taken together, Pb exposure
may affect cardiac biology through disruption of piRNA functioning.

piRNA are a class of smRNA first coined in the early 2000s by a group of studies showing a

novel distinct smRNA which associate with PIWI proteins in both Drosophila and mammals.**

%8 piRNAs are the least well studied RNA species in mammals, and are only found in animals.®*°
They are short (23-34 nucleotides, generally longer than miRNAs), enriched in the germline, and
their canonical function is silencing of transposons via transcriptional or posttranscriptional
mechanisms.!% This function makes them critical for maintaining genomic integrity, as mobile
TEs can act as mutagens to coding or regulatory sequences.!'%!

Germline piRNAs are well characterized, representing a ubiquitously expressed diverse class

of over 500,000 unique piRNA sequences as found in web-accessible databases.!?2-1% Unlike

miRNAs and siRNAs, which associate with Ago subfamily Argonaute proteins to guide them to
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their sites of action, piRNAs associate with the PIWI protein subfamily.!% They are also
generally thought to be longer (23-34 base pairs versus 20-24 base pairs) than the other classes of
ncRNAs, although recent work has found that piRNAs may be shorter when expressed in

somatic tissue compared to the germline.® Also distinct from the other ncRNAs is the presence of
2’ O-methylation at their 3° end in piRNA, which confers stability.!’-1% Further, while miRNAs
are often conserved between species, piRNAs are not as there are hundreds of thousands of
unique piRNAs found within each species.!*

PIWI (or PIWIL) proteins, on the other hand, are well conserved between species. PIWI
stands for p-element induced wimpy testis, first discovered in Drosophila germline stem cells in
a mutagenesis screen, with mutations causing severe defects in spermatogenesis, thus giving the
gene its name.'!° There are three mouse PIWI proteins named MIWI (PIWIL1), MILI (PITWIL2),
and MIWI2 (PIWIL4) and four human PIWI proteins named HIWI (PIWIL1), HILI (PTWIL?2),
HIWI3 (PIWIL3), and HIWI2 (PIWIL4). Functionally, as discovered in Drosophila, PIWIs bind
to and guide piRNA transcripts to transposons, where they are required for DNA methylation
and transcriptional silencing.!% PIWTs also play a role in secondary piRNA biogenesis in the
germline, binding to piRNA transcripts in the intermediate steps of synthesis and in a “ping
pong” amplification mechanism which is also highly conserved across species.!'!!

Despite being well characterized in the germline, little is known about piRNA function in
somatic tissues.!!? Studies have found both piRNAs and PIWILs present in somatic tissues
expressed at significantly lower levels compared to the germline.®!!2 They were first discovered
to play important roles in stem cell function and in the development of multiple types of cancer,
but more recent studies have found piRNA pathways are also important in fully differentiated

somatic tissues.!!3115 piRNAs have been found in a diverse array of tissues, including follicular
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cells, epididymis, brain, heart, liver, kidney, pancreas, and skeletal muscle.®!12116 Functionally,
piRNAs likely play their same role regulating TE expression in somatic tissue, but other roles,
including regulation of gene expression, have also been suggested.!!* Emerging data has found
piRNAs to be involved in regulating N6-methyladenosine (m6A) modifications of mRNAs,
which effects mRNA splicing, nuclear transportation, stability, and translation, and piRNA

mediated m6A has been shown in both studies of tumor progression as well as CVD.!!7-119

1.7: piRNA in the Cardiovascular System

Somatic roles of piRNA, including in the cardiovascular system, are just beginning to be
uncovered. The first evidence of piRNAs playing specific roles in heart tissue was found in the
sea slug where certain piRNAs were found at high levels in the heart compared to the
germline.'?° After this, piRNAs have been found to be involved in distinct cardiac mechanisms,
including cardiac repair, cardiac differentiation, and CVD.%!0:121-124

Endogenous cardiac regeneration is very low and so models of cardiac repair are important
in developing potential treatment strategies for damage induced by myocardial infarctions or
heart failure.!?? piRNA may represent one potential avenue for the development of such
therapies.!?> PIWI knockdown was first found to impair whole organism regeneration, including
circulatory system regeneration in ascidians (sea squirts).!?? Further, particular piRNAs were
found to be differentially expressed in different types of cardiac progenitor cells, implying
piRNAs could play functional roles in cardiomyocyte proliferation and regeneration.!?* The
piRNAs expressed in these cardiac progenitor cells were found to be associated with inhibition
of LINE-1 transposons (presumably through silencing via DNA methylation) and activation of
AKT signaling, a powerful survival and repair signal.!?® LINE-1 inhibition is associated with
decreased negative repercussions post ischemic damage of the heart through activation of

12



AKT.!?6 Dysregulation of AKT signaling in the heart is associated with several adverse
cardiovascular outcomes, including atherosclerosis, cardiac hypertrophy, and vascular
remodeling.!?” Therefore, piRNA likely play important roles in regulating cardiac repair and
represent a potential treatment avenue in cardiac pathology.

Differential piRNA and PIWIL expression has been found at different stages of cardiac
differentiation, suggesting that piRNAs are involved in regulating cardiac differentiation.!>*!28 In
an in vitro analysis of human H9 embryonic stem cells differentiated into cardiomyocytes,
investigators found piRNA transcripts (distinguished from miRNA by larger length), of which
241 were detected in pluripotency, 218 in mesoderm and 171 in cardiac cells.!?* Interestingly,
this study found that the majority of piRNAs found to be differentially expressed were
downregulated as cells were differentiating, suggesting piNRAs may become less important in
differentiated cells, and these piRNAs originated from genes involved in essential biological
processes in the heart.!>* The majority of piRNAs mapped to unique processes in the developing
cardiomyocytes compared to neural progenitor cells, suggesting that they play a unique
functional role in cardiac cells.'>* Enriched pathways corresponded to heart development, muscle
differentiation, and contraction.!?* The authors of this study suggest piRNA expression fine tunes
gene expression to control cardiac differentiation.'?* Further, this work also found differences in
expression of PIWIL genes at different stages of differentiation, with a decrease in PIWIL2 and
increase in PIWIL4 found in cardiac progenitors.'?* Importantly, improper cardiac differentiation
can lead to the development of congenital heart defects and these processes can be influenced by
environmental exposures.'?° Thus, proper differentiation may be disrupted through modulation of

piRNA expression by the environment.

13



CVD model studies have revealed piRNA involvement in CVD. Models of cardiac
hypertrophy, which is related to myocardial ischemia and heart failure, showed increased piRNA
expression in rat in vivo models of adaptive hypertrophy and decreased piRNA expression in rat-
derived in vitro models of adaptive hypertrophy.’® (It is important to note, cardiac hypertrophy
can be an adaptive response or a pathological change and differ in underlying molecular
mechanisms.!* In adaptive hypertrophy, cardiomyocytes are enlarged to meet increased
demands such as in athletes or during pregnancy, while in pathological hypertrophy, maladaptive
remodeling occurs due to stress and leads to heart failure or other CVDs.!3%) Interestingly, the in
vivo piRNAs were found to be mapped to mRNA regions while the piRNAs found in in vitro
models mapped to both mRNA and transposon (including LINE-1) regions.’ This highlights that
there is diversity in piRNAs not only present between species but between different model
systems, underscoring the complexity of piRNA regulation of heart biology.

One particular piRNA, called Cardiac Hypertrophy Associated piRNA (CHAPIR) has been
shown to increase cardiac hypertrophy upon overexpression and decrease cardiac hypertrophy
upon KD or KO in in vitro and in vivo models, respectively.!!® These experiments found the
mechanism by which this occurs is through blocking of METTL3-mediated N°-methyladenosine
(m®A) methylation of Parpl0 mRNA transcripts, which leads to increased Parp10 expression and
downstream effects on cardiac hypertrophy.'!® Thus, piRNA may play a causal role in heart
disease by mechanisms other than silencing of transposons.

Another piRNA was discovered in the context of calcific aortic valve disease (CAVD), the
most common form of heart valve disease involving the buildup of Ca in the aortic valve which
narrows the valve opening.!'” Aortic valve calcification-associated piRNA (AVCAPIR)

promotes AVC in vitro and in vivo through disruption of fat mass and obesity-associated protein-
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mediated m®A demethylation of CD36 mRNA transcripts, the latter of which stabilizes a
procalcific protein, thus enhancing the CAVD phenotype.!!”

Epidemiological studies have suggested that piRNA play roles in CVD.!3!:132 One study
found large differences in expression (both up and downregulation) of piRNAs in heart failure
patients.!? piRNAs were also found to be differentially expressed in patients with chronic
thromboembolic pulmonary hypertension (CTEPH).!* Another study found specific piRNAs
present in MI patients.” Together, these results indicate opportunity to utilize piRNA either as

biomarkers of disease or potentially in CVD therapies.

1.8: Purpose of Proposal

Given that piRNAs have been shown to play roles in cardiac repair, differentiation, and
pathologies, and Pb exposure can disrupt proper epigenetic programming during development
and is known to be associated with CVD, this work proposes that exposure to Pb during
development can lead to CVD later in life through disruption of the piRNA system. However,
piRNA dysregulation is only one component of how Pb impacts cardiac development and
biology, and so to gain a comprehensive understanding of the molecular and functional
consequences of developmental Pb exposure, this project incorporates small RNA sequencing in
mice (Aim 1) and transcriptome profiling and cardiac functional assessments in both mice and
human iPSC-derived cardiomyocyte models (Aims 2 and 3). Furthermore, given that CVD
shows differences in pathology between the two sexes and epigenetic responses to Pb exposure
are also sex specific, this work will also examine the influence of sex across all aims. Overall,
these projects aim to fill knowledge gaps surrounding Pb exposure’s potential to influence the
expression of piRNAs, associated epigenetic and gene regulatory pathways, and ultimately
cardiac structure and function in a sex specific manner, in pursuit of discovering mechanisms
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underlying Pb’s potential to increase CVD risk later in life. The schematic below shows an

outline of work to fulfill this proposal’s goals.
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Figure 1.1: Schematic of Research Plan

1.9: Specific Aims

Aim 1
Analyze Sex-Stratified piRNA Expression to Characterize Functional Impacts of Perinatal

Pb Exposure in Murine Hearts

Goal: Establish sex-stratified baseline maps of all piRNAs expressed in murine heart tissue and

examine effects of perinatal Pb exposure on piRNA expression in murine hearts.
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Hypothesis: piRNAs are expressed in the heart, their expression is sex-specific, and their
expression is affected by perinatal Pb exposure in a sex-specific manner.
Summary:

The current understanding of piRNA expression in the heart is not well documented,
although alterations in piRNA expression have been reported in CVD. Furthermore, Pb exposure
is strongly associated with CVD risk, but no studies have investigated Pb’s effects on cardiac
piRNAs. This study aimed to characterize sex-stratified piRNA expression in the murine heart
and assess sex-specific effects of human-relevant maternal Pb exposure on adult offspring
cardiac piRNA expression, as well as the expression of piRNA associated machinery.

Virgin female wild-type a/a non-agouti mice (derived from a colony for the viable yellow
agouti (4"Y) strain) 93% identical to the C57BL/6 mice (6-8 weeks old) were randomly assigned
to receive control or Pb via drinking water 2 weeks prior to mating, followed by mating with
virgin a/a males of the same strain (7-9 weeks old).!** Pb II acetate trihydrate (32 ppm; Sigma-
Aldrich, Milwaukee, WI, USA) was mixed with distilled drinking water, which results in a
human-relevant maternal exposure in the 16-60 pg/dL range.’"!33 Pb exposure continued
through mating (for both males and females), pregnancy (~3 weeks), and lactation until weaning
at 3 weeks of age.” After weaning, all offspring received Pb-free water until euthanasia at 3
weeks, 5 months, and 10 months of age. First, smRNA sequencing was performed to generate
baseline maps of all piRNA expressed in female and male 5-month-old control murine heart
tissue (5-month, n =2 per sex). We used sodium periodate exclusion so that only piRNA was
amplified in our samples, as piRNAs are resistant to sodium periodate treatment due to the
presence of a unique 3° modification of 2’-O-methylation.®!%%:113 Next, we sequenced smRNA

isolated from heart tissue of 5 month old mice exposed to Pb during gestation and lactation. The
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expression of piIRNA (n=5 female control and Pb exposed and n = 6 male control and Pb
exposed) was compared to baseline maps. Functionality of the specific piRNAs found
differentially expressed was assessed through gene ontology analysis to determine differential
effects of Pb on piRNA expression as well as sex differences in this effect. Specific genes
affected by Pb exposure (potential mRNA targets, piIRNA associated Piwils, and ECC genes)
were also interrogated by qRT-PCR.

The goal of this aim is to address existing knowledge gaps on our understanding of the
piRNA landscape in both control adult heart tissue as well as how developmental Pb exposure
affects their expression, with the overarching purpose to understand how this altered piRNA

expression may be related to the development of CVD.

Aim 2

Determine the Sex-Specific Effects of Perinatal Pb Exposure on Murine Cardiac Gene

Expression and Function

Goal: Examine the sex-specific effects of perinatal Pb exposure on gene and pathway alterations

as well as phenotypic changes in adult mouse cardiovascular system.
Aim 2A:
*  Hypothesis: Perinatal Pb exposure alters transcriptional pathways associated with

cardiovascular development and disease in a sex specific manner.

Aim 24 Summary:
While Pb exposure is known to be related to CVD, the underlying sex specific molecular

consequences of developmental Pb exposure on the murine heart are unclear. In this aim, we

assessed sex-specific molecular pathway changes in midlife in mice perinatally exposed to Pb.
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The same perinatal Pb exposure model detailed in aim 1 was used but in a different strain of
mice (C57/BL6). Heart tissue was collected at 4 months of age (n=6 per treatment per sex).
RNA-Seq analysis was conducted. Sex-stratified gene ontology pathway analysis was performed,
and relevant pathways related to heart development, structure, function, and epigenetic and
metabolic regulation were selected from significant results.

Aim 2A sought to build on Aim 1 by assessing sex-specific Pb induced changes in cardiac
gene expression and relating this to the potential development of cardiac pathologies.

Aim 2B:
*  Hypothesis: Perinatal Pb exposure causes structural and functional changes in the

murine heart later in life in a sex specific manner.

Aim 2B Summary:

To further examine the sex specific effects of developmental Pb exposure on cardiac
structure and function, we conducted phenotypic analyses on the same male and female 4-month-
old mice perinatally exposed to Pb. Echocardiograms were conducted in at the University of
Michigan Physiology Phenotyping Core to assess for sex specific changes in heart structure and
function. This included assessing heart rate (bpm), cardiac output (blood pumped in circulation
in ml/min), stroke volume (amount of blood pumped out each beat mm?), mass of ventricles and
atria, and interventricular septum thickness and area during diastole and systole (muscle wall
separating the left and right ventricles of the heart). Together with the transcriptomic profiling,
we sought to paint a picture of how developmental exposure to Pb impacts cardiac processes in a

sex specific manner, potentially contributing to the development of cardiac disease states.

Aim 3

Evaluate Cell Line—Specific Gene Expression Changes and Functional Alterations
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Induced by Pb Exposure During Differentiation in Human iPSC-Derived Ventricular
Cardiomyocytes
Goal: Characterize the dose-specific effects of Pb exposure during differentiation on gene,
pathway, and functional alterations in human ventricular cardiomyocytes.
Aim 3A:
*  Hypothesis: Epigenetic regulatory genes as well as genes associated with cardiac
development, structure, and function are affected by Pb exposure during differentiation

in a cell line specific manner in human iPSC-derived ventricular cardiomyocytes.

Aim 34 Summary:

Building upon our mouse studies and human literature suggesting early life exposure to Pb
can cause adverse cardiovascular outcomes later in life, aim 3A sought to examine how Pb
exposure during human cardiomyocyte differentiation alters gene expression of epigenetic
machinery and other genes associated with cardiac function.

Expression changes of PIWIL and other associated epigenetic machinery were assessed in
female and male iPSC derived cardiomyocytes treated with two human relevant doses of Pb (0.5
uM and 5 pM) throughout differentiation (n=3 per cell line). Further, RNA-Seq was conducted
in female derived cardiomyocytes, gene ontology pathway analysis was performed, and
benchmark dose (BMD) modeling was performed to assess for molecular changes induced by Pb
in these cells.

The analysis of epigenetic genes and transcriptomic profiling in aim 3A sought to fill a
critical gap in our understanding of how Pb exposure impacts heart cell differentiation, showing
how structural, metabolic, and epigenetic regulatory changes may potentially lead to CVD later

in life.
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Aim 3B:
*  Hypothesis: Pb exposure during differentiation impacts heart cell differentiation and beat

characteristics in purified ventricular cardiomyocytes.

Aim 3B Summary:

To related aim 3A’s transcriptomic changes to functional changes that could impact cardiac
pathologies, we assessed phenotypes of purified cardiomyocytes exposed to Pb during
differentiation.

Functional changes were assessed in differentiated cardiomyocytes derived from one
female and one male iPSC line (n=3-4 per cell line) treated with Pb (0.5 uM and 5 uM)
throughout differentiation, including changes in Ca transients and action potential properties
measured using optical mapping.

No study to date has looked at how Pb exposure during differentiation impacts
electrophysiological properties of purified cardiomyocytes. Changes in the beat characteristics
long after Pb exposure has ceased may be indicative of long-term functional reprogramming

related to cardiac pathologies.

1.10: Innovation

Aim 1:

Compared to other ncRNAs, piRNAs are understudied and the mechanisms by which sex
specific somatic piRNA function are yet to be characterized. Further, little is known about
piRNA function in the cardiovascular system and how they may contribute to the development of
CVD. Previous work has relied on size to distinguish piRNA transcripts from other types of

smRNA, while this study will use sodium periodate exclusion, a more rigorous method allowing

21



for comprehensive characterization of piRNA involved in cardiac cell differentiation and
biology. Furthermore, environmental exposures in relation to piRNA expression have not been
well studied, and this project is the first to examine the effects of Pb on piRNA dysregulation in
relation to the cardiovascular system. Lastly, specific differences in piRNA expression between
sexes in the heart have yet to be characterized, as well as the sex-stratified effects of Pb
exposure.

Aim 2:

This aim uniquely combines transcriptomic as well as in vivo cardiac phenotyping using a
perinatal exposure model of Pb exposure, providing a systems level view of Pb’s impact on the
heart. It further examines sex specific effects, advancing our understanding of sex as a biological
variable. Additionally, many DOHaD studies focus on earlier timepoints, but by examining the
mice at midlife we are gaining an understanding of how disruptions of early developmental
programming by Pb influence cardiac outcomes in later life, potentially highlighting adverse
pathways and outcomes related to the development of CVD.

Aim 3:

As in aim 2, aim 3 integrates epigenetic, transcriptomic, and functional assessments by
examining how Pb exposure during differentiation of human derived iPSC lines alters
downstream gene and function in human iPSC-derived cardiomyocytes. It uses a new approach
methodology and so saves time and costs while providing human relevant data. Modeling the
developmental window of human exposure and its potential long term pathological consequences
enhances translational relevance. Importantly, it takes the first step of examining sex differences
by investigating one male derived and one female derived line. Furthermore, to our knowledge, it

is the first study to link Pb exposure during differentiation to electrophysiological disruptions as
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purified cardiomyocytes, providing potential insight into mechanisms by which early life

exposure may reprogram cardiac function and increase disease susceptibility later in life.
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Chapter 2: Aim 1: Sex-Stratified piRNA Expression Analysis Reveals Shared Functional

Impacts of Perinatal Pb Exposure in Murine Hearts*

Goal: Establish sex-stratified baseline maps of all piRNAs expressed in murine heart tissue and

examine effects of perinatal Pb exposure on piRNA expression in murine hearts.

Hypothesis: piRNAs are expressed in the heart, their expression is sex-specific, and their

expression is affected by perinatal Pb exposure in a sex-specific manner.

*Reuse Note: This chapter is based on a published manuscript and is reused here with permission under the terms of the Creative

Commons license. Sala-Hamrick, Kimberley E et al. “Sex-stratified piRNA expression analysis reveals shared functional impacts of
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2.1: Abstract

The landscape of PIWI-interacting RNA (piRNA) expression in the heart is poorly
understood, particularly regarding sex differences. Altered piRNA expression has been reported
in cardiovascular disease (CVD), and although exposure to the metal lead (Pb) is strongly
associated with CVD risk, no studies have investigated Pb’s effects on cardiac piRNAs. This
study aimed to characterize piRNA expression in the murine heart and assess sex-specific effects
of human-relevant maternal Pb exposure on adult offspring cardiac piRNA expression. piRNAs
were identified from whole mouse hearts using sodium periodate exclusion of small RNA and
subsequent sequencing. Control mice expressed 18,956 piRNAs in combined-sex analysis; sex-
specific analyses revealed 9,231 piRNAs in female hearts and 5,972 piRNAs in male hearts.
Genomic mapping showed 28-41% aligned to introns, while 12-28% mapped to exons.
Comparing control and Pb-exposed hearts, we found more potential Pb-induced expression
changes in females (847) compared to males (187) (p-value < 0.05 and [logFC| > 1). These
piRNAs were significantly enriched near genes involved in biological processes related to heart
function and CVD development, including mitochondrial function, energy metabolism, and
cardiac muscle structure (FDR < 0.05). We also interrogated our samples for potential mRNA
targets, Piwils, and genes related to excitation contraction coupling (ECC), and found Pb induced
sex specific changes in Piwils and ECC genes. Overall, we characterized combined and sex-
stratified piIRNA expression in both control and Pb-exposed murine hearts. In addition to
providing a foundation for sex-specific piRNA expression in the heart, these findings suggest a
novel epigenetic mechanism by which developmental Pb exposure may impact CVD risk later in
life. Future studies will link these sex-specific molecular changes to Pb-induced alterations in

cardiac function.
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2.2: Introduction

Epigenetic modifications, which include DNA methylation, histone modifications, and
non-coding RNA (ncRNA), contribute to changes in gene expression without altering the
underlying genetic code itself.! PIWI-interacting NA (piRNA) are a class of small non-coding
RNA (smRNA) first coined in in the early 2000s by a group of studies showing a novel distinct
small RNA which associate with PIWI proteins in both Drosphila and mammals.? piRNAs
have since been shown to play important roles in maintaining genomic stability in germ cells by
controlling DNA methylation of transposable elements and later to control transposable element
expression through cleavage of mRNA targets (post-transcriptional gene silencing).”® piRNA
have also been shown to alter histone modifications leading to heterochromatin formation as well
as to regulate posttranslational modifications of transcription factors.!? piRNAs are longer in
length than other micro RNAs, as germline piRNAs are roughly 21-35 nucleotides.!! Primary
piRNAs have a strong preference for a 5" uridine signature, and secondary piRNAs have a bias
for an adenine signature at position 10.1%!* piRNAs are also distinct from other forms of small
non-coding RNA in that they have a 2’-O-methylation at their 3’ terminus which confers
stability.!* This 2’-O-methylation can be harnessed to select for piRNA compared to other small
RNA through treatment with sodium periodate, which oxidizes all molecules terminating in 2',3'-
OH groups, preventing linker attachment and thus only allowing RNA with 2’-O-methylation to
be sequenced .!> This method has previously been shown to be effective in identifying somatic

piRNA expression and is more rigorous than using size exclusion.!>7

Although they are well characterized in the germline, little is known about piRNA
function and sex-specificity in somatic tissues, including the heart. In the soma, piRNA were

first discovered to play important roles in stem cell function and in the development of multiple
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types of cancer.!®2° More recent studies have found that piRNA pathways are also important in
fully differentiated somatic tissues, particularly in the brain, where they have been implicated in
neurodegenerative disease.?! Our recent work has demonstrated that somatic piRNA (albeit
shorter in length versus germline piRNA) and associated Piwils are expressed in the mouse

soma, including the brain, liver, and kidney.'?

Some work has found altered piRNA expression in the context of cardiovascular disease
(CVD).223 piRNAs have been shown to play roles in cardiac repair, differentiation, and
pathologies.?>2° It has been postulated that they also play critical roles in fine tuning gene
expression during differentiation of embryonic stem cell derived cardiomyocytes.?® Disease-
specific piRNAs have been implicated in both in vivo and in vitro rat models of cardiac
hypertrophy, as well as in epidemiological studies.???* Interestingly, in models of cardiac
hypertrophy, piRNA expression was found to be increased in vivo, mapping to mRNA regions,
and decreased in vitro, mapping to both mRNA and transposon (including LINE-1) regions.?
This study also found specific piRNAs elevated in myocardial infarction patients.?® One
epidemiological study found large differences in expression (both up and downregulation) of
piRNAs in heart failure patients.?®> piRNAs were also found to be differentially expressed in

patients with chronic thromboembolic pulmonary hypertension (CTEPH).?’

Importantly, there are prominent sex differences in manifestations, pathogenesis, and
prognosis of CVD, but whether differential piRNA expression underlies these disparities is

unclear.?8-%?

piRNA display a degree of sex-specific expression in the germline, with zebrafish
models showing that over 20% of piRNAs have differential expression between ovaries and

testes. 393! Tt is hypothesized that sex differences in piRNA expression arise from variations in

transposable element activity due to differences in germ cell development.*? Comparatively, little
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is known about sex-specific piRNA expression in the soma. Other ncRNA including micro
RNAs (miRNAs) and long non-coding RNAs (IncRNAs) have been shown as sex-specific

mediators or biomarkers of CVD, although this research is in its early stages.*?

The Developmental Origins of Health and Disease (DOHaD) paradigm states that
environmental exposures during critical periods of life (e.g., periconception, gestation, infancy,
adolescence) impact the onset of disease in later life, and this has been demonstrated in humans
as well as animal models (including mice).>* Environmental pollutants are known to play roles in
the incidence and progression of CVD. Lead (Pb) is a heavy metal and common environmental
contaminant released from industrial sources or found in older homes or buildings, and Pb
exposure is associated with adverse cardiovascular health outcomes.?* However, mechanisms of
Pb’s role in CVD are still being explored, and how sex differences influence this effect has yet to
be characterized. Environmental exposure to Pb has been characterized to regulate gene
expression through epigenetic modifications in both humans and mice.?¢*? One of the
mechanisms by which Pb may contribute to the development of CVD is through altered
regulation of the epigenome. Perinatal exposure to Pb has been shown to alter DNA methylation
and gene expression in a sex-specific manner in mouse cardiac tissue, and these changes map to
pathways important for cardiac development and disease progression.*>** Thus, given that
piRNAs modulate gene expression through altering DNA methylation, it is important to assess

whether Pb exposure impacts piRNA expression.

We also assessed Pb induced changes in Piwils, genes that encode for proteins associated
with piRNA functionality. PIWI stands for p-element induced wimpy testis and was first
discovered to play roles in spermatogenesis in Drosophila.*> The three genes that encode for

mouse PIWIL proteins are named Miwi (Piwill), Mili (Piwil2), and Miwi2 (Piwil4). PIWILs
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function by binding to and guiding piRNA transcripts to transposons, where they help with DNA
methylation and transcriptional silencing.*® Further, they bind to piRNA transcripts in
intermediate steps of secondary piRNA biogenesis, called “ping pong” amplification, which is

highly conserved across species.*’

In addition to epigenetic changes, we sought to understand how Pb exposure may alter
cardiac function in the mouse heart by assessing changes in excitation contraction coupling
genes. Excitation contraction coupling (ECC), is the process by which an electrical stimulus
(action potential) leads to an influx of calcium (Ca) in cardiomyocytes, which results in
contraction of these cells.*® In this process, action potentials trigger the release of Ca into the
cell, where it binds to troponin-C, which causes a conformational change in the regulatory
complex it is bound to that causes troponin-1 to move and expose an actin site.*” This enables
actin to bind to ATPase on a myosin head, which causes ATP hydrolysis, giving energy for a
conformational change in actin-myosin complex that causes actin and myosin filaments to slide

past each other, thus creating uniform contraction that forms a heartbeat.**->

Notably, there are known sex differences in ECC at baseline, with smaller and slower
peak cardiomyocyte contractions in females compared to males in rat models.*® Fewer studies
have examined cardiac ECC sex differences in humans, but one study showed that gender
influences cardiac force, with female cardiac biopsy fibers showing higher maximal force in high
Ca conditions and male fibers showing higher Ca sensitivity.’! Further, Pb is known to mimic Ca
and through disruption of Ca signaling can lead to cardiac arrythmias.>? We assessed four ECC
genes in this study: Atp242 (SERCA2), which transports Ca from cytosol into sarcoplasmic
reticulum, Cacnalc (Cavl.2) which transports Ca into cytosol from outside the cell, Ryr2

(ryanodine receptor), which transports Ca from sarcoplasmic reticulum into cytosol, and Slec8al
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(Na Ca exchanger) which transports Ca out of the cell. Importantly, Atp2A42 and Ryr2 are subject
to demethylation at promoter regions and are consequently expressed at higher levels as the heart
develops from fetal to adult stages in both mouse and human models.>*~>° Given their dynamic,
epigenetically regulated expression during development, ECC genes could vulnerable to altered

epigenetic programming by developmental exposure to Pb.

Overall, the aims of this project were to identify heart-specific piRNAs in male and
female mice and characterize longitudinal piRNA expression influenced by perinatal Pb
exposure. This work may lead to the use of piRNA as a potential biomarker of disease and opens

the door for the potential to use piRNA for interventions to treat CVD.%¢

2.3: Methods

Mouse breeding experiments

Mice (mus musculus) used for this study have recently been described.>’® All mice for this
study were housed at the ULAM (Unit for Laboratory Animal Medicine) of University of
Michigan and maintained on regular 12-12 dark-light cycles at 70-73 °F and 50% humidity.
Animals were maintained on a phytoestrogen-free modified AIN-93G diet (TD.95092, 7% Corn
Oil Diet, (Envigo, Indianapolis, IN, USA). All animals had access to food and drinking water ad
libitum throughout the experiment and were housed in polycarbonate-free cages. Health checks
were carried out daily by lab personnel and ULAM staff. Health checks consisted of a general
assessment of appearances (fur coat intact and well-groomed, eyes clear, no signs of fight
wounds) and behavior (mobility, nest building, etc.). In addition to checks by lab personnel, a
designated animal handler from ULAM checked these cues on a daily basis, and a veterinarian

assessed the health status of the mice at least once a week. At 3 weeks, 5 months, and 10 months
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of age, all (both control and Pb exposed as outlined below) mice were euthanized with CO»
asphyxiation followed by a secondary method of euthanasia of bilateral pneumothorax procedure
in accordance with rules and regulations set forth by the Institutional Animal Care and Use
Committee (IACUC). This study protocol was approved by the University of Michigan IACUC

protocol #PRO00009800. ARRIVE guidelines were adhered to for this study.
Mouse exposure paradigm

This perinatal Pb exposure study was done as part of a larger study under the National
Institute of Environmental Health Sciences (NIEHS) Toxicant Exposures and Responses by
Genomic and Epigenomic Regulators of Transcription (TaRGET II) Consortium.>® Pb
preparation and exposure were conducted exactly as outlined previously.*’ Virgin female wild-
type a/a non-agouti mice (derived from a colony for the viable yellow agouti (4"Y) strain) 93%
identical to the C57BL/6 mice (6-8 weeks old) were randomly assigned to receive control or Pb
via drinking water 2 weeks prior to mating, followed by mating with virgin a/a males of the same
strain (7-9 weeks old; Figure 2.1).°” Pb II acetate trihydrate (32 ppm; Sigma-Aldrich,
Milwaukee, WI, USA) was mixed with distilled drinking water, which results in a human-
relevant maternal exposure in the 16-60 ug/dL range.**> Pb exposure continued through mating
(for both males and females), pregnancy (~3 weeks), and lactation until weaning at 3 weeks of
age (Figure 2.1).*3 After weaning, all offspring received Pb-free water until euthanasia at 3
weeks, 5 months, and 10 months of age (Figure 2.1). Approximately 1-2 male and 1-2 female
offspring per litter were euthanized (n=5-6 per sex per exposure; Figure 2.1). No formal sample
size calculation was performed. Sample sizes were based on standard practice in the laboratory
and were consistent with prior publications using similar methods.®® Animal collection occurred

between 1 and 3 pm, with collection order randomized daily.®® As outlined in previous studies,
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one investigator administered treatment and was therefore aware of treatment group allocation,
but all investigators completing subsequent molecular assays were blinded to the treatment group
until it was analyzed during bioinformatic analysis.®® All experiments were conducted according
to experimental procedures delineated by the NIEHS TaRGET II Consortium.>*% Whole,
perfused hearts from these mice were snap frozen in liquid nitrogen and stored at -80 °C at the
time of euthanasia. The outcome of interest for this study was piRNA expression in the heart for

5-month samples (Figure 1), and gene expression analyses at all three time points

Exposure Group | Pre-mating | Pregnancy | lactation | FO (D ) Tissue
ams
Control Oppm;| | 2weeks | 3weeks | 3weeks | collected
below the level | === Duration of exposure =——————j Euthanasia
of detection) i Gestation Weanin =S Female
F1 (Offspring) | | S | | =
Pb (32 ppm; 3 weeks ! 3weeks ; o
16 - 60 pg/dL) 5 months (20 weeks) peqkcestinen;
1
N
smRNA from tissues Sodium Periodate N Sequencing with N Quality control (FastQC &
(Pb and control) (control samples only; lllumina NovaSeq MultiQC) + Trimming (Cutadapt)
\L n=2 per sex) \L
ISIEI(::\Jiennac;\Togv:vSIter:q — Quality control (FastQC & N Alignment ( STAR ) + Alignment (Bowtie2) +
Gioaislei) MultiQC) + Trimming (Cutadapt) DEG analysis (EdgeR) PePr
locations of \ baseline
Pb-altered piRNA piRNA

Figure 2.1 : Experimental design for perinatal mouse Pb exposure and sequencing analysis
pipeline.

Pb exposure began with female mice two weeks prior to mating and continued through lactation
until weaning at 3 weeks of age. After weaning, all offspring received Pb-free water until
euthanasia at 5 months of age. Approximately 1-2 male and 1-2 female offspring per litter were
euthanized (n=5 female and n=6 male per exposure group). After collecting smRNA from whole
heart tissues, sodium periodate treatment was performed on select control hearts (n=2 per sex) to

select for baseline piRNA, followed by sequencing on Illumina NovaSeq, quality control
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(FastQC and MultiQC) and trimming (Cutadapt), alignment to the genome (Bowtie2), and PePr
peak calling to distinguish peaks enriched in the sodium periodate treated samples (piRNA).
Another set of smRNA (all collected samples; non-sodium periodate treated; n = 5 female and n
=6 male per Pb treatment) was sequenced, underwent quality control (FastQC and MultiQC) and
trimming (Cutadapt), alignment to the baseline piRNA generated by previous sequencing using
STAR, EdgeR analysis to compare piRNA expression in control vs. Pb-exposed, and the
resulting locations of piRNA alterations associated with Pb exposure was used in downstream
analyses.

Tissue lysis and smRNA extraction

Heart tissue was cryo-pulverized and small RNA (smRNA) extraction was performed using
the AllPrep DNA/RNA Mini Kit (#80204 Qiagen, Aarhus, Denmark) and RNeasy MinElute
Cleanup Kit (#74204, Qiagen, Aarhus, Denmark) according to the manufacturer’s instructions.
The AllPrep kit selects for total RNA, which includes RNAs that are >200 bp, while the RNeasy
kit was used to further select for small RNAs that are <200 bp. Sample concentration and quality
were assessed using a nanodrop microvolume spectrophotometer (Thermo Fisher Scientific,

Waltham, Massachusetts, USA).
Sodium periodate exclusion to select for baseline piRNA assessment

Control heart smRNA samples (n=2 per sex at 5 months, not littermates per sex) were
treated with sodium periodate to select for piRNA against other forms of smRNA. piRNAs are
resistant to sodium periodate treatment due to the presence of a unique 3’ modification of 2’-O-
methylation.!>!%18 Sodium periodate treatment was performed as previously described.!® Briefly,
four separate reactions were set up, each with 400 ng of smRNA (27 pL) with the same amount

of borate buffer added (8 pL; generated with 150 mM borax: #T29C533, Alfa Aesar, Ward Hill,
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Massachusetts, USA and 150 mM boric acid: #SZBG1380V, Fluka Analytics, Buchs,
Switzerland and adjusted to a pH 8.6 using sodium hydroxide: #A4782902, Thermo Fisher
Scientific, Waltham, Massachusetts, USA), but three reactions with sodium periodate added (5
puL; #BCBS5360V, Sigma Aldrich, Milwaukee, WI, USA) and the other water (5 puL), and then
samples are incubated for 30 minutes. This was followed by an ethanol precipitation,
resuspension of sSmRNA in water, and combination of the three sodium periodate treated SmRNA

samples into one.

Sequencing of smRNA

smRNA sequencing was performed in two separate batches for this study. For the first,
periodate treated (n=2 per sex) and non-treated samples (n=2 per sex) were sequenced (total n=8)
at the University of Michigan’s Advanced Genomics Core (AGC). Before sequencing, quality
control and library preparation were performed by the AGC using TapeStation (RNA
ScreenTape #5067-5576 and RNA ScreenTape Sample Buffer #5067-5577, Agilent
Technologies, Santa Clara, CA, USA; analysis software 4.1) and SMARTer smRNA-seq kit
(#635031, Takara, San Jose, CA, USA). Purification was performed to remove excess adapter
present in samples. Sequencing was performed on an Illumina NovaSeq S1 flowcell (200 cycle)
ensuring ~38 million reads per sample. For our second batch of sequencing, using non periodate
treated samples but including smRNA from hearts of mice that had been treated with Pb (n=5
female per treatment and 6 male per treatment for a total of 22 samples), we followed the same
sample preparation procedures as were done for the first batch, and sequenced on an Illumina

NovaSeq S4 300 cycle.

Computational analysis: read processing
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Reads were analyzed according to a piRNA analysis pipeline established previously.!> First,
raw data quality was assessed using FastQC (v0.11.8) and MultiQC (v1.8). Next, processing of
the reads was performed through adapter trimming, size selection (10-45 bp), and quality
trimming. After this, Bowtie2 (v2.3.5.1) was used to align reads to the genome, using option -k

1000 —score-min ‘C,0,-1’ to find the perfect alignments for reads with 100 mapping locations.
Computational analysis: heart-specific piRNA selection

Control samples were used to create baseline maps of piRNA present in the mouse heart.
PePr peak calling software (version 1.1.21 with parameters — shiftsize 0 — windowsize 20 —
threshold 1E-3 — peaktype sharp) was utilized for pairwise comparison of the filtered alignments
from sodium periodate treated and control samples to identify regions overrepresented in
periodate treated RNA reads.®! This step ensures that regions identified are those that are

significantly more resistant to the sodium periodate.!

Peaks shorter than 20 nucleotides or greater than 45 nucleotides were excluded from

subsequent analyses. The website https://csbg.cnb.csic.es/BioinfoGP/venny.html and package

eulerr in R were used to create Venn diagrams of expression in different analyses (combined,
female, and male) of baseline piRNAs. Genomic annotations were carried out using the
Biocondutor package Annotatr (v1.24.0) in R. Full information on genomic annotations can be

found here: https://bioconductor.org/packages/devel/bioc/vignettes/annotatr/inst/doc/annotatr-

vignette.html .

R package valr (v0.6.8) was used to perform the repeat annotation against the repeat

annotation downloaded from the UCSC Genome Browser (https://hgdownload.soe.ucsc.edu/

goldenPath/mm10/bigZips/ file: mm10.fa.out.gz), and subsequently the categories were
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condensed into themes (ie LTRs, LINEs and SINEs) and other RNA types were omitted from

results. The results for both genomic and repeat annotations were plotted using ggplot2.

Computational analysis: piRNA expression upon Pb exposure

To study the effects of Pb exposure, we performed smRNA sequencing (no sodium
periodate) and compared results to the baseline piRNA map from control hearts. This alignment
was performed using STAR and featureCounts (v2.0.3). Next, differential expression of piRNAs
in Pb vs. control treated samples was assessed using generalized linear modeling with EdgeR
(v3.40.2) package in R. These results were filtered for significance by p-value (none were
significant by FDR) and a [logFC| > 1 and then were plotted using ggplot2 R package. Venn

diagram creation, genomic annotations and repeat analysis were performed as described above.

For Gene Ontology analysis of the piRNAs potentially altered by Pb exposure (p-value <
0.05 and |logFC| > 1), the Bioconductor package chipenrich (v2.22.0) was used to perform the
gene set enrichment testing, in which piRNA-enriched peaks were assigned to target genes using
the nearest transcription start site (TSS) (locusdef = "nearest tss"), and enrichment was
evaluated using the chipenrich logistic regression model, which adjusts for the number of
peaks per gene. The input was piRNAs potentially differentially expressed in Pb treated samples
(as determined by edgeR) and GO genesets GOBP (Biological Processes), GOCC (Cellular
Compartment), and GOMF (Molecular Function) were used. The results were reduced so that
similar processes were narrowed down, filtered for gene sets less than 500 genes, FDR < 0.05,

and plotted using ggplot2.

qRT-PCR of potential mRNA targets and Piwils
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RNA was extracted from the cyro-pulverized mouse heart samples (n=4 per sex per
treatment) described above using the AllPrep DNA/RNA Mini Kit (#80204 Qiagen, Aarhus,
Denmark). 500 ng to 1 ug of total RNA was reverse transcribed into cDNA using the iScript
cDNA Synthesis Kit (#1708890 BioRad, Hercules, California; the same amount of cDNA was
used within each experiment). mRNA expression of mouse genes A2, Apbb1, Piwill, Piwil2,

and Piwil4, were quantified using the CFX Real-Time PCR using iTaq Universal SYBR Green

Supermix (primers in table below) according to manufacturer’s protocols with all samples run in

triplicate. mRNA expression was compared using the same method on the same plate to
amplification of two reference genes (f-actin and Gapdh; primer information in table below).
Primer efficiency was confirmed using cDNA serial dilutions. All qRT-PCR reactions were
carried out for 40 cycles under standard PCR conditions. ACq values were calculated by
subtracting the Cq triplicate average of a target sample from that of the geometric mean of the
reference genes. The relative difference in gene expression was then calculated using 244 and
graphed using GraphPad Prism, where unpaired t-tests were used to determine statistical

differences between control and treatment groups.

Primer table

Gene name | Primer Information Company

Atf2 qMmuCID0016589 BioRad, Hercules, California

Apbbl qMmuCED0039791 BioRad, Hercules, California

Piwill F: TGATCAGCGTGAAGCCATTG Integrated DNA Technologies,
R: CACCTCGATCATGATTGCCT Coralville, lowa
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Piwil2 F: CTTCCGGCGGGTAATGAAAC Integrated DNA Technologies,

R: GGATACTAGCCGCATAGCCA Coralville, lowa

Piwil4 F: GCATGACTGGTGCTCTCAAC Integrated DNA Technologies,

R: GCCGCACTCTGTTACACTTT Coralville, lowa

[-actin F: GTGACGTTGACATCCGTAAAGA | Integrated DNA Technologies,

R: GCCGGACTCATCGTACTCC Coralville, Iowa

Gapdh F: TGACCTCAACTACATGGTCTACA | Integrated DNA Technologies,

R: CTTCCCATTCTCGGCCTTG Coralville, lowa

Sequencing of 3-week and 5-month sample RNA

Sequencing of our 3 week and 5 month old sample RNA was performed for a previously
published paper from our lab.®? All RNA handling and sequencing were conducted by the
University of Michigan Advanced Genomics Core. RNA quantity was measured with a Qubit
fluorometer, and RNA integrity was evaluated using an Agilent 2200 TapeStation. mRNA
libraries were prepared with the KAPA mRNA Hyper Prep Kit (Roche) incorporating dual-index
adapters. Library size distribution and quality were assessed on the Agilent 2200 TapeStation.
Sequencing was performed on an Illumina NovaSeq 6000 platform with an S2 flow cell,

generating 50 bp paired-end reads. Each sample yielded an average of ~60 million reads.

Computational analysis: read count analysis of ECC genes
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The RUVr function from the Bioconductor packages RUVSeq (version 1.32.0) with k=3
was applied to remove any potential batch effects among the 3 week and 5 month samples of the

RNA-Seq data within each treatment group.®>63

Ggplot2 was used to plot normalized read counts
for ECC genes at 3 weeks and 10 months of age. Unpaired t tests were used to assess for

differences between Pb and control samples.

2.4: Results

Identification of sex-stratified murine heart-specific piRNA using sodium periodate exclusion

To characterize sex-specific cardiac expression of piRNA, we treated sSmRNA from
control mouse hearts (n=4, 2 per sex) with sodium periodate to enrich for piRNA over other
smRNA. We used a gold standard sodium periodate method to select for snRNA containing the
2’-O-methylation, sequenced all periodate treated and untreated samples, then utilized the PePr
peak calling software to identify the relative enrichment of piRNA in treated vs. untreated

samples, and further selected for piRNAs based on their length (20-45 nucleotides).!>:1¢

We conducted three assessments of the piRNA sequencing results: combined sex analysis
and stratified by sex (female and male). The average number of total million reads was 36.9 in
females and 15.9 in males (Table 2.1). The alignment rates were between 65-75% for all three
assessments, and approximately half of reads mapped to multiple loci for all three analyses
(Table 2.1). A total of 32,035 enriched regions (representing candidate piRNAs) were present in
the heart (for combined sex), with 18,956 of these at transcript lengths between 20-45
nucleotides (Table 2.1). In the sex stratified analyses, there were 16,756 female derived enriched
regions (9,231 meeting length criteria) and 11,408 male derived enriched regions (5,972 meeting

length criteria (Table 2.1). Assessing overlaps in expression of piRNA sequences that met
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length criteria shown in the Venn Diagram in Figure 2.2, 1,386 were found to share expression

in all three analyses, with 2,436 unique to only females and 1,768 unique to only males.

Table 2.1: Summary of piRNA expression in control hearts identified by sodium periodate

exclusion, including combined and sex-stratified piRNA assessment.

Average Alignment | Mapped to | All enriched | piRNA 20
Total Reads | Rate (%) | Multiple peaks to 45
(Millions) Loci (%) nucleotides
Combined | 26.38 69.82 54.95 32035 18956
Female 36.89 73.36 58.51 16756 9231
Male 15.87 66.29 51.38 11408 5972
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Total: 18956

Combined

12481

Total: 5972
Total: 9231

Figure 2.2: Combined and sex-stratified baseline heart piRNA expression.
The Venn diagram shows overlaps in expression of 20-45 nucleotide piRNAs discovered through
PePr analysis (Table 2.1) from combined (green), female (red), and male (blue) analyses.

Genomic annotations of cardiac piRNAs in adult mice reveal heart-specific locations

We annotated the heart-specific piRNAs to the mouse version mm10 genome and found
that the 18,956 piRNAs combined across sexes mapped most frequently to introns, open sea
areas, and exons (Figure 2.3A). Interestingly, this pattern diverged from what would be expected
in a random area of the mm10 genome (shown in yellow in Figure 2.3A). This annotation
revealed higher proportions of piRNA (for combined sexes, females, and males) mapping to
exons (12-15%) and lower proportion of piRNA mapping to introns (38-41%) compared to the
expected proportion of exons for a random region of the mm10 genome (4% exonic regions and

49% intronic regions) (Figure 2.3A). Sex differences were not seen in genomic annotations.
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Analysis of piRNA mapping to known repetitive regions in the genome revealed a lower
proportion of piRNAs in long interspersed nuclear elements (LINEs) and similar proportions of
piRNAs mapping to long terminal repeat (LTR) retrotransposons compared to the proportion of
those repetitive regions in a random region of the genome (LINEs: 4-5% in analysis compared to
38% in a random region; LTRs 18-23% in analysis vs. 25% in a random region) (Figure 2.3B).
The proportion of piRNAs mapping to SINEs in all three analyses was much higher (65-69%
compared to 20% in a random region). Tables 2.S1 (gene annotations) and 2.S2 (repeat analysis)

contain the frequency and proportions labelled on the graphs for Figures 2.3A and 2.3B,

respectively.
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Figure 2.3: Genomic annotations and repetitive regions for expression of baseline heart

piRNAs.
Genomic annotations were generated for the regions from which 20-45 nucleotide piRNAs

described in Table 1 were derived for combined sex analysis (green), female (red), male (blue),
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and a random region of the mm10 genome (yellow) using Annotatr in R (Figure 2.3A). The
locations annotated included OpenSeas (interCGI), CpG Shelves, CpG Shores, CpG Islands,
1to5kb (upstream of transcription start site), Promoters, 5° UTRs, Exons, Introns, 3’UTRs, and
Enhancers. Annotations of repetitive regions were also generated for these piRNAs (Figure
2.3B). The repeat annotation was performed by using the R package valr against the repeat
annotation downloaded from the UCSC Genome Browser. Types of repetitive regions were
condensed into the following categories: DNA, LINE, Low_complexity, LTR, Other,
RC/Helitron, Satellite, Simple repeat, SINE, and Unknown. Tables 2.S1 (gene annotations) and
2.S2 (repeat analysis) contain the frequency and proportions labelled on the graph for each
analysis.

Heart-specific piRNA expression patterns upon perinatal Pb exposure

smRNA from hearts of adult control mice (n=5 females and n=6 males) and mice that had
been exposed to Pb during gestation and lactation (n=5 females and n=6 males), all at 5 months
of age, were aligned to the 32,035 sequences identified in the combined sex PePr analysis. We
included all 32,035 sequences, rather than just those that met the size selection criteria, to ensure
that we captured any potential piRNAs that might be present in the broader range of piRNA
lengths. While none of the piRNA in Pb-exposed samples were found to be significantly
different compared to controls (FDR<0.05), we identified hundreds of potential piRNA
expression changes with |log(fold change (FC))| > 1 and p-value < 0.05 (Table 2.2 and Figure
2.4). Using the aforementioned criteria, more potential piRNA expression changes with Pb
exposure were identified in the female samples (847) than in males (187) or the combined
analysis (301), and only 23 overlapping piRNAs were found between males and females; Table

2.2 and Figure 2.4B). For the combined analysis, of the 301 potentially changed piRNAs found
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with exposure, 199 (66.11%) had a greater than two-fold change increase and 102 (33.89%) had

a greater than two-fold change decrease (Table 2.2). Of the 847 piRNAs changed with Pb

exposure in females, 486 (57.38%) had a greater than two-fold change increase and 361

42.62%) had a greater than two-fold change decrease (Table 2.2). Of the 187 piRNAs
g

potentially affected by Pb exposure in males, 122 (65.24%) had a greater than two-fold change

increase and 65 (34.76%) had a greater than two-fold change decrease (Table 2.2). Overall, the

proportion of potentially upregulated versus downregulated piRNAs was relatively consistent

across all three groups, with a higher percentage showing increased expression following Pb

exposure.

Table 2.2: piRNA changes (p-value <0.05 and log fold change (FC) >1 or <-1) associated

with perinatal Pb exposure in the mouse heart.

Combined Female Male
logFC > 1 199 (66.11%) 486 (57.38%) 122 (65.24%)
logFC < -1 102 (33.89%) 361 (42.62%) 65 (34.76%)
Total 301 847 187
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Figure 2.4: Potential changes in expression of heart piRNAs from mice developmentally
exposed to Pb.

After mapping piRNAs to the 32,035 peaks in control hearts, edgeR was used to assess for
potential changes in expression with Pb exposure compared to control samples in combined
sexes, female, and male hearts (potential changes considered at |[logFC| > 1 and p-value < 0.05).
Highlighted regions in blue and red correspond to downregulated and upregulated piRNAs
described in Table 2.2 (log fold change < -1 or >1; Figure 2.4A), respectively. The Venn
diagram shows overlaps in these piRNAs from combined (green), female (red), and male (blue)

analyses (Figure 2.4B).

Genomic annotations of heart-specific piRNAs sensitive to Pb exposure
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Among the piRNAs potentially altered by Pb exposure (p-value threshold of < 0.05 and
llogFC| > 1), we found a higher proportion of piRNAs (from combined sexes, females, and
males) mapping to exons (29-36% vs. 4% in a random region) and a lower proportion of piRNAs
mapping to introns (20-23% vs. 51% in a random region) compared to those present in a random
region of the genome (Figure 2.5A). In piRNAs mapping to repetitive regions, a smaller
proportion of piRNAs (from combined sexes, females, and males) mapped to LINEs (7-13% vs.
37% in a random region) and a greater proportion of piRNAs mapped to LTRs (32-39% vs. 25%
in a random region) compared to a random region of the genome (Figure 2.5B). Both the
combined (16%) and female (16%) showed similar, lower proportions of SINEs compared to
random (22%), while males showed a higher proportion of piRNAs mapping to SINES (25%;
Figure 2.5B). Tables 2.S3 (gene annotations) and 2.S4 (repeat analysis) contain the frequency

and proportions labelled on the graph for Figures 2.5A and 2.5B, respectively.
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Figure 2.5: Genomic annotations and repetitive regions for expression of heart piRNAs
with potential changes in expression in mice developmentally exposed to Pb.

Genomic annotations were generated for regions potential changes in expression of piRNAs by
Pb exposure (p-value <0.05 and logFC >1 or <-1) were derived from for combined sex analysis
(green), female (red), male (blue), and a random region of the genome (yellow) using Annotatr in
R comparing to the mm10 mouse genome (Figure 2.5A). The locations annotated included
OpenSeas (interCGI), CpG Shelves, CpG Shores, CpG Islands, 1to5Skb (upstream of transcription
start site), Promoters, 5° UTRs, Exons, Introns, 3’UTRs, and NA (uncategorized). Annotations of
repetitive regions were also generated for these piRNAs (Figure 2.5B). The repeat annotation
was performed by using the R package valr against the repeat annotation downloaded from the
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UCSC Genome Browser. Types of repetitive regions were condensed into the following
categories: DNA, LINE, Low_complexity, LTR, Other, RC/Helitron, Satellite, Simple repeat,
SINE, and Unknown. Tables 2.S3 (gene annotations) and 2.S4 (repeat analysis) contain the

frequency and proportions labelled on the graph for each analysis.

Gene ontology analysis for heart-specific piRNAs sensitive to perinatal Pb exposure

We performed Gene Ontology overrepresentation analysis for piRNAs potentially altered
by Pb exposure (p-value < 0.05 and logFC > £1) in both sexes combined, females, and males
using biological processes (GOBP), cellular compartment (GOCC), and molecular function
(GOMF). Figure 2.6 highlights the biological processes that were significantly differentially
expressed (FDR < 0.05) and unique to each sex for piRNAs sensitive to Pb exposure. For GOBP,
48 terms were enriched in the combined analysis, 57 terms were enriched in females, and 39 in
males (Table 2.S5). Notably, 52 terms were unique to females (not in males) and 34 were unique
to males (Table 2.S5 and Figure 2.6A). For GOCC, 16 terms were enriched for the combined
analysis, 23 for females, and 20 for males (Table 2.S6). Of these, 11 terms were unique to
females (not in males) and 8 were unique to males (Table 2.S6 and Figure 2.6B). For GOMF, 4
terms were enriched in the combined analysis, 17 in females, and 9 in males (Table 2.S7). Of
these, 11 terms were unique to females and 3 were unique to males (Table 2.S7 and Figure

2.6C).

The top 5 GOBP, GOCC, and GOMF terms uniquely enriched for each sex are shown in
Figure 2.6. These include processes related to heart structure and function for both females and
males, such as myofibril assembly (FDR 1.26e-11), striated muscle contraction (FDR 1.26e-11),

muscle organ morphogenesis (FDR 9.63e-07), myosin II complex (FDR 1.54e-06), sarcoplasm
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(FDR 2.79¢-06), and myosin binding (FDR 4.45e-03) for females and sarcomere organization

(FDR 2.17e-09) and cardiac muscle contraction (FDR 5.86¢e-05) for males.

Additionally, processes related to mitochondria were uniquely enriched in both females
and males. For females, these included respiratory chain complex (FDR 2.74e-07), mitochondrial
matrix (FDR 6.19¢-06), and NAD(P)H dehydrogenase (quinone) activity (FDR 5.06e-04). For
males, these included autophagy of mitochondrion (FDR 4.89¢-05), mitochondrion disassembly
(FDR 4.89¢-05), outer membrane (FDR 8.91e-08), and integral component of mitochondrial

outer membrane (FDR 1.32e-02) for males.

Finally, processes related to energy metabolism were uniquely enriched for both females
and males, including generation of precursor metabolites and energy (FDR 1.26e-11), purine-
containing compound biosynthetic process (FDR 1.43e-07), carbon-carbon lyase activity (FDR
1.27e-04), and oxidoreduction-driven active transmembrane transporter activity (FDR 4.45¢-03)
for females and ATPase dependent transmembrane transport complex (FDR 3.22e-03) and

protein kinase B binding (FDR 1.13e-02) for males.
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Figure 2.6: Gene ontology analysis for piRNAs potentially altered by developmental Pb
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For combined sex, male, and female analyses, Gene Ontology enrichment was carried out using

compartment (GOCC; Figure 2.6B), and molecular function (GOMF; Figure 2.6C) for piRNAs
found to be potentially altered by Pb exposure (p-value <0.05 and logFC >1 or < -1). The top 5
unique GO terms for male and female for all three GO categories are shown here. For all three,
GO enrichment was filtered by FDR < 0.05, number of geneset genes is shown by circle size, -

log10(p-value) is indicated by red for a more significant value and blue for less significant, and
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specific GO terms are listed on the left side. Tables 2.S5 (GOBP), 2.S6 (GOCC), and 2.S7

(GOMF) contain the full enrichment data for these analyses.

Assessment of potential mRNA targets

Two potential target genes, A¢f2 and Apbb1, were selected from the piRNA mapped targets

shown in Table 2.S8 for qRT-PCR analysis. We found Pb exposure did not result in significant

gene expression changes in sex-specific or combined analysis (Figure 2.7). P-values from

unpaired t-tests are shown in each comparison for each gene.
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Figure 2.7: Assessment of potential mRNA targets.

mRNA levels (relative gene expression) were assessed for two potential target genes from the
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piRNA mapped targets shown in Table 2.S8 for qRT-PCR analysis. Both individual and
combined sexes were assessed with no statistical significance for comparison between control

and Pb samples. P-values from unpaired t-tests are shown in each comparison for each gene.

Sex-specific Piwil expression changes in heart samples from mice perinatally exposed to Pb

Piwil expression was assessed relative to f-actin and Gapdh in 10-month-old male and
female heart samples from mice treated perinatally with 32 ppm Pb, revealing significant
changes in expression with Pb exposure for only male samples (n= 5 to 7 per condition; for
males, p-values 0.0003 for 44-fold increase in Piwill, 0.001 for 2-fold decrease in Piwil2, and
9.88E-05 for 150-fold increase in Piwil4; Figure 2.8). No significant changes in Piwils for either

sex were observed for 3-week-old and 5-month-old samples (Supplemental Figure 2.10).
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Figure 2.8: Sex-specific changes in Piwil expression in 10-month samples.

qRT-PCR was conducted for relative gene expression of Piwils (on a log scale) and unpaired t-
tests were conducted comparing control to Pb exposed samples. p-values for significant changes
shown on the graph were 0.0003 for 44-fold increase in Piwill, 0.001 for 2-fold decrease in
Piwil2, and 9.88E-05 for 150-fold increase in Piwil4 for male samples only (n=5-7 per treatment
per sex).

Changes in ECC gene expression in weanling and adult heart samples perinatally exposed to Pb
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Normalized read counts from RNA-Seq of weanling (3 week old) and adult (5-month old)

samples were interrogated for 4 ECC genes: Afp2a2, which encodes for a protein that transports

Ca from the cytosol into sarcoplasmic reticulum; Ryr2, which encodes for a protein that
transports Ca from the sarcoplasmic reticulum into the cytosol; Cacnalc, which encodes for a
protein that transports Ca from extracellular space into the cytosol; and Slc8al, which encodes
for a protein that transports Ca out of the cytosol (Figure 2.9). Significant (or nearing
significant) upregulation in ECC genes in Pb-exposed weanling (3 week) and adult (5 month)

male, but not female, mice was observed (* p-value < 0.05, ** p-value < 0.01, *** p-value <

0.001).
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Figure 2.9: ECC gene read counts in hearts from mice at weaning and adult mice.

Interrogation of ECC gene read counts for Atp2a2, Cacnalc, Ryr2, and Slc8al demonstrated

significant or near significant upregulation in Pb-exposed weanling (A; 3 week) and adult (B; 5
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month) male, but not female, mice. (n= 5-7 per treatment per sex; * p-value < 0.05, ** p-value <

0.01, *** p-value < 0.001; female data not shown).

2.5: Discussion

Sex-stratified baseline piRNA expression in murine hearts

Notably, this work is the first to identify 18,956 piRNAs through sodium periodate
exclusion in the mouse heart and to characterize sex-specific piRNA effects in adult murine
offspring upon perinatal Pb exposure (Figure 2.1). Sex-stratified analysis revealed larger
numbers of piRNAs expressed from female mice (9,231) compared to male mice (5,972; Table
2.1). Of these, 2,436 were found to be uniquely expressed in females and 1,768 unique in males
(Figure 2.2). These expression profiles may indicate that piRNAs play an important role in the
heart. Our previous study found around 40,808 enriched peaks (24,777 piRNA meeting length
criteria) expressed in mouse testes, and 5,494 enriched peaks (3,147 piRNA meeting length
criteria) in the hippocampus (much more than the brain cortex). !> Germline piRNAs are well
understood to silence transposable element motility, while piRNA function in the hippocampus
is still being studied, but it has been suggested they could play roles in brain plasticity and
successful aging (proper neurogenesis and maintenance).®*%° One study of Piwil2 in adult mouse
neural progenitor cells found it was dynamically expressed and essential for proper
neurogenesis.®> Aim 3 assesses PIWIL expression and function in differentiation of human iPSC-

derived cardiomyocytes to investigate the importance of piRNA and PIWILs in cardiac function.

Another study of piRNAs in human embryonic stem cells undergoing differentiation to
cardiomyocytes found 171 piRNAs in cardiac cells mapping to critical biological processes in

the heart, using size exclusion for piRNA detection.?> Although the current study used a different
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species as well as samples from whole adult hearts rather than cardiac cells, by also using
sodium periodate methods rather than size exclusion, the current study represents a more

rigorous and robust method of detecting piRNA .23
Possible exonic targeting by piRNAs

Both our baseline piRNA map as well as those altered by Pb (p-value <0.05) showed that
piRNAs derived from intronic regions were proportionately expressed at lower levels than
expected by chance and exons at higher levels than expected by chance (Figures 2.3 and 2.5).
Given that the current results indicate a higher proportion of piRNAs map to exons rather than
intronic regions, this could point to potential novel mechanisms for both baseline piRNA
function in the heart as well as how Pb may alter processes in the heart. In mice, piRNAs have
been previously described to play roles in regulation of mRNA in CVD, including regulation of
acetylation of transcription factor 7fec mRNA involved in cardiomyocyte death after myocardial
infarction, suppressing methylation of 4#f7 mRNA to regulate necroptosis in cardiomyocytes,
playing a role in advancing cardiac fibrosis through direct inhibition of Ap/n mRNA in cardiac
fibroblasts, and regulating cardiac hypertrophy through controlling methylation of Parp10
mRNA.%-6 Notably, none of our piRNAs which changed in expression by Pb were found to be
mapped to these four specific mRNA targets, although the female data did show expression of
piRNA mapping to another transcription factor in the same family as A¢#f7, Atf2 (Table 2.S8).67-70
We hypothesize that piRNAs we discovered to be changed in expression by Pb and mapping to
exonic regions could have roles in the development of CVD. We assessed relative gene
expression of two potential exonic targets based on our mapping data in our samples: A#2 and
Apbb1, and found no statistical significance for either gene when comparing Pb vs. control for

female, male, and combined samples (Figure 2.7). Interestingly, both A#2 and Apbb1 have
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multiple isoforms, and qPCR assesses aggregate expression of these. Mapping our differentially
expressed piRNAs to the reference genome shows that not all isoforms are targeted, suggesting
possible isoform-specific regulation and compensation. This highlights the potential value of

conducting isoform-specific analyses to understand the functional relevance of specific piRNAs.

We also looked in our data for the presence of two piRNAs associated with mRNA m6A
methylation and cardiac disease in mice, CHAPIR and AVCAPIR, and did not find expression of
either at baseline or induced by Pb.%%"! However, given these were disease-associated piRNAs,
they may be undetectable in healthy mice, and this highlights the need to study potential Pb-

induced changes in mRNA-targeting piRNAs in models of cardiac pathologies.

One important note is that the piRNAs we identified mapping to exonic regions does not
necessarily imply a regulatory function. It is possible that the enrichment in exons reflects the
presence of degraded mRNA fragments that were misidentified as piRNAs, leading to potential
false positives. Future work is needed to determine whether the piRNAs identified here actively
regulate mRNA expression and whether their target genes are involved in cardiovascular disease

(CVD).
Pb exposure effects on piRNAs targeting transposable elements

Further, of those piRNAs that originated from intronic regions in control hearts, fewer
coincided with LINE expression than expected by chance, and the same effect was observed in
the context of Pb exposure (Figure 2.3B and 2.5B). However, relatively similar proportions of
piRNAs mapping to LTRs were seen in control hearts compared to chance, while a greater
proportion of LTRs compared to chance were seen in Pb exposed samples (Figure 2.3B and

2.5B). While the exact mechanism of piRNAs mapping to these regions is unclear, this could
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imply that Pb exposure affects the functionality of piRNAs in repressing transposable element
motility, a well characterized function of piRNAs in the germline that is less well understood in
somatic tissue.’ It is important to note that transposable elements are highly repetitive, and our
study limited each read to 10-45 nucleotides and 1000 mapping locations.’”? Therefore, it is

possible that some mapping sites were missed, particularly for LINEs.”?
Sex-stratified characteristics of piRNA expression

Around 38% more piRNAs were discovered through analysis of female control hearts
compared to males, and there were many uniquely expressed piRNAs in both female (2,436) and
male (1,768) baseline mapping (Table 2.1 and Figure 2.2). Despite these differences, the
genomic annotations for piRNAs from control hearts did not show sex specific differences for
both genome-wide analysis as well as analysis of repetitive regions (Figure 2.3). Taken together,

this suggests the potential for functional redundancy despite differences in piRNA expression.

In testes and ovaries, the primary function of piRNAs is the same (to silence transposon
expression in germ cells), however differences in timing and type of expression have been found
due to differences in oogenesis and spermatogenesis.’* Further, mutations in essential piRNA
pathway genes have been show to result in male sterility but have no effect on female fertility in
mice.” Therefore, because of biological differences in females and males, piRNA in the heart

could be expressed differently but have similar functions.

Research is just beginning to uncover how sex-specific epigenetic changes are related to
the development of CVD, and previous work has found that Pb alters DNA methylation in a sex
specific manner in the heart.** Sequencing of hearts from mice that underwent developmental

exposure to Pb revealed a greater number of Pb-altered piRNAs in adult females (847) compared
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to age-matched adult males (187), and only 23 piRNAs that overlapped between the two
analyses (Table 2.2 and Figure 2.4). The region of genome piRNAs originated from did not vary
greatly based on sex, but the mapping to repetitive regions showed some variation based on sex
(Figure 2.5). Most notably, males showed greater proportions of piRNAs mapping to DNA
transposons, LINEs, and SINEs and smaller proportions to low complexity regions and simple
repeats (Figure 2.5). Therefore, Pb exposure may alter piRNA expression in the heart in a sex-

specific manner that has functional consequences.

To further investigate this point, Gene Ontology analysis revealed these piRNAs may be
related to unique biological processes in males and females. However, these biological processes
have overlapping roles related to heart function. Of the top 5 unique GO terms for GOBP,
GOCC, and GOMF for both male and female piRNAs expressed with Pb exposure, processes
related to the mitochondria or energy metabolism were enriched (5/13 top pathways for males
and 5/15 for females). Given the high energy demands of the heart, mitochondria are critical for
normal function, and dysregulation of mitochondrial pathways in the heart are known to be
involved in various CVDs including atherosclerosis, ischemia-reperfusion injury, hypertension,
diabetes, cardiac hypertrophy, and heart failure mainly through mechanisms of oxidative stress.”®
Pb is known to disrupt energy metabolism and cause oxidative stress, particularly in the brain,
but how Pb may affect heart development through oxidative stress is largely unknown.””-’®
Importantly, this GO data suggest that changes in piRNA expression by Pb (p-value < 0.05) may
be related to energy metabolism in both sexes, but the specific pathways enriched were distinct

in each sex.

Processes related to muscle cell function and structure were enriched in both female (6)

and male (2) analyses. For example, myofibril assembly was enriched for females, and
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sarcomere organization was enriched for females, with sarcomeres functioning as the unit of
contraction within a myofibril. Dysregulation of heart muscle function has been implicated in
various CVDs, including cardiomyopathies and heart failure. 7°-%! Both female and male
pathways also included processes related to ribosomal structure and function (2 for both males

and females), alterations of which may be related to the development of CVD.#?

Pathways with unique functions were also present for both sexes. In males, protein kinase
B (Akt) binding was enriched, which has been shown to play roles in heart failure,
atherosclerosis, myocardial infarctions, hypertension, and cardiomyopathies.®* The mapping of
piRNAs potentially dysregulated by Pb to regions that regulate distinct pathways with
overlapping functional outcomes highlights the notion that while female and male piRNA may
originate from different regions, they may play similar roles, as in the germline. Further studies
are needed to examine piRNA function in the female and male heart in relation to the origin of

piRNA expression.
Sex and age specific alterations in piRNA associated genes

While our piRNAs potentially affected by Pb mapped to similar pathways between the
two sexes, we found significant male-specific changes in all three Piwils exclusively in our 10-
month samples (Figure 2.8). The roles of PIWILs in somatic tissue like the heart are still under
scrutiny, but germline PIWILs play a role in maintaining genomic stability through transposon
silencing and epigenetic regulation. Therefore, altered expression of Piwils in aging hearts could
possibly reflect accelerated cardiac aging or epigenetic stress as a result of developmental Pb
exposure. Further, the three mouse PIWI-like proteins have distinct functions in the mouse
germline: PIWIL1 (MIWI) functions in later spermatogenesis, primarily in post-transcriptional

gene regulation, PIWIL2 (MILI) plays a key role in piRNA biogenesis and post-transcriptional
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transposon silencing, and PIWIL4 (MIWI2) is involved in transcriptional silencing through DNA
methylation.’* 88 Here, we saw a decline in Piwil2 expression and an increase in Piwils I and 4,
suggesting a possible shift from piRNA production toward enhanced gene silencing activity. The
upregulation of Piwill is particularly interesting given the altered piRNAs at 5 months tended to
map disproportionately to exons. Taken together, this pattern may reflect a compensatory
mechanism to maintain genomic integrity in the aging male heart in response early-life Pb
exposure. Future work should examine sex specific mechanisms of PIWILs in the heart both at

baseline and in response to Pb.
Sex specific alterations in ECC genes

Of the 4 ECC genes examined by RNA sequencing, we saw significant increases in only
male 3-week and 5-month samples (Figure 2.9), which were not correlated with changes in the
piRNAs mapped to targets (Table 2.S8). However, this lack of direct correlation does not
exclude the possibility that piRNAs may influence their expression through regulatory
mechanisms acting on nearby genomic regions. Contractile dysfunction and arrhythmias in heart
failure are often due to defective Ca handling, with reduced expression and activity of SERCA2
(encoded by Atp2a?), increased expression of NCX (encoded by Sic8al), and potential
compensatory decreased activity of Ryr2 all known to be mechanistically involved in disease
progression.®” Given these established roles, the observed upregulation of all four ECC genes in
male mice our dataset may reflect early molecular signs of Ca dysregulation that could contribute
to later cardiovascular dysfunction. This is especially interesting given that there are sex
differences in different types of heart failure, with males tending to have heart failure with
reduced ejection fraction (HFrEF). Future work should connect changes in cardiomyocyte Ca

handling with the alterations in epigenetics described here.
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Study limitations

One major limitation of the present study is that smRNA was isolated from whole heart
tissue, which may include fibroblasts, endothelial cells, smooth muscle, blood, and other cell
types. Future studies are necessary to define cell type specific piRNAs in the heart. Another
limitation of this study is the limited translatability from mice to humans, as previous work
suggests that while piRNA associated proteins like PIWILs and piRNA cluster locations are
conserved between species, there are major differences in the actual sequences of piRNAs

themselves. ! 9091

Further, only mice at 5 months of age were used for this study, and to
understand fully the effects of developmental Pb exposure, additional investigations should look
at other time points in the life course, as well as piRNA expressed during cardiac differentiation
in in vitro models. Of note, while this study suggests potential trends in Pb-induced
dysregulation of piRNA expression, none of these changes met the FDR significance threshold,
and therefore no conclusions about statistically significant effects can be drawn. Lastly, we used

the piRNAs discovered at baseline to assess for expression changes induced by Pb exposure,

which limits the detection potential of novel piRNAs induced by Pb exposure.

Future work should also examine the coupling between expression of piRNA and their
targets, at baseline and in the context of Pb exposure. A recent paper from our group carried out
RNA sequencing and DNA methylation analysis of cardiac genes from the same murine
perinatal model of Pb exposure used in this paper, and did not report any significantly
differentially expressed genes (DEGs) with Pb exposure at 3 week, 5 month, and 10 month time
points.”> However, this work discovered different temporal gene expression changes in control
and Pb exposed hearts that were also unique by sex.”> This could mean that piRNA differences

shown here are reflected by these temporal shifts, and that perhaps we are missing earlier
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windows in gene expression changes given the crucial roles piRNA play in development.
Furthermore, piRNA could be acting in a post-transcriptional manner thereby regulating protein
levels rather than mRNA or affecting expression of TEs which are difficult to capture in
traditional RNA sequencing due to their repetitive nature. Further work is required to investigate
earlier timepoints (perhaps fetal gene expression changes), proteomics, as well as qPCR
verification of potentially targeted TEs, such as LTRs which were identified as piRNA targets
related to Pb exposure in this work. Of further interest, the known expression and functionality
of the 22 Pb-altered piRNAs in common between our three analyses (Figure 2.4B) should be
interrogated to understand how Pb exposure mechanistically effects these epigenetic mechanisms

in both sexes.

Conclusions

Overall, we characterized sex-stratified piRNA expression in both control and Pb-
exposed murine hearts. We found robust expression of piRNA in the heart, many of which
mapped to exonic regions, indicating potential future areas of discovery. In addition to providing
a foundation for sex-specific piRNA expression in the heart, these findings suggest a novel
epigenetic mechanism by which developmental Pb exposure may impact CVD risk later in life.
Interestingly, while piRNA and Piwil expression differed between females and males, GO
analysis revealed that the functional consequences of Pb exposure may be similar. Future studies
will link these molecular changes to potential gene or transposable element expression changes

as well as Pb-induced alterations in cardiac function.
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2.6: Supplementary Materials

Supplemental data for this chapter can be found in the figure below and at the repository

here: https://doi.org/10.7302/52s6-2b90
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Supplemental Figure 2.10: Piwil expression with perinatal Pb exposure at different time

points and by sex.

Piwill, 2, and 4 expression on a log scale relative to B-actin and Gapdh for male and female
mice PND21 (3 weeks), 5 months, and 10 months of age. Unpaired t-tests were conducted
comparing control to Pb exposed samples, with no changes at any timepoint/sex other than 10

month males (p-values noted in main text; n=5-7 per treatment per sex).
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Chapter 3: Aim 2: Sex Specific Effects of Perinatal Pb Exposure on Murine Cardiac

Gene Expression and Function

Goal: Examine the sex-specific effects of perinatal Pb exposure on gene and pathway alterations
as well as phenotypic changes in adult mouse cardiovascular system.
Aim 2A:

*  Hypothesis: Perinatal Pb exposure alters transcriptional pathways associated with

cardiovascular development and disease in a sex specific manner.

Aim 2B:
*  Hypothesis: Perinatal Pb exposure causes structural and functional changes in the

murine heart later in life in a sex specific manner.
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3.1: Abstract

Lead (Pb) exposure is known to be a risk factor for cardiovascular disease (CVD), but how
Pb affects the heart through molecular and functional changes is yet to be fully elucidated. Using
a murine model of perinatal Pb exposure, we assessed sex-specific transcriptional and functional
heart changes in the heart during midlife. Upon RNA-Seq analysis of 4-month mice, we found
no Pb induced differentially expressed genes for either sex, but we observed changes caused by
Pb related in hundreds of pathways related to cardiac function, development, mitochondria,
metabolism, and epigenetics (FDR < 0.05). In particular, pathways related to mitochondrial
structure or function were upregulated in female mice, and pathways related to histone biology
were upregulated in male mice. Upon interrogating read count data, we found an nearly
significant (p-value 0.066) upregulation in Ryr2, a gene encoding for a Ca channel important in
excitation contraction coupling (ECC) only in female mice. We also assessed sex specific
changes in cardiac function by examining echocardiograms in the same 4-month-old mice. We
found significant sex specific changes on cardiac structure and function, including decreases in
cardiac output, stroke volume, left ventricular mass, and left ventricular volume in males (p-
value < 0.05). Together, we discovered that perinatal Pb exposure induces persistent and sex
specific changes in gene transcription and heart function, providing the foundation for future

mechanistic studies.

3.2: Introduction

Aim 1 highlighted how perinatal Pb exposure leads to sex specific changes in piRNA
expression. As previously stated, CVD is highly sexually dimorphic, and studies have shown sex

differences in the developmental origins of cardiovascular disease.!? Therefore, Aim 2 aspires to
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build on Aim 1 and assess sex-specific changes in changes cardiac gene expression and function
in adult mice perinatally exposed to Pb.

Sexually mature, 4 month old mice were used for this study, as changes that may have been
induced by Pb during development may not have physiological effects until later in life.> Pb
remains a persistent environmental hazard throughout the world, and Pb exposure is known to
cause cardiovascular disease.* Even at low levels, Pb is an important risk factor in the incidence
and mortality from cardiovascular disease.* One mechanism by which Pb may induce changes in
cardiac physiology is through epigenetics, or mitotically heritable changes in gene expression
without affecting the underlying DNA sequence, and includes DNA methylation, histone
modifications, and non-coding RNA (ncRNA).>®

Our laboratory’s earlier work demonstrated that perinatal Pb exposure—encompassing
both pre-conception, gestation, and lactation—resulted in widespread, sex-dependent alterations
in DNA methylation and piRNA expression (Aim 1) within cardiac tissue later in life.”® These
changes included numerous differentially methylated cytosines (DMCs) and regions (DMRs),
spanning both hypermethylated and hypomethylated sites in males and females.” Pathway
enrichment analyses revealed that male- and female-specific DMCs were associated with distinct
biological processes, with several male-linked pathways tied to normal cardiac development and
function.” These findings suggest that Pb-driven epigenetic modifications established during
early development may predispose individuals to cardiovascular dysfunction in adulthood.

We conducted RNA-Seq analysis on mice treated perinatally with Pb to assess for gene
and pathway changes induced by Pb, paying particular attention to pathways related to cardiac
structure and function, development, epigenetics, energy metabolism, and mitochondria. Focus

on epigenetics was due to changes seen in previous studies and in Aim 1, and focus on energy
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metabolism and mitochondria was assessed because early life exposure to Pb is known to disrupt
mitochondrial and metabolic function in the heart.”!°

In addition to epigenetic changes, we sought to understand how Pb exposure alters
cardiac function in the mouse heart by assessing for changes in excitation contraction coupling
genes. Excitation contraction coupling (ECC), is the process by which an electrical stimulus
(action potential) leads to an influx of calcium (Ca) in cardiomyocytes, which is converted into
contraction of these cells.!! In this process, action potentials trigger the release of Ca into the
cell, where it binds to troponin, causing actin and myosin filaments to slide and thus creating
uniform contraction that forms a heartbeat.!? Notably, there are known sex differences in ECC at
baseline, with smaller and slower peak cardiomyocyte contractions in females compared to
males in rat models.!! Further, Pb is known to mimic Ca and through disruption of Ca signaling
can lead to cardiac arrythmias.!> We are assessing four ECC genes in this study: Atp242
(SERCAZ2), which transports Ca from cytosol into sarcoplasmic reticulum, Cacnalc (Cavl.2)
which is a channel that allows Ca into cytosol, Ryr2 (ryanodine receptor), which is a channel that
allows Ca from sarcoplasmic reticulum into cytosol, and Slc8al (Na Ca exchanger) which
transports Ca out of cell.

Echocardiograms were also conducted on mice perinatally exposed to Pb, which non-
invasively provide information on cardiac structure, function, and hemodynamics.!# This
includes assessing heart rate (bpm), cardiac output (blood pumped in circulation in ml/min),
stroke volume (amount of blood pumped out each beat mm?), mass of ventricles and atria, and
interventricular septum thickness and area during diastole and systole (muscle separating the left
and right ventricle during heart relaxation and contraction). Pb exposure is known to alter

echocardiography parameters in both workers chronically exposed as well as a Flemish
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population exposed to Pb.!>"!8 Furthermore, it is important to interrogate sex differences in these
effects as echocardiograms vary by sex.!”

Overall, the purpose of this aim is to investigate how murine perinatal Pb exposure
impacts epigenetics, cardiac gene and pathway dynamics, and cardiac function. With this
knowledge, we can better understand how developmental exposure to Pb can lead to

cardiovascular disease as well as identify potential biomarkers or therapeutic targets.

3.3: Methods

Mouse breeding experiments

Mice (mus musculus) used for this study have recently been described.?*2! All mice for this
study were housed in a University of Michigan School of Public Health facility monitored by the
ULAM (Unit for Laboratory Animal Medicine) and maintained on regular 12-12 dark-light
cycles at 70-73 °F and 50% humidity. Animals were maintained on a phytoestrogen-free
modified AIN-93G diet (TD.95092, 7% Corn Oil Diet, (Envigo, Indianapolis, IN, USA). All
animals had access to food and drinking water ad libitum throughout the experiment and were
housed in polycarbonate-free cages. Health checks were carried out daily by lab personnel and
ULAM staff. Health checks consisted of a general assessment of appearances (fur coat intact
and well-groomed, eyes clear, no signs of fight wounds) and behavior (mobility, nest building,
etc.). In addition to checks by lab personnel, a designated animal handler from ULAM checked
these cues on a daily basis, and a veterinarian assessed the health status of the mice at least once
a week. At 4 months of age, all (both control and Pb exposed as outlined below) mice were
euthanized with CO; asphyxiation followed by a secondary method of euthanasia of bilateral
pneumothorax procedure in accordance with rules and regulations set forth by the Institutional
Animal Care and Use Committee (IACUC). This study protocol was approved by the University
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of Michigan IACUC protocol #PRO00009800. ARRIVE guidelines were adhered to for this
study.
Mouse exposure paradigm

The same perinatal exposure model as aim 1 was used for this aim, with some key
differences in mouse strain and age. Pb preparation and exposure were conducted exactly as
outlined previously.?? Virgin female wild-type C57BL/6 mice (6-8 weeks old) were randomly
assigned to receive control or Pb via drinking water 2 weeks prior to mating, followed by mating
with virgin males of the same strain (7-9 weeks old; Figure 3.1).2° Pb II acetate trihydrate (32
ppm; Sigma-Aldrich, Milwaukee, WI, USA) was mixed with distilled drinking water, which

2223 Pb exposure

results in a human-relevant maternal exposure in the 1660 pg/dL range.
continued through mating (for both males and females), pregnancy (~3 weeks), and lactation
until weaning at 3 weeks of age (Figure 3.1).” After weaning, all offspring received Pb-free
water until euthanasia at 4 months of age (Figure 3.1). Approximately 1-2 male and 1-2 female
offspring per litter were euthanized (n= 8-12 per sex per exposure Figure 3.1). No formal sample
size calculation was performed. Sample sizes were based on standard practice in the laboratory
and were consistent with prior publications using similar methods.>* Animal collection occurred
between 1 and 3 pm, with collection order randomized daily.?* As outlined in previous studies,
one investigator administered treatment and was therefore aware of treatment group allocation,
but all investigators completing subsequent molecular assays were blinded to the treatment group

until it was analyzed during bioinformatic analysis.>* Whole, nonperfused hearts from these mice

were snap frozen in liquid nitrogen and stored at -80 °C at the time of euthanasia.
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Exposure Group l Pre-mating | Pregnancy | Lactation |
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Control (0 ppm; | | 2 weeks I 3weeks I 3 weeks | ( ) 4 month
below the level |  r—— DUration Of EXPOSUIE m——f Euthanasia

of detection) . Gestation Weanin

F1 (Offspring) I % J l {
Pb (32 ppm; 3 weeks 3 weeks
16 - 60 pg/dL) Echocardiograms (n= 8-12)
RNA-Seq (n=6)

Figure 3.1: Experimental design for perinatal exposure mouse model and analysis.
Pb exposure began with female mice two weeks prior to mating and continued through lactation
until weaning at 3 weeks of age. After weaning, all offspring received Pb-free water until
euthanasia at 4 months of age. Approximately 1-2 male and 1-2 female offspring per litter were
euthanized (n=8-12 per sex per exposure group for echocardiograms and n=6 per sex per
exposure group for RNASeq). After euthanasia, RNA was extracted from whole heart tissue for
downstream analyses.
Tissue lysis and RNA extraction

Whole heart tissue was cryo-pulverized and RNA extraction was performed using the
AllPrep DNA/RNA Mini Kit (#80204 Qiagen, Aarhus, Denmark) according to the
manufacturer’s instructions with an additional DNAse incubation step (#79254, Qiagen, Aarhus,
Denmark). Sample concentration and quality were assessed using a nanodrop microvolume
spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
plexWell cDNA preparation and quality control assessment

RNA sequencing was performed using the plate-based plexWell method (SeqWell),
following a modified version of our previously established protocol.?> For cDNA synthesis, 1 pL
of RNA at 10 ng/uL was added to a 96-well plate (Dot Scientific, Cat. #951-PCR-B) and
subjected to oligo annealing at 72°C for 10 minutes. Reverse transcription was then carried out at
50°C for 30 minutes, followed by an initial denaturation at 98°C for 3 minutes. Amplification
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proceeded through 12 PCR cycles of 98°C for 20 seconds, 67°C for 20 seconds, and 72°C for 6
minutes using a C1000 Thermal Cycler (Bio-Rad, Cat. #1851196). Samples were held at 4°C
until purification. cDNA was purified using MAGwise Paramagnetic Beads (SeqWell, Cat.
#MG10000), added in a 1:1 volume ratio with a 5-minute binding time. Samples were placed on
a magnetic stand, the supernatant was removed, and beads were washed once with 80% ethanol
(Spectrum, Cat. #E10258). Elution was performed in 20 pL. of 10 mM Tris buffer (Thermo, Cat.

#J22638-AE), and samples were stored at —20°C pending quantification.

cDNA concentration was measured using the Quant-iT PicoGreen dsDNA Assay Kit
(Thermo, Cat. #P7589) following the manufacturer’s instructions. Samples and standards were
plated in a 96-well format, and 100 puL of PicoGreen solution was added to each well. After
incubation at room temperature in the dark, fluorescence was measured using the SpectraMax
M5e and SoftMax Pro software v5.4. A global dilution factor calculator provided by plexWell
was used to determine the appropriate cDNA input volume, targeting a minimum of 5 ng per

sample.

Library preparation using plexWell and RNA sequencing

For library construction, 6 pL of cDNA at ~1.7 ng/uL per sample was transferred to the
sample barcode plate included in the plexWell LP384 Library Preparation Kit (SeqWell, Cat.
#LP384X). Each sample was tagged with a unique 17 index using PCR conditions of 55°C for 15
minutes and 68°C for 10 minutes. After indexing, 18 pL of each barcoded sample was pooled,
mixed with an equal volume of MAGwise beads, and incubated for 5 minutes to allow binding.
Beads were pelleted on a magnetic stand and washed twice with 80% ethanol. Barcoded cDNA

was eluted in 40 pL of 10 mM Tris.
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Following pooling, sample concentration was re-quantified using the PicoGreen assay to
ensure that the final concentration was within the recommended range (3.6—6 ng/uL). The pooled
samples were then tagged with an 15 index (pool barcode) through a tagmentation reaction: 55°C
for 15 minutes and 68°C for 10 minutes. After tagmentation, samples were purified using the

previously described method and eluted in 24 pL of 10 mM Tris.

Final library amplification was conducted with the following thermocycling conditions:
72°C for 10 minutes, 95°C for 3 minutes, followed by 8 cycles of 98°C for 30 seconds, 64°C for
15 seconds, and 72°C for 30 seconds, and a final extension at 72°C for 3 minutes. Amplified
libraries were diluted with 205 pL of 10 mM Tris, and 200 puL was purified using 0.8x volume of
MAGwise beads. After magnetic separation and two ethanol washes, libraries were eluted in 30

uL of 10 mM Tris and stored at —20°C for short-term use.

Library quality was assessed using the Agilent Bioanalyzer with the High Sensitivity DNA
5000 Kit at the University of Michigan (UM) Advanced Genomics Core. Libraries were
sequenced on the Illumina NovaSeq 6000 S4 platform with 151-bp paired-end reads, targeting an

average depth of >30 million reads per sample.

Data processing and analysis

Raw reads were demultiplexed using i7 and 15 barcodes. Sequencing data were transferred
to the University of Michigan Great Lakes High-Performance Computing Cluster for analysis.
Quality control was performed using FastQC and MultiQC.?%?” Reads were aligned to the mm10

mouse genome reference (splice-aware build) using STAR.?® Gene-level counts per million
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(CPM) were calculated with featureCounts, excluding multi-mapped and multi-overlapping

reads.?’

Computational analysis: DEG and pathway analysis

The R package DESeq2 was used to conduct differential gene expression analysis
comparing control to Pb exposed samples. DEG analysis examined genes with padj values of
less than 0.05 and absolute log fold change of greater than 1. Principal component analysis
(PCA) plots were made using the prcomp function in R.

To assess for pathway enrichment, the LRPath function was utilized as previously
described.*® This function uses logistic regression using the p-value and fold change for each
gene to test for enriched or depleted biological categories, and GOBP (biological processes),
GOMF (molecular function) and GOCC (cellular compartment) were chosen as the MsigDB
gene sets for this analysis.’® Significant pathways were selected with and FDR cutoff of 0.05. To
select for relevant pathways, terms were selected and sorted into 5 categories: cardiac
(heart|cardiac|ventric|atrium|muscle|atrial|aorta), mitochondria (mitochondri|respiratory|electron
transport|oxidative), metabolism (ATP|glycolysis|fatty acid|glucose|metabolism), development
(development|differentiation), and epigenetics
(epigenetic|chromatin|histone|methylation|acetylation). Ggplot2 was used to plot dot plots for
this data.

Computational analysis: read count analysis of ECC genes

Variance Stabilizing Transformation (VST) in the DESeq2 package was used to normalize
read counts of the RNA Sequencing data, and ggplot2 was used to plot normalized read counts
for ECC genes. Unpaired t tests were used to assess for differences between Pb and control

samples.
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Echocardiograms

For 4 month old C57BL/6 control and perinatally exposed mice described above,
echocardiography was performed using a Visualsonics 2100 ultrasound machine by the UM
Frankel Cardiovascular Center Physiology Phenotyping Core under isoflurane anesthesia as
previously described (n= 8-12 per treatment per sex).’!*? Image acquisition and analysis were
performed blinded to the treatment group. M-mode imaging in a parasternal short axis view at
the level of the papillary muscles, and two-dimensional long axis imaging were used to calculate
ejection fraction, fractional shortening, stroke volume, cardiac output, as well as to make several
structural measurements of wall thickness and chamber areas in systole and
diastole. Measurements of diastolic function were made using pulsed-wave spectral Doppler
analysis of mitral valve inflow patterns (early [E] and late [A] filling waves). Doppler tissue
imaging (DTI) was used to measure the early (Ea) and late (Aa) diastolic tissue velocities of the
lateral annulus. All parameters were normalized to body weight of each mouse, and both
unnormalized and normalized data is presented in Tables 3.S1 and 3.S2. For all echocardiogram
parameters (both corrected to body weight and unnormalized), a two-way ANOVA with
interaction (Sex * Treatment) using Type III sums of squares was performed to assess for
changes induced by Pb within and between sexes, followed by pairwise comparisons using
estimated marginal means to assess treatment effects within each sex (significant changes
considered at p-value < 0.05).
HFrEF gene expression analysis

Venny2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to make venn diagrams

of overlaps between HFrEF associated genes from a 2024 study of mouse and human single cell

heart gene expression and potential differentially expressed genes in this study (p-value < 0.05)
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for combined, female, and male mice.>® Hypergeometric enrichment testing was performed on

this data using the phyper() function in R.

3.4: Results

Sex-specific pathway changes in 4-month-old heart samples perinatally exposed to Pb
RNA-Seq was conducted for 4-month samples perinatally exposed to Pb, and PCA plots
were made assessing the influence of sex and treatment on variation in the data, showing that
sex, but not treatment cluster together (Figure 3.2). No genes were found to be significantly
differentially expressed by a padj cutoff of 0.05 and |logFC| > 1 (data not shown). Pathway

analysis results were filtered by an FDR cutoff of 0.05, and Table 3.1 shows numbers of

significantly altered pathways for combined and sex specific analysis for each GO term. Results

were further filtered by relevant pathways into 5 categories: cardiac, development, epigenetics,

metabolism, and mitochondria. All results are graphed in Figure 3.3A, and specific categories

are shown in Figure 3.3B-F.
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PCA plots were made using the prcomp function and demonstrate variability clustered by sex but

not treatment.

Combined | Female Male
GOBP | 128 59 122
GOCC | 50 29 49
GOMF | 43 21 73

Table 3.1: Significantly altered gene ontology pathways for 4-month-old mice perinatally

exposed to Pb.

Three GO categories were assessed: biological processes (BP), cellular compartment (CC), and

molecular function (MF) for combined and sex specific analysis. Redundant pathways were

reduced in results and filtered by an FDR cutoff of 0.05.
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Figure 3.3: Significantly changed relevant pathways in 4-month-old mice perinatally
exposed to Pb.

Using LRPath to assess for significantly altered pathways based on differences in gene
expression, pathways related to cardiac structure and function (B), development (C), epigenetics
(D), metabolism (E), and mitochondria (F), were altered variably in combined and sex specific

analyses (all pathways together shown in A).
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ECC gene alterations

Specific gene normalized read counts were assessed for ECC (4p2A42, Cacnalc, Ryr2, and
Slc8al), epigenetic, and heart development genes, and none showed significant alterations,
although for females, Ryr2 showed an increase in expression with Pb exposure approaching
significance with a p-value of 0.066 for females, 0.25 for males, and 0.063 for the combined sex

analysis. (Figure 3.4).

Expression of Ryr2 by Treatment and Sex

Female Male

Treat

== e
=

Normalized Expression
k=

13.2

Treatment

Figure 3.4: Normalized read count assessment of ECC genes reveals potential sex specific
change in Ryr2.

Normalized read counts were assessed for female and male sample ECC gene changes, and for
one gene, Ryr2, Pb exposed vs. control female showed a change approaching significance

(female p-value: 0.066 , male p-value: 0.25, combined p-value: 0.063).

Echocardiograms of 4-month-old mice perinatally exposed to Pb
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Echocardiography studies in 4-month-old mice showed several significant effects of Pb on

cardiac structure and function, including reduced body weight, cardiac output, stroke volume,

left ventricular mass, and left ventricular volume in males (n=8-12 per group, p<0.05, two-way

ANOVA; all other parameters corrected to body weight; Figure 3.5). However, while post-hoc

simple-effects revealed significant decreases in these four parameters only in males, the

Treatment x Sex interaction only reached significance for stroke volume (interaction p-value =

0.032). Therefore, sex differences can only be supported for stroke volume. Other

echocardiography data can be found in Figure 3.S1 (unnormalized) and Figure 3.S2 (normalized

to body weight) in the supplementary materials.
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Figure 3.5: Echocardiograms of adult mice perinatally exposed to Pb.
Significantly altered parameters in either sex were selected and graphed above, with n=8-12 per

group, p<0.05 using two-way ANOVA. (BW= Body Weight; LV = Left Ventricle)

Comparison of gene expression between 4-month-old mice perinatally exposed to Pb and HFrEF
gene signatures

Given the decreases in cardiac output and stroke volume in male mice with developmental
Pb exposure, we examined changes in gene signatures associated with heart failure with reduced
ejection fraction (HFrEF) phenotypes in human and mouse samples from a 2024 single cell
sequencing study of HFrEF.?* Venn diagrams show overlaps in genes with a p-value of < 0.05 in
this study (combined, female, and male) and human and mouse DEGs from the HFrEF study,

although none of these overlaps were statistically significant (Figure 3.6).
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All Pb Human HFrEF Female Pb Human HFrEF Male Pb Human HFrEF

3994 461 3984
(9‘})975%:) (85.7%) (10%) (86.6%)

All Pb Mouse HFrEF Female Pb Mouse HFrEF Male Pb Mouse HFrEF

305 4544 4502 4456
(6.2%) (91.6%) (87.1%) (87.8%)

Figure 3.6 Overlaps in HFrEF gene signatures.

Venn diagrams show overlaps in gene expression of HFrEF associated genes from a 2024 study
of mouse and human single cell heart gene expression and potential differentially expressed
genes in this study (p-value < 0.05) for combined, female, and male mice.>* The overlaps were

not significant by hypergeometric enrichment testing.

3.5: Discussion

Pb-induced epigenetic pathway changes

Interestingly, perinatal Pb exposure affected epigenetic pathways in the heart in a sex
specific manner, with significantly altered epigenetic pathways in male, but not female, 4-month
samples (Figure 3.3D). These identified pathways were related to histone biology, which reflect
changes in how tightly DNA is wrapped around histones and is regulated in an interconnected
manner with DNA methylation and piRNA regulatory mechanisms in the germline.?*3¢ These
mechanisms may be first disrupted by Pb exposure during development and compensatory

changes are later seen in adult heart tissue in a sex specific manner (only in males). This is
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interesting as CVD is highly sexually dimorphic, and emerging work has found that altered
histone regulation is involved in the development of different CVDs. Altered regulation of
histones has been shown to be involved in heart failure, inflammation, and hypertrophy.?”-38
Importantly, H3K4 methylation is crucial for regulating gene expression during heart
development and alterations in this have been implicated in congenital heart disease, myocardial
infarction, and heart failure.3**> We found here significant upregulation of the GO pathway
“histone methyltransferase complex,” which included the gene Wdr82, a component of the
Setl/COMPASS which is important in regulating H3K4 methylation and has been shown to
regulate heart development in Drosophila.**~* Thus, Pb exposure may alter this epigenetic
mechanism, and future mechanistic studies should investigate how Pb regulates Wdr82
expression and function and how this dysregulation may relate to the development of cardiac
abnormalities.

Histone regulation also has cross talk with DNA methylation, and so we also examined
the normalized read counts of Dnmts and Tets (data not shown). However, we saw no significant
changes in the expression of these genes. Future work will need to examine specific genomic
targets of this altered epigenetic regulation, and how these are related to heart function and CVD.

The final chapter of this dissertation will put these results into the context of the piRNA and

associated gene expression changes discussed in Aim 1.

Pb-induced development, metabolism, and mitochondrial pathway changes
Other pathway changes induced by Pb included those related to metabolism and
mitochondria (Figure 3.3E and F). Unsaturated fatty acid process was one of the pathways

differentially regulated by Pb in the male hearts, and is important for cardiac function given that
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the heart is a highly energetically demanding organ.*® Mitochondria play a key role as the main
source of energy in the heart, and eight mitochondrial related pathways were found dysregulated
in female samples while only three were found dysregulated in male samples by Pb exposure.
Previous studies show sexual dimorphism in how mitochondria in the heart respond to aging,
with older females showing more significant decline in mitochondrial function.*’ Pathways
related to mitochondrial processes were all upregulated in female mice here, which could
indicate a compensatory mechanism to impaired mitochondrial bioenergetics, indicating Pb may
accelerate this aging process in a sex dependent manner.*’ Pb is known to cause oxidative stress
in the heart, but literature is limited in the heart relating Pb to mitochondrial disruption.*®
However, Pb is known to disrupt mitochondrial function in other tissues.* More studies are
needed to define the mechanisms for how Pb disrupts mitochondrial function in the heart in a sex
specific manner and potential relevance to the development of CVD.
Pb-induced pathway changes in cardiac development, structure, and function

Additional dysregulated pathways included those related to cardiac development,
structure, and function (Figure 3.3B and C). Both males and females showed pathway changes
involved in heart development, with males showing potentially dysregulated cardiac muscle cell
proliferation (B), cardiomyocyte differentiation (C), females showing dysregulation of muscle
cell proliferation and atrioventricular valve morphogenesis (B), and both sexes in a combined
analysis potentially dysregulating smooth muscle tissue development, heart valve
morphogenesis, and semilunar valve development (Figure 3.3B and C). Dysregulation of heart
developmental pathways in the adult heart is especially interesting given that in certain CVDs
including heart failure and cardiomyopathies, heart regulatory mechanisms revert to a fetal-like

state.’*>! Contradictorily, we examined markers of adult and fetal like states (Myh6, Myh?7,
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Nppa, and Nppb), and only found a change in Myh6, which was significantly upregulated in
males only (p-value 0.036; data not shown). Myh6 is known as a marker of adult-like
phenotypes, but this change could be indicative of a compensatory mechanism induced by Pb
exposure.>? Other genes found in literature searches to be related to cardiac development were
examined (Bmp10, Bmp2, Bmp4, Bmprla, Bmpr2, Smydl, Ctnnbl), with no significant changes

(data not shown).>3->4

It is possible heart developmental programs are regulated by Pb through
epigenetic or post-translational mechanisms, and future work should examine ties between the
altered histone regulation detailed above and developmental programs.

Nine pathways involved in heart structure and function were found to be significantly
altered, with four of these uniquely in males and two uniquely in females (Figure 3.3B).
Interestingly, pathways related to cardiac conduction and cardiac muscle cell action potential
were altered by Pb in males only, while females showed a potential increase in expression of
Ryr2, which releases Ca from the sarcoplasmic reticulum into the cytosol to cause cardiac
contraction (Figure 3.4). Cardiac conduction can become dysregulated in CVD, with studies
showing alterations of ECC in heart failure.> These studies do not show a direct role for
increased Ryr2 as a cause for this dysfunction, but suggest alterations in its phosphorylation and
expression are a compensatory mechanism.>-¢ While potential changes in heart rate are
examined below, future work should examine potential alterations in Ca handling by Pb. Aim 3
will examine how developmental Pb exposure influences action potential and Ca handling in
human iPSC derived cardiomyocytes.

Pb-induced echocardiography changes

These molecular changes induced by Pb may have influenced phenotypes as exhibited by

differences in echocardiograms. The decreases in cardiac output and stroke volume along with
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decreases in left ventricular mass and volume in male mice (corrected to body weight) could be
representative of a developmental defect caused by Pb exposure. This is particularly interesting
given that these male mice showed dysregulation of pathways related cardiomyocyte
differentiation and cardiac cell proliferation as detailed above.

Interestingly, the statistical test used only supports sex differences for the decrease in
stroke volume seen in male mice. Studies have shown that at baseline, human and mouse male
hearts have higher stroke volume and cardiac output than their female counterparts, but these
differences are largely due to differences in overall body weight.>”>® Here, stroke volume was
corrected for body weight and so we saw a disproportionate decrease in stroke volume in male
mice compared to females. While no changes in ejection fraction were seen (Figure 3.S1 and
S2), these changes suggest a reduction in cardiac function in the male mice related to heart
failure and could potentially indicate developmental Pb-induced sex differences that could
contribute to long term disease risk.

Because of the decreases in cardiac output and stroke volume seen in male mice with Pb
exposure, we examined gene expression changes pertaining to HFrEF by looking at overlaps
between potentially altered genes in our datasets and those in a study of gene expression changes
in HFrEF in mice and humans (Figure 3.6).3* Although there were overlapping genes across
analyses, hypergeometric tests indicated that these overlaps were not statistically significant (all
p > 0.05). Additionally, the percentage of overlapping genes was only marginally increased in
the male dataset compared to female (3-4%; Figure 3.6). This suggests that Pb exposure may
alter molecular pathways that only partially overlap with HFrEF signatures, and that in the male

mice there are likely other developmental alterations leading to the observed phenotypic

120



changes. Further work should be conducted to examine which genes and proteins are involved in

dysregulating pathways related to the observed sex specific changes in echocardiography.

Limitations and future directions

This aim uniquely integrates transcriptomic analyses with in vivo cardiac phenotyping
using a perinatal exposure model of Pb exposure, providing a systems level perspective of Pb’s
impact on the heart. It further examines sex-specific effects, advancing our understanding of sex
as a biological variable. Unlike many DOHaD studies that focus on early developmental
timepoints, this work examines mice at midlife, providing insight on how early life Pb exposure
may program cardiac outcomes in later life and potentially uncovering changes that contribute to
the later-life risk of cardiovascular disease.

Limitations of this work include the utilization of whole heart tissue that was not
perfused, and so other cell types including blood were present for the gene expression analyses.
Future work should examine specific cell types of the heart. Furthermore, only one time point
was examined phenotypically, and as CVD is a disease of aging echocardiograms should be
performed for older mice to further develop the causal link between the transcriptional changes
shown and the potential development of cardiac pathology. Moreover, this work was broadly
associative rather than causal, and future work should assess specific mechanisms underlying the
gene expression and phenotypic changes shown here to develop potential prevention strategies,
biomarkers, and treatment of CVD induced by Pb.

Conclusions
Through integration of transcriptomics and echocardiograms, we provide a

comprehensive set of observations on how developmental Pb exposure disrupts heart biology
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differently in male and female mice. These findings may be translatable to the sex disparities
seen in CVD in humans and therefore may help develop targeted prevention and therapeutic
strategies. Overall, this work shows that perinatal Pb exposure induces persistent and sex specific
changes in both cardiac molecular pathways and functionality, highlighting the impact of early
life Pb exposure on long term cardiovascular health and providing the foundation for future

mechanistic studies dissecting the molecular drivers of developmental Pb-induced cardiotoxicity.

3.6: Supplementary Information

Supplementary information can be found at the repository here:

https://doi.org/10.7302/52s6-2b90
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Chapter 4: Aim 3: Evaluate Cell Line—Specific Gene Expression Changes and Functional
Alterations Induced by Pb Exposure During Differentiation in Human iPSC-Derived

Ventricular Cardiomyocytes

Goal: Characterize the dose-specific effects of Pb exposure during differentiation on gene,
pathway, and functional alterations in human ventricular cardiomyocytes.

Aim 3A:

*  Hypothesis: Epigenetic regulatory genes as well as genes associated with cardiac
development, structure, and function are affected by Pb exposure during differentiation

in human iPSC-derived ventricular cardiomyocytes.

Aim 3B:

*  Hypothesis: Pb exposure during differentiation impacts heart cell differentiation and beat

characteristics in purified ventricular cardiomyocytes.
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4.1: Abstract

CVD disease etiology is known to be strongly influenced by Pb exposure and is highly
sexually dimorphic, but the underlying sex specific molecular and functional mechanisms are
unclear. Further, how epigenome modifying enzymes behave during heart development in both
sexes in the absence or presence of Pb is yet to be fully understood. Using a new approach
methodology, human induced pluripotent stem cell (iPSC) derived ventricular cardiomyocytes
from one male and one female donor, we characterized how Pb exposure during cardiomyocyte
differentiation impacts transcriptional as well as voltage and calcium (Ca) dynamics. In the
absence of Pb, expression of DNMTs, TETs and PIWILs were dynamic throughout differentiation
and similar in expression patterns in both cell lines. Further, PIWIL levels were similar in
unexposed iPSC-derived ventricular cardiomyocytes and human fetal heart samples. We also
found cell line specific changes in DNMTs, TETs, and pluripotency markers in iPSCs exposed to
a range of doses of Pb but that DNMT and TET expression was not affected by exposure to 0.5
and 5 uM Pb during differentiation. We conducted RNA-Seq in our Pb exposed female derived
cell line and found significant Pb induced changes in expression of genes throughout
differentiation and dysregulation of pathways related to heart development and function
throughout differentiation in response to Pb, with particular emphasis on epigenetic and
mitochondrial machinery. Upon benchmark dose modeling of this data, we found unique dose
response gene expression changes induced by Pb in different days of differentiation. While the
expression changes were unique, they corresponded to a similar median benchmark
concentration of 0.2 uM for all days assessed. Gene ontology analysis of benchmark modeled
genes showed changes in pathways related to heart development. Further, we characterized

functional changes in Pb developmentally exposed (0.5 and 5 uM) female and male derived
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ventricular cardiomyocytes through optical mapping of Ca transients and action potentials and
found cell line specific effects of Pb. Overall, we characterized the transcriptional and
electrophysiological changes induced by Pb in ventricular cardiomyocytes derived from iPSCs,
opening the door to future mechanistic studies understanding how Pb exposure during

differentiation may impact heart function.

4.2: Introduction

Building upon mouse studies that found potential alterations in piRNA, molecular
pathways, and heart structure and function in mice exposed perinatally to Pb, we sought to
understand how Pb exposure during human cardiomyocyte differentiation may alter
developmental gene expression and cardiomyocyte function. Epidemiological studies of Pb
exposure relating to adverse cardiovascular consequences in humans are well documented, and
although fewer have focused on developmental Pb exposure, one found a relationship between
maternal Pb levels and a significant increase in systolic blood pressure in young children,
suggesting a relationship between in utero Pb exposure and adverse heart outcomes that could
progress into CVD later in life.! In addition to the work presented in chapters 2 and 3, recent
work from our lab has suggested perinatal exposure to Pb in mice relates to sex specific
epigenetic changes in mice that are related to cardiac pathology, and so here we assess these

potential changes in human cells.?

Pb at concentrations present during the Flint water crisis (0.5 uM to 1.5 uM) has been found
to disrupt pluripotency factors in mouse embryonic stem cells, and has also been shown to alter
DNA methylation, which plays an important role in maintaining a pluripotent state.>* Therefore,

we assessed changes in pluripotency markers OCT4, SOX2 and NANOG, which give iPSCs
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pluripotency characteristics, and DNMTs and TETs, which catalyze the addition or removal of
methyl groups from DNA, respectively, in undifferentiated iPSCs exposed to Pb at human

relevant doses.*

Pb exposure is also known to disrupt cardiac development in mice (including in chapters 2
and 3 of this study), as well as impair proper neuronal differentiation through epigenetic
mechanisms.>® To mimic an in utero exposure, we chose two human exposure relevant doses of
Pb (0.5 uM and 5 uM) to treat human iPSCs during the first 8 days of their differentiation to
ventricular cardiomyocytes, and examined epigenetic changes throughout differentiation (days 0-
15). We chose this exposure window to capture the developmental period during which
pluripotent cells commit first to mesodermal and then cardiac progenitor lineages, prior to the
onset of spontaneous contraction and functional maturation of cardiomyocytes (days 8-30).”8 We
assessed levels of PIWIL genes, as we saw changes in the piRNA and Piwil landscape with Pb
exposure in our mouse model. We conducted this study in one male and one female derived stem

cell line, as there are marked differences in heart disease between males and females.

Further, we conducted RNA-Seq of Pb exposed female derived iPSC ventricular
cardiomyocytes and paid particular attention to pathways related to cardiac structure and
function, development, epigenetics, energy metabolism, and mitochondria. Focus on energy
metabolism and mitochondria was assessed because early life exposure to Pb is known to disrupt
mitochondrial and metabolic function in the heart.”! We also used benchmark dose modeling to
look at genes responsive to Pb in a dose dependent manner and modelled the same pathway

changes.

To assess how these epigenetic, gene, and pathway changes induced by Pb may be related

to changes in cardiac function, we conducted optical mapping of action potentials and calcium
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(Ca) transients. An action potential is the electrical signal that leads to the production of a
rhythmic heartbeat, through a process called Excitation Contraction Coupling (ECC), leading to
an influx of Ca in cardiomyocytes, which is ultimately results in contraction of these cells.!!:!2
Importantly, Pb is known to mimic Ca and disruption of Ca signaling is one mechanism by
which Pb exposure may lead to cardiac arrythmias.'® Genes encoding ECC proteins are subject

to epigenetic regulation during development, thus impacting heart beat characteristics later in

life, and so ECC gene changes were also assessed in our unpurified cardiomyocytes.

Overall, this aim seeks to characterize how Pb exposure during differentiation of one female
and one male iPSC-derived ventricular cardiomyocyte cell line impacts the gene expression and
molecular pathways throughout differentiation as well as downstream function as purified

cardiomyocytes.

4.3: Methods

Cell culture: iPSC maintenance

iPSC line PENNO002i-442-1 from a 24-year-old Caucasian female and iPSC line
PENNO042i-258-12 from a Caucasian 21-year-old male, both reprogrammed from blood cells
were obtained from WiCell (WiCell, Madison, WI, USA). In order to promote adhesion and
growth, iPSCs were plated in 24 well or 6 well Corning plates on surfaces coated with Corning
Matrigel Basement Membrane Matrix that was prepared in DMEM:F12 HEPES (#07-200-80,
#09-761-146 #356234 and #11330032; Thermo Fisher Scientific, Waltham, MA USA). iPSCs
were maintained on this matrix in StemMACS iPS-Brew XF Media or StemMACS PSC-Brew
XF (#130-104-368 and #130-127-865; Miltenyi Biotec, Bergisch Gladbach, Germany) in feeder

free conditions and incubated at 37°C in a 5% CO?2 incubator. Media was changed regularly
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according to the manufacturer’s instructions (daily for iPS-Brew and every other day for PSC-
Brew). Colonies of iPSCs that showed any signs of spontaneous differentiation were marked and
removed via aspiration. Cells around 80% confluency were dissociated non-enzymatically with
Versene (#15040066, Thermo Fisher Scientific, Waltham, MA USA) and seeded at low densities

(1:24) for maintenance of iPSCs.
Cell culture: iPSC differentiation

To perform differentiation into ventricular cardiomyocytes, iPSCs from above were
passaged with Versene and seeded at higher densities (80-100% cells used) into monolayers.
When cells reached 80-95% confluency (1-3 days), differentiation into ventricular
cardiomyocytes was commenced according to procedures outlined in prior studies (Figure
4.1).7% In the first 8 days of differentiation, cells were maintained on “basal” media (RPMI
medium with HEPES CAT# 22400-89 Gibco, Grand Island, New York, USA with supplements
ascorbic acid #A8960 and BSA #A9418 Sigma Aldrich, St. Louis, MO, USA) and switched over
to “B27” media on day 8 until purification. Modulation of Wnt/B-catenin signaling was utilized
for differentiation as previously described (Figure 4.1).”8 To direct cells into a mesoderm state,
iPSCs were treated on day 0 in basal media with CHIR99021 (#4423) which activates Wnt
signaling, and after 2 days, cells were treated with IWP4 (#5214) in basal media, which inhibits
Wnt signaling and drives cells towards a cardiac lineage (Tocris Bioscience, Avonmouth,
Bristol, United Kingdom). After this, cells were given basal media without the addition of small
molecules on days 4 and 6 and switched over to “B27” media on day 8 with B27 media changes

every other day after this until purification (RPMI # 11875-093 and B27 supplement #17504-
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044; Gibco, Grand Island, New York, USA).

Cardiac Cardiac Immature Mature

hiPSCs Mesoderm  Mesoderm progenitor cardiomyocyte cardiomyocyte
o o @ @ 4
wok @)
| | | | | 4
Media Maintained CHIRin | IWP4in Basal media B27 + insulin in RPMI media B27 + insulin in
with iPSC basal basal RPMI media
media media media MatrixPlus plate
Differentiation DO D2 D4 D8 D20 ~

0.5 uM or 5 uM Pb exposure

Figure 4.1: Protocol for differentiation of iPSCs into ventricular cardiomyocytes.
Differentiation protocol and subsequent purification, with Pb treatment on the first 8 days of
differentiation.

Cell culture: Pb exposure paradigm

As detailed in the figure above, Lead (II) Acetate Trihydrate (CAS: 6080-56-4 ; #215902,
Sigma-Aldrich, St. Louis, MO, USA) was diluted in tissue culture grade water and iPSCs
undergoing differentiation were treated for the first 8 days (days 0-8) at an environmentally and
occupationally relevant dose of 0.5 uM and a higher toxic dose of 5 uM. For 6 well plates, 1-2
wells were used for each treatment (control and the two Pb doses), while for 24 well plates, 3
wells were used for each treatment and combined for subsequent extractions or purification.
Additionally, iPSCs in 6 well plates not undergoing differentiation were treated with a range of

doses of Pb (0, 0.4, 0.8, and 1.6 uM) for 72 hours before collection and RNA extractions.

Cell culture: cardiomyocyte purification

Ventricular cardiomyocytes derived above (both control and Pb exposed) were purified
once beating was visualized throughout each well (days 10-20), with the intention of enriching

culture with a highly pure population of cardiomyocytes and eliminating non-cardiomyocyte cell
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populations. According to the cardiomyocyte isolation kit used from Miltenyi Biotec (#130-110-
188, Bergisch Gladbach, Germany), this selective depletion strategy enhances the cardiomyocyte
purity to 98%. First, cells were enzymatically dissociated with trypsin (#25200056, Thermo
Fisher Scientific, Waltham, MA USA). After trypsin inactivation with EB20 media (reagents in
Table 4.1 below), cells were passed through 30 um pre-separation filters (#130-041-407
Miltenyi Biotec, Bergisch Gladbach, Germany), centrifuged, washed with magnetic-activated
cell sorting (MACS) buffer (#130-091-221, Miltenyi Biotec, Bergisch Gladbach, Germany),
centrifuged again, and then incubated in cardiomyocyte depletion primary antibody from the
Miltenyi isolation kit for 10 minutes. Primary antibody was washed off with MACs before
incubation with secondary antibody from the kit which attaches the non-cardiomyocyte cells to
magnetic microbeads. After this, cells in MACs suspension were passed through magnetic
separation columns attached to a magnet, where cardiomyocytes pass through and
noncardiomyocytes remain attached to the column (LS columns #130-042-401 and magnetic
separator #130-042-303, Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were then spun
down and redissolved in EB20 media. Finally, these purified cardiomyocytes were plated at
75,000 cells per well on a 96 well CELLvo™ Matrix Plus extracellular matrix coated plate

(#30001.57, StemBioSys, San Antonio, Texas, USA). After 48 hours, cells were then maintained

in EB20.
Reagent to make EB20 media Product Number, Company, Location
80% DMEM:F12 #11-220-033, Gibco, Grand Island, New York,

USA
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20% FBS #12-442-500ml, Sigma-Aldrich, St. Louis,

MO, USA

1 mmol/L L-glutamine #25030-081, Gibco, Grand Island, New York,
USA

0.1 mmol/L Nonessential amino acids #11140-050, Gibco, Grand Island, New York,
USA

0.1 mmol/L beta-mercaptoethanol #21985-023, Invitrogen, Waltham,

Massachusetts, USA

0.001% Blebbistatin #13186, Cayman chemical, Ann Arbor,

Michigan, USA

Table 4.1: Reagents in EB20 Media

Immature heart samples

Human immature heart and gonadal tissues were obtained via an NIH-supported biobank
through the University of Washington (2R24 HD000836-47). Tissue samples were collected
from healthy individuals electing pregnancy termination during the first or second trimester, as
previously described.!* For this study, samples from gestational days 90-105 were selected.
Following informed consent and surgical procedures, tissues were flash-frozen in liquid nitrogen
using polycarbonate-free polypropylene tubes and stored at —80°C. Samples were then shipped to
the University of Michigan on dry ice. A total of five male and five female samples per tissue

were included in the analysis.
RNA extractions
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Cells were scraped off plates and pelleted before commencing RNA extractions. For iPSC
analysis, cells were collected after 72 hours of exposure. For analysis during differentiation, cells
were collected at days 0-6 and 15 for the female derived line and days 0, 1, 2, 6, and 15 for the
male derived line. RNA extraction was performed using the AllPrep DNA/RNA Universal Kit
(#80224 Qiagen, Aarhus, Denmark) according to the manufacturer’s instructions with an
additional DNAse incubation step (#79254, Qiagen, Aarhus, Denmark). Sample concentration
and quality were assessed using a nanodrop microvolume spectrophotometer (Thermo Fisher

Scientific, Waltham, Massachusetts, USA).
gRT-PCR

500 ng to 1 pg of total RNA was reverse transcribed into cDNA using the iScript cDNA
Synthesis Kit (#1708890 BioRad, Hercules, California; the same amount of cDNA was used
within each experiment). mRNA expression of genes whose primers are listed in the table below
were quantified using the CFX Real-Time PCR using iTaq Universal SYBR Green Supermix
according to manufacturer’s protocols with all samples run in triplicate. mRNA expression was
compared using the same method on the same plate to amplification of two reference genes
(ACTB and GAPDH; primer information in Table 4.2 below). All primer information is listed in
Table 4.2 below. For PIWIL primers, primers were designed and primer efficiency was
confirmed using cDNA serial dilutions in a previous study.!> All qRT-PCR reactions were
carried out for 40 cycles under standard PCR conditions. ACq values were calculated by
subtracting the Cq triplicate average of a target sample from that of the geometric mean of the
reference genes. The relative difference in gene expression was then calculated using 224 and
graphed using GraphPad Prism, where one way ANOVA and unpaired t-tests were used to

determine statistical differences between control and treatment groups.
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Gene name

Primer Information

Company

DNMTI qHsaCID0021977 BioRad, Hercules, California

DNMT3A4 qHsaCID0010863 BioRad, Hercules, California

DNMT3B qHsaCIDO0016111 BioRad, Hercules, California

TETI qHsaCID0007976 BioRad, Hercules, California

TET? qHsaCID0014693 BioRad, Hercules, California

TET3 qHsaCID0010281 BioRad, Hercules, California

NANOG qHsaCED0043394 BioRad, Hercules, California

SOX2 qHsaCEDO0036871 BioRad, Hercules, California

ATP2A42 Hs.PT.56a.39859858.¢g Integrated DNA Technologies,
Coralville, Iowa

CACNAIC Hs.PT.58.14979004 Integrated DNA Technologies,
Coralville, Iowa

RYR?2 Hs.PT.58.502763 Integrated DNA Technologies,
Coralville, Iowa

SLC8A1 Hs.PT.58.40534466 Integrated DNA Technologies,

Coralville, Iowa
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PIWILI F: ACGAAGTGCCACAGTTTTTGG Integrated DNA Technologies,

R: AGTCTTCCTCCAGACTGAGC Coralville, Iowa

PIWIL2 F: GCCTGGGTTGAACTAAAGGA Integrated DNA Technologies,

R: CCATGATGATGCAAACAACC Coralville, lowa

PIWIL3 F: TCAGATGGCAGCAAAATCAC Integrated DNA Technologies,

R: ACGTTGTGTACCCGTTAGGC Coralville, Iowa

PIWIL4 F: ATGGCACCGAGATCACCTAT Integrated DNA Technologies,

R: GCTGAGCCTCACTGTTGTCA Coralville, lowa

ACTB qHsaCED0036269 BioRad, Hercules, California

GAPDH qHsaCEDO0038674 BioRad, Hercules, California

Table 4.2: Primer Information

RNA sequencing: plexWell cDNA preparation and quality control assessment

RNA sequencing was performed using the plate-based plexWell method (SeqWell),
following a modified version of our previously established protocol.!® For cDNA synthesis, 1 pL
of RNA at 10 ng/uL was added to a 96-well plate (Dot Scientific, Cat. #951-PCR-B) and
subjected to oligo annealing at 72°C for 10 minutes. Reverse transcription was then carried out at
50°C for 30 minutes, followed by an initial denaturation at 98°C for 3 minutes. Amplification
proceeded through 12 PCR cycles of 98°C for 20 seconds, 67°C for 20 seconds, and 72°C for 6
minutes using a C1000 Thermal Cycler (Bio-Rad, Cat. #1851196). Samples were held at 4°C

until purification. cDNA was purified using MAGwise Paramagnetic Beads (SeqWell, Cat.
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#MG10000), added in a 1:1 volume ratio with a 5-minute binding time. Samples were placed on
a magnetic stand, the supernatant was removed, and beads were washed once with 80% ethanol
(Spectrum, Cat. #E10258). Elution was performed in 20 pL of 10 mM Tris buffer (Thermo, Cat.

#J22638-AE), and samples were stored at —20°C pending quantification.

cDNA concentration was measured using the Quant-iT PicoGreen dsDNA Assay Kit
(Thermo, Cat. #P7589) following the manufacturer’s instructions. Samples and standards were
plated in a 96-well format, and 100 puL of PicoGreen solution was added to each well. After
incubation at room temperature in the dark, fluorescence was measured using the SpectraMax
M5e and SoftMax Pro software v5.4. A global dilution factor calculator provided by plexWell
was used to determine the appropriate cDNA input volume, targeting a minimum of 5 ng per

sample.

RNA sequencing: library preparation using plexWell and sequencing

For library construction, 6 pL of cDNA at ~1.7 ng/uL per sample was transferred to the
sample barcode plate included in the plexWell LP384 Library Preparation Kit (SeqWell, Cat.
#LP384X). Each sample was tagged with a unique 17 index using PCR conditions of 55°C for 15
minutes and 68°C for 10 minutes. After indexing, 18 pL of each barcoded sample was pooled,
mixed with an equal volume of MAGwise beads, and incubated for 5 minutes to allow binding.
Beads were pelleted on a magnetic stand and washed twice with 80% ethanol. Barcoded cDNA

was eluted in 40 pL of 10 mM Tris.

Following pooling, sample concentration was re-quantified using the PicoGreen assay to
ensure that the final concentration was within the recommended range (3.6—6 ng/uL). The pooled

samples were then tagged with an 15 index (pool barcode) through a tagmentation reaction: 55°C
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for 15 minutes and 68°C for 10 minutes. After tagmentation, samples were purified using the

previously described method and eluted in 24 pL of 10 mM Tris.

Final library amplification was conducted with the following thermocycling conditions:
72°C for 10 minutes, 95°C for 3 minutes, followed by 8 cycles of 98°C for 30 seconds, 64°C for
15 seconds, and 72°C for 30 seconds, and a final extension at 72°C for 3 minutes. Amplified
libraries were diluted with 205 pL of 10 mM Tris, and 200 puL was purified using 0.8x volume of
MAGwise beads. After magnetic separation and two ethanol washes, libraries were eluted in 30

uL of 10 mM Tris and stored at —20°C for short-term use.

Library quality was assessed using the Agilent Bioanalyzer with the High Sensitivity DNA
5000 Kit at the University of Michigan (UM) Advanced Genomics Core. Libraries were
sequenced on the Illumina NovaSeq 6000 S4 platform with 151-bp paired-end reads, targeting an

average depth of >30 million reads per sample.
RNA sequencing: data processing and analysis

Raw reads were demultiplexed using i7 and 15 barcodes. Sequencing data were transferred
to the University of Michigan Great Lakes High-Performance Computing Cluster for analysis.
Quality control was performed using FastQC and MultiQC.!”-!® Reads were aligned to the
GRCh38 human genome reference (splice-aware build) using STAR.! Gene-level counts per
million (CPM) were calculated with featureCounts, excluding multi-mapped and multi-

overlapping reads.?
Computational analysis: DEG and pathway analysis

The R package DESeq2 was used to conduct differential gene expression analysis
comparing control to Pb exposed samples individually for each day (0, 1, 2, 6, and 15) in female
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derived iPSCs undergoing differentiation into cardiomyocytes. DEG analysis examined genes
with padj values of less than 0.05. Principal component analysis (PCA) plots were made using

the plotPCA in DESeq?2.

To assess for pathway enrichment, the LRPath function was utilized as previously
described.?! This function uses logistic regression using the p-value and fold change for each
gene to test for enriched or depleted biological categories, and GOBP (biological processes),
GOMF (molecular function) and GOCC (cellular compartment) were chosen as the MsigDB
gene sets for this analysis.?! Significant pathways were selected with and FDR cutoff of 0.05. To
select for relevant pathways, terms were selected and sorted into 5 categories: cardiac
(heart|cardiac|ventric|atrium|muscle|atrial|aorta), mitochondria (mitochondri|respiratory|electron
transport|oxidative), metabolism (ATP|glycolysis|fatty acid|glucose|metabolism), development
(development|differentiation), and epigenetics
(epigenetic|chromatin|histone|methylation|acetylation). The top three terms for each category per
day/treatment were selected and plotted in a dot plot and heat map of significance of all terms

per category was plotted in a heat map using ggplot2.
Benchmark concentration analysis

Benchmark concentration analysis was performed as previously described for female
derived RNA sequencing data comparing exposure to 0.5 and 5 uM Pb on days 1, 2, 6, and 15 of
differentiation.'® Gene-specific benchmark concentration and best fit benchmark concentration
model were identified using BMDExpress version 3.2, a free software package developed by the
National Institute of Environmental Health Sciences (NIEHS) and available for download

(https://github.com/auerbachs/BMDExpress-3/releases). Best practices for dose-response

modeling for each chemical were conducted according BMDExpress online documentation
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(https://bmdexpress-2.readthedocs.io/en/feature-readthedocs/basic_workflow/). Normalized

counts per million reads were imported into BMDExpress and prefiltered using one-way analysis
of variance (ANOVA) for significance at a p-value of <0.05 to identify genes showing
significant increasing or decreasing concentration responses. To determine concentration—
response relationships, the filtered data were modeled in BMDExpress with hill, power, linear,
polynomial (2°, 3°, 4°), and exponential (3 and 5) models and the best fit model was chosen. The
benchmark response (BMR) was set to 1 standard deviation relative to control response,
maximum iterations of the model was set to 250, a confidence level of 0.95 was used, and power
was restricted to >1 for the power model. Best fit models were chosen for each concentration—
response relationship per gene using nested chi square to select for the best model followed by
lowest Akaike information criterion (AIC). Hill models were flagged if its “k” parameter was
smaller than one-third of the lowest positive concentration and flagged hill models were included
in the data. Directionality in response (upregulated/downregulated) was derived from the “Best
adverseDirection” of the winning model for a given gene. Benchmark concentrations with values
above the highest tested concentration (5uM) were excluded from individual gene and functional
classification analyses. We conducted functional classifications analysis for the three Gene
Ontology sets (Biological Process, Molecular Function, and Cellular Compartment) as well as
for Reactome pathways. Pathway analysis results were filtered at a significance at a Fisher’s
exact two-tailed p-value of <0.05 for BMDExpress testing. We selected for key words as
described above for these pathways, and results were visualized by dot plot using ggplot2. All
original expression data, ANOVA filtered results, BMC results, and subsequent BMDExpress
analysis for all chemicals are included in a .bm2 file available in the supplemental information

link at the end of the chapter.
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Optical mapping of action potentials and Ca transients

After cells recovered from purification (beating again throughout each well and matured

after 7-10 days), optical mapping of action potentials and Ca transients was performed to

measure electrophysiological changes in cells treated with Pb during differentiation. Two

different fluorescent dyes were used: for action potentials, FluoVolt™ Membrane Potential Kit

(#F10488 Thermo Fisher Scientific, Waltham, MA USA) and for Ca transients, Calbryte 520

AM (#50-224-9887 Thermo Fisher Scientific, Waltham, MA USA). Cardiomyocytes in a 96 well

plate (purified as described above) were exposed to each reagent for 30 minutes and washed with

HBSS++. After this, optical mapping was performed on a CARTOX/Nautilus plate reader within

5 minutes (Curi Bio, Seattle, WA, USA). Briefly, cells were placed in a motorized, temperature-

controlled stage (37°C). This setup contained an LED array equipped with a 470nm excitation

filter and an optical diffuser to stimulate dye fluorescence, and a high numerical aperture camera

lens with a 525nm band-pass emission filter recorded the resulting fluorescence. Nautilis

software purpose-built for the plate reader processed the data, and a custom developed parallel

StemBioSys software was used to assess the resulting action potentials and Ca transients in each

well (StemBioSys Optical Electrophysiology Analysis Tool (.oeat), StemBioSys, Inc./Southwest

Research Institute, San Antonio, Texas, USA).?? Together, this allows for comprehensive

analysis of a range of parameters for both action potentials and Ca transients included in the

tables below.

Action potential dynamics parameter descriptions (FluoVolt / Nautilus)

Parameter

What It Measures

Physiological Significance

Beat Frequency (Hz)

Number of spontaneous
action potentials per
second.

Reflects the intrinsic pacemaking
activity of cardiomyocytes.
Higher frequency indicates
increased excitability; lower
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frequency reflects slower
pacemaking or conduction
defects.

Baseline Fluorescence
(FO)

Resting membrane
potential fluorescence
before depolarization.

Indicates the relative resting
membrane potential. Shifts
suggest altered ion channel
activity (e.g., K currents, leak
currents) or metabolic stress.

Action Potential
Amplitude (dF/F0)

Peak fluorescence change
from baseline during

Represents the size of
depolarization (Na* influx and

depolarization.

membrane excitability). Larger
amplitude = larger depolarization;
reduced amplitude may indicate
Na* channel dysfunction or fewer
Na* channels

Triangulation

Action Potential

Difference between two
repolarization phases
(APDgo — APD3o).

Indicates the balance of inward
vs. outward currents. Increased
triangulation is associated with
prolongation of QT interval, a
pro-arrhythmic risk.

Upstroke Slope

in optical signal during

Maximum rate of change

Reflects activity of voltage-gated
sodium channels

depolarization phase
Conduction Velocity Speed of action potential
(mm/s) propagation across the

monolayer.

Determines how rapidly impulses
spread, a function of Na+
channels and gap junctions
(Cx43). Slowed CV is a high risk

for arrhythmias.

Table 4.3: Action potential parameters

Ca dynamics parameter descriptions (Calbryte/Nautilis)

Parameter What It Measures Physiological Significance
Beat Frequency | Number of spontaneous Reflects the intrinsic pacemaker
(Hz) contractions per second. activity of cardiomyocytes.
Baseline Resting fluorescence intensity | Indicates resting intracellular Ca levels.
Fluorescence before Ca transients. Changes suggest altered Ca homeostasis,
(FO) buffering, or storage within the
sarcoplasmic reticulum.
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Ca Transient
Amplitude
(dF/FO0)

The peak fluorescence intensity
change from baseline during a
Ca transient.

Represents the amount of Ca released
from the sarcoplasmic reticulum,
essential for contraction strength. Higher
amplitude = stronger contraction.

Ca Transient
Upstroke Slope

The rate of Ca influx into the
cytoplasm during the transient.

Indicates the efficiency of Ca entry via
L-type Ca channels and sarcoplasmic
reticulum (RyR2) Ca release.

Ca Transient
80% Recovery

(s)

Time taken for Ca levels to
return to 80% of baseline after
peak.

Indicates the balance between Ca influx
and clearance. Prolonged recovery
suggests impaired relaxation and may
contribute to arrhythmias.

Ca Transient

A measure of transient shape,

Reflects Ca clearance mechanisms,

cardiomyocyte monolayer.

Triangulation calculated as the difference including reuptake into the sarcoplasmic
between time-to-peak and reticulum (via SERCA2) and extrusion
recovery duration. via NCX.

Conduction Speed of electrical signal Determines how quickly electrical

Velocity (mm/s) | propagation through the impulses spread.

Table 4.4: Ca transient parameters

4.4: Results

DNMT, TET, and pluripotency marker expression changes in a cell line specific manner in

iPSCs exposed to human relevant doses of Pb

To determine how Pb may disrupt epigenetics and pluripotency at baseline, which could

influence subsequent differentiation, cells were treated with a range of human relevant doses of
Pb for 72 hours. These cells showed decreases in DNMT3A nearing significance in both cell lines
with increasing Pb exposure, a significant decrease in DNMT3B only at 1.6 uM only in the
female cell line, significant decreases in NANOG only in the female cell line at 0.4 and 1.6 uM, a
significant decrease in SOX2 in the female cell line at 1.6 uM (with a decrease approaching

significance in the male cell line), a significant decrease in 7E7/ at 0.4 pM in the male cell line
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and 0.8 and 1.6 uM in the female cell line, and a significant decrease in 7E73 only in the female

cell line at 1.6 uM (Figure 4.2).
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Figure 4.2: Epigenetic and pluripotency marker changes in iPSCs exposed to Pb.
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Undifferentiated female and male derived hiPSCs were exposed to a range of Pb doses for 3 days

and showed cell line-specific differences in DNMT, TET, and pluripotency markers NANOG and

SOX2 (n=3 per cell line per treatment; % Vehicle indicates percent change in relative gene

expression normalized to 0 uM Pb; one way ANOVA).

DNMT and TET expression is dynamic throughout differentiation and appears similar between

different cell lines

DNMT and TET expression changes were also assessed for cells that underwent exposure to

Pb during the first 8 days of differentiation in both cell lines. No effects of Pb were seen
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(Supplemental Figure 4.17), but similar patterns in DNMT and TET expression changes were
observed throughout differentiation, with a marked decrease in DNMT3B between days 6 and 15

in both cell lines (Figure 4.3).

Female Cell Line Male Cell Line
o 7 DNMT1 o 107 DNMT1
g 107 - DNMTSA & s -~ DNMT3A
“uh_) 5 -« DNMT3B .E -+ DNMT3B
8  — 8 1
5o - TET1 o -~ TETY
6T g o6 |
B J TET2 £ TET2
g 0.4+ T 04
8 - TET3 K - TET3
x 0.24 T < 02 1
0.0 T T T T T 0'()__I T 1 T T
0 1 2 6 15 0 1 2 6 15

Figure 4.3: DNMT and TET expression changes throughout differentiation.

Female and male patient-derived iPSCs differentiating into ventricular cardiomyocytes (days 0-
15 of protocol in Figure 4.1) showed similar patterns of DNMT and TET transcript expression
(n=3 per cell line; % relative reference indicates relative gene expression normalized to

housekeeping genes).

PIWIL expression is dynamic during development but is not impacted by Pb exposure

For both cell lines at days 0-15 of differentiation, transcript expression of all four human
PIWILs was examined, but only PIWILs 2 and 4 showed expression in these cells (Figure 4.4).
No significant expression differences were found between control and Pb exposure at any day,
although D15 in the male cell line had p-values of 0.15 and 0.15 for each dose of Pb showing a
trend towards decreased PIWIL4 expression (Figure 4.4). Notably, PIWIL?2 significantly
declined throughout differentiation between days 0 and 15, and PIWIL4 showed a significant
increase in the female line between days 6 and 15 and in the male line between days 0 and 15

(Figure 4.4).
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Figure 4.4: PIWIL expression is dynamic throughout differentiation in both cell lines.

Both female and male cell lines were examined for PIWIL expression throughout differentiation,
with zero or very little expression of PIWILs I and 3 found for these samples (data not shown),
and dynamic expression of PIWIL2 and 4 found throughout differentiation but unchanged with
exposure to Pb (female: PIWIL?2: 6 fold decrease between DO and D15, p-value of 0.01; PIWIL4:
7 fold increase between D6 and D15, p-value 0.0002; male: PIWIL2: 20 fold decrease between
DO and D15, p-value of 0.0007; PIWIL4: 4 fold increase between DO and D15, p-value of 0.01;

n=3 per cell line per treatment).

Comparison of PIWIL levels in Day 15 ventricular cardiomyocytes to immature human heart

samples
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Gestational day 90-105 male and female immature heart samples show similar expression of
PIWILs 2 and 4 as day 15 cell samples in both cell lines (Figure 4.5 no significant differences by
one-way ANOVA). Fetal ovaries, on the other hand, show significantly higher expression of
both PIWILs compared to fetal heart cells and day 15 ventricular cardiomyocytes (one-way

ANOVA; Figure 4.5).

PIWIL2 Tukey's multiple comparisons test PIWIL4 Tukey's multiple comparisons test
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Figure 4.5: Comparison of PIWIL expression levels between human immature heart
samples and iPSC-derived ventricular cardiomyocytes.

PIWIL levels were compared in immature human heart and gonadal RNA extracted from
samples on gestational day 90-105 (n=5 per sex per tissue) to day 15 cardiomyocytes derived
from one female and one male iPSC line (n=3 per cell line), and no significant differences were
found between fetal heart samples and cells of either sex, while ovaries showed significantly

higher expression of both PIWILs compared to fetal heart and cell samples.

PCA plots show clustering by day of differentiation and replicate but not by Pb treatment

To examine gene and pathway changes, RNA sequencing was conducted for female iPSCs
undergoing differentiation into ventricular cardiomyocytes on days 0, 1, 2, 6 and 15 of

differentiation (n=3). Principal component analysis (PCA) plots were made across all days of

154



differentiation and all treatments, and showed clustering by day (Figure 4.6A) and replicate

(Figure 4.6B), but not by Pb treatment (Figure 4.6C).
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C: Pb Treatment
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Figure 4.6: PCA plots reveal clustering by day and replicate number but not by Pb
treatment.
PCA analyses for RNA sequencing data of female iPSCs undergoing differentiation into
ventricular cardiomyocytes were plotted so each day (0, 1, 2, 6, 15) appears in a different color
(A), replicate number (1, 2, or 3) in a different shade of blue (B), and Pb treatment (0, 0.5, 5 uM)

in a different color (C) (n=3 per treatment).
Pb induces differential gene expression throughout differentiation

DESeq2 was run separately for each day, comparing Pb exposure to control for each day.
We found a dynamic set of differentially expressed genes (padj > 0.05) on different days and
treatments (Table 4.S1). Interestingly, 5 uM Pb showed the greatest number of differentially
expressed genes, with day 6 showing 77 genes up or downregulated compared to control (Table
4.5). Figure 4.7 shows overlaps in DEGs between all days and doses examined. Notably, the two

DEGs overlapping between days 2 and 6 are CCKBR and FOXA2.
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D1 05|D1I 5 |D205 |D25 |D60.S5 |D65 |D150.5|D15 5
Total 16 23 2 19 0 77 0 6
Up 8 11 0 1 0 7 0 0
Down 8 12 2 18 0 70 0 6
Overlap NA 8 NA 0 NA NA NA NA
between 0.5
and 5uM

Table 4.5: Differentially expressed genes by Pb exposure in female iPSCs undergoing

differentiation into ventricular cardiomyocytes.

Differentially expressed genes identified using DESeq2 with a padj cutoff of 0.05 for 4 days of

differentiation (1, 2, 6, and 15) and 2 doses of Pb (0.5 and 5 uM) for cells treated during the first

8 days of differentiation. Overlap between 0.5 and 5 pM doses within the same day are shown in

the last row.
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Figure 4.7: Overlap in DEGs by day and dose.
Venn diagram showing overlaps in DEGs by day and dose, with day 2 combined (no DEGs

overlapped between day 2 for 0.5 and 5 uM).

Gene ontology analysis reveals Pb associated pathway perturbations dynamic throughout

differentiation

We next wanted to investigate the pathways impacted by Pb exposure during differentiation
of our female cell line using differential expression data. Inputting p-value and fold change
DESeq?2 data into LRPath, a function which uses logistic regression to test for enriched or
depleted biological categories, we tested for gene sets GOBP (biological processes), GOMF
(molecular function) and GOCC (cellular compartment) in our data and selected significantly
altered pathways (FDR <0.05; all results shown in Table 4.S2). Table 4.6 displays the top 30

unbiased pathways across all doses and days for all three analyses, and including repeats in
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pathways between days/doses, 18/30 pertain to ribosomal function, while 8/30 pertain to

mitochondrial pathways or function. Relevant cardiac, developmental, epigenetic, metabolic, and

mitochondrial terms were further selected for our data and the top three terms for each

day/treatment are shown in Figure 4.8. Interestingly, pathways related to cardiac differentiation

were found to be changed by Pb exposure in later stages of differentiation (striated muscle cell

tissue development for 5 uM on day 15, stem cell differentiation for 5 uM on day 6, and

cardiocyte differentiation for 0.5 uM on day 6; Figure 4.8A). Heat maps of mean p-values for

each pathway reveal dynamic pathway regulation throughout differentiation, with highly

significant changes in mitochondrial pathways on days 1, 6 and 15, but not on day 2 (Figure

4.8B).

Description

ribosomal subunit

structural constituent of ribosome
translation

ribonucleoprotein complex biogenesis
structural constituent of ribosome
ribosomal subunit

cytosolic ribosome

ribosomal subunit

mitochondrial inner membrane
ribosomal subunit

mitochondrial inner membrane

Day

15

15

Dose (uM)
0.5
0.5
0.5

0.5

FDR

3.81E-59

6.67E-57

1.59E-54

7.94E-52

2.05E-49

1.19E-47

2.10E-42

2.98E-37

3.96E-35

1.20E-33

2.35E-33
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structural constituent of ribosome
mitochondrial inner membrane
ribosomal subunit

mitochondrial inner membrane
cytoplasmic translation

rRNA metabolic process

respiratory chain complex

structural constituent of ribosome
mitochondrial matrix

structural constituent of ribosome
cell-cell junction

spliceosomal complex

translation

RNA splicing, via transesterification reactions
with bulged adenosine as nucleophile
aerobic electron transport chain

ATP synthesis coupled electron transport
angiogenesis

ribonucleoprotein complex biogenesis

preribosome

15

15

15

1

0.5

0.5

0.5

0.5

0.5

0.5

0.5

9.18E-32

3.40E-31

3.64E-31

1.28E-29

1.64E-29

1.75E-29

1.58E-28

2.86E-28

3.28E-26

4.33E-25

1.31E-24

3.62E-24

4.76E-24

7.56E-24

1.98E-23

2.33E-23

3.24E-23

5.05E-22

4.06E-20

Table 4.6: Unbiased top 30 GOBP, GOMF, and GOCC pathway alterations across days

and doses.
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The top 30 pathways ranked by FDR for the LRPath results for GOBP, GOCC, and GOMF for

days 1, 2, 6, and 15 of ventricular differentiation with two doses of Pb (0.5 and 5 uM).
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Figure 4.8: Pathways related to important cardiac processes were altered by Pb exposure

in iPSCs from a female patient differentiating into ventricular cardiomyocytes.

LRPath results for GOBP, GOCC, and GOMF divided into the top 3 terms for cardiac,
development, epigenetics, metabolism, and mitochondria relevant categories for days 1, 2, 6, and
15 of ventricular differentiation with two doses of Pb (0.5 and 5 uM). Dot plots of these
pathways with size of dot representing -log10(p-value) and color corresponding to each category

(A). Heat map of mean(-log10(p-value)) for each category (B).

Benchmark concentration modeling reveals unique gene and pathway expression patterns

throughout differentiation at similar benchmark concentrations

To understand at which level of Pb exposure induces a meaningful gene expression or
pathway responses during differentiation into ventricular cardiomyocytes, we performed
benchmark concentration (BMC) modeling. This approach, detailed in the Methods section, fits
dose—response models to expression data from our two Pb exposure concentrations and a control.
It then determines a benchmark concentration at which there is benchmark response at a change
equal to 1 standard deviation (SD) above or below the mean expression level in the control
group. Genes with modeled responses meeting this BMR and showing statistically significant
model fits (p-value <0.05) were retained for downstream analysis. Benchmark concentration
modeling using BMDExpress3.2 on our RNA-Seq data for female derived iPSCs differentiating
into cardiomyocytes revealed that of all genes altered in a benchmark response, there were
similar median benchmark concentrations (BMCs) between days of differentiation of around 0.2
uM (Figure 4.9 and Table 4.7). Further, each day showed differences in the total number of

genes dysregulated and those that were upregulated or downregulated (Table 4.8), with no
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overlap between days in the genes showing a benchmark concentration relationship (Figure

4.10).
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Figure 4.9: Best BMC across days of differentiation.

The best BMCs for each day of differentiation (1, 2, 6, and 15) were chosen for the best fit model
for each concentration—response relationship per gene for a benchmark response (BMR) was set
to 1 standard deviation relative to control response. Each boxplot (per day) represents all genes

showing a benchmark response.

Day Median BMC (nM)
1 0.19
2 0.22
6 0.19
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15

0.20

Table 4.7: Median BMCs per day.

Median BMCs across all genes per day of differentiation.

Day Downregulated | Upregulated | Total
1 10 18 28
2 23 25 48
6 5 8 13
15 14 17 31

Table 4.8: Upregulated and downregulated BMC genes per day.

Genes fitting a benchmark concentration response with directionality in response

(upregulated/downregulated) derived from the “Best adverseDirection” of the winning model for

a given gene.
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Day 2 Day 6

Figure 4.10: Overlap in BMC genes per day of differentiation.

Venn diagram of genes with a benchmark response made by Venny 2.1.0.

We further carried out functional classifications analysis on BMC data for the three Gene
Ontology sets (Biological Process, Molecular Function, and Cellular Compartment) and for
Reactome pathways. Accumulation plots were created to visualize the progressive increase in the
number of potentially dysregulated pathways or gene sets exhibiting benchmark responses across
Pb concentrations per day, showing how exposure level relates to the number of pathways
affected (Figure 4.11). This data was filtered at a significance at a Fisher’s exact two-tailed p-
value of < 0.05, all pathways are presented in Table 4.S3, and the top 30 terms across days are
shown in Table 4.9. Key words were selected for as described above (cardiac, development,
epigenetics, metabolism, and mitochondria). This selected data was plotted, showing changes
only on days 1, 2, and 6, and notably showing downregulation of pathways cardiac myofibril
assembly, muscle cell proliferation, and striated muscle cell proliferation for day 2 (Figure
4.12).
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Figure 4.11: Accumulation plots for all GO (BP, MF, and CC) and Reactome pathways per

day of differentiation.

BP = biological processes; MF= molecular function; CC= cellular compartment. Day 1 shown in

red, day 2 shown in blue, day 6 shown in green, and day 15 shown in yellow.

Description

positive regulation of cytokine production

intracellular zinc ion homeostasis

positive regulation of lymphocyte migration

axonemal dynein complex

regulation of type I interferon production
regulation of lymphocyte migration
positive regulation of interferon-beta

production

Fisher's Exact

Two Tail

1.06E-04

1.24E-04

1.90E-04

2.15E-04

2.61E-04

5.00E-04

7.19E-04

Overall

Direction

DOWN

UP

CONFLICT

DOWN

DOWN

CONFLICT

CONFLICT

Day

15

15

15

166



axonemal dynein complex assembly
Defective SLC5AS causes thyroid
dyshormonogenesis 1 (TDH1)

positive regulation of mononuclear cell
migration

integrin-mediated signaling pathway
uropod organization

sodium:iodide symporter activity

cellular response to Thyroid stimulating
hormone

dynein complex

regulation of cytokine production

3'-tRNA processing endoribonuclease activity
thymocyte migration

regulation of interferon-beta production
response to type II interferon
Drug-mediated inhibition of MET activation
RAS signaling downstream of NF1 loss-of-
function variants

negative regulation of vesicle fusion
response to erythropoietin

cellular response to erythropoietin

plasmacytoid dendritic cell differentiation

7.19E-04

9.04E-04

9.13E-04

9.53E-04

9.96E-04

9.96E-04

9.96E-04

0.0013085

0.0013331

0.0013945

0.0014939

0.0015599

0.0016712

0.0018082

0.0018984

0.0019915

0.0019915

0.0019915

0.0019919

DOWN

UP

CONFLICT

CONFLICT

UP

UP

UP

DOWN

DOWN

DOWN

UP

CONFLICT

DOWN

DOWN

DOWN

UP

UP

UP

DOWN

15

15

15

15

15

15
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iodide transmembrane transport

response to Thyroid stimulating hormone
regulation of mononuclear cell migration

DNA-binding transcription repressor activity,

RNA polymerase II-specific

Table 4.9: Top 30 GO Terms for BMC modeled data. "

0.0019919

0.0019919

0.0021547

0.002173

UP 2

UP 2

CONFLICT 15

DOWN 2

The top 30 pathways ranked by Fisher’s Two Tailed Exact p-value for the results for GOBP,

GOCC, GOMF, and Reactome for days 1, 2, 6, and 15 of ventricular differentiation, including

overall direction of regulation of the effect (UP, DOWN, or CONFLICT).

ATP export

ATP transport

B cell differentiation

cardiac myofibril assembly

cerebellar Purkinje cell layer development
dendritic cell differentiation

follicular B cell differentiation

germinal center B cell differentiation

H4 histone acetyltransferase complex

H4/H2A histone acetyltransferase complex
Hyaluronan metabolism

lymphocyte differentiation

mature B cell differentiation

mature B cell differentiation involved in immune response
Metabolism of amine-derived hormones
mononuclear cell differentiation

muscle cell proliferation

negative regulation of epithelial cell differentiation
negative regulation of lens fiber cell differentiation
negative regulation of release of cytochrome ¢ from mitochondria
NuAd4 histone acetyltransferase complex
placenta development

plasmacytoid dendritic cell differentiation

positive regulation of ATP metabolic process
positive regulation of brown fat cell differentiation
positive regulation of fat cell differentiation
positive regulation of hair follicle development
regulation of B cell differentiation

regulation of brown fat cell differentiation
regulation of hair follicle development

regulation of lens fiber cell differentiation
regulation of release of cytochrome ¢ from mitochondria
response to muscle activity

skeletal muscle cell proliferation

striated muscle cell proliferation

Pathway

Figure 4.12: BMC modeled selected pathway changes.
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Using pathway data for GO and Reactome, pathways related to cardiac, developmental,

epigenetic, metabolic, and mitochondrial responses were selected for and plotted. Size of dot

indicates relative significance (-log10(p-value)), with bigger circles indicating greater statistical
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significance. Color indicates upregulation (orange), downregulation (blue) or conflict (both;

yellow).

Exposure to Pb during differentiation affects cardiac action potentials in female and male cell

lines

To connect the above transcriptional changes induced by Pb exposure to functional
consequences on ventricular cardiomyocyte biology, we performed optical mapping of action
potentials and Ca transients to examine changes electrophysiology induced by Pb exposure. Two
cell lines were examined that were treated with 0.5 and 5 uM Pb during the first 8 days of
differentiation, matured until day 10-15, purified, and recovered from purification and allowed to
additionally mature for another 7-10 days. Therefore, upon optical mapping cells had not been

exposed to Pb for 9-17 days.

Beat frequency, or the number of action potentials per second (Hz) was significantly
upregulated at 5 uM Pb exposure during differentiation in the female line but downregulated at
0.5 uM PDb exposure in the male line (Figure 4.13A). Action potential duration triangulation
(APD Triangulation), or the repolarization time, was increased in the female line at 5 uM Pb and
increased in the male line at 0.5 uM Pb only (Figure 4.13B). Significant decreases in change in
action potential amplitude (dF/FO; both doses) and upstroke slope (depolarization rate of change;
5 uM only) were observed in the male line only (Figure 4.13C). These parameters are defined in

detail in Table 4.3.
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Figure 4.13: Action potential changes in female and male iPSC-derived ventricular
cardiomyocytes treated with Pb during differentiation.

Significant changes in beat frequency (A) and APD Triangulation (B) were observed for both
cell lines, while significant changes in dF/F0O and upstroke slope were observed for only the male
line (n= 3 female and n=4 male replicates; one-way ANOVA; * p-value < 0.05, ** p-value <

0.01, *** p-value < 0.001, **** p-value < 0.0001).

Exposure Pb during differentiation affects cardiac Ca transients in female and male cell lines
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Ca transient beat frequency, or the number of contractions per second, was significantly
upregulated at both doses of Pb in both cell lines (Figure 4.14A). Ca transient duration
triangulation (CaTD Triangulation) measures how efficiently Ca is cleared vs influx of Ca,
specifically reflecting the kinetics of SERCA-mediated reuptake of Ca into the sarcoplasmic
reticulum (SR) and the efflux via the Na/Ca exchanger. Longer or more triangulated CaTDs
suggest slower Ca clearance, whereas shorter or more rectangular transients indicate more
efficient Ca cycling. CaTD Triangulation was decreased in the female line at 5 uM and
decreased in the male line both doses (Figure 4.14B). Also measuring Ca clearance, Ca
Transient Duration at 80% Recovery (CaTD80) showed a significant decrease compared to
control in the male cell line at both doses, and a significant decrease comparing 0.5 uM to 5 uM
in the female cell line (Figure 4.14C). Other changes were observed included a significant
increase in beat frequency standard deviation (Hz SD) at 5 uM in the female-derived cell line
and significant decreases in the male line only at 5 uM in change in Ca transient amplitude

(dF/F0) and upstroke slope (rate of Ca influx) (Figure 4.14D).
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Figure 4.14: Ca transient changes in female and male iPSC-derived ventricular

cardiomyocytes treated with Pb during differentiation.
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Significant changes in beat frequency (A) and CaTD Triangulation (B), and CaTD80 (C) were

observed for both cell lines, while significant changes in Hz SD was observed for the female cell

line only and dF/FO and upstroke slope changes were observed for only the male line (n= 4

female and n=3 male replicates; one-way ANOVA; * p-value < 0.05, ** p-value < 0.01, *** p-

value < 0.001, **** p-value < 0.0001).

Differences in changes in action potential and Ca transient characteristics induced by Pb

exposure during differentiation
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Conduction velocity was evaluated for both action potentials as well as Ca transients in both
cell lines (Figure 4.15). Interestingly, in the female line there was a significant decrease in
median conduction velocity for action potentials at both doses but not Ca transients, and in the
male line there was a decrease in median conduction velocity at 0.5 uM for action potentials but

an increase in conduction velocity at both doses for Ca transients.
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Figure 4.15: Comparison of median conduction velocity changes for each cell line for action

potentials and Ca transients.

173



Significant changes in median conduction velocities across cell lines and doses of Pb exposure
(n= 3-4 per cell line per parameter; one-way ANOVA; * p-value < 0.05, ** p-value < 0.01, ***

p-value < 0.001, **** p-value < 0.0001).).

No significant Pb-induced ECC gene alterations in iPSC-derived ventricular cardiomyocytes

Given the changes in optical mapping shown above, changes in excitation-contraction
coupling (ECC) genes were assessed by qRT-PCR. Four ECC genes assessed were: ATP2A42
(SERCAZ2), which transports Ca from cytosol into sarcoplasmic reticulum, CACNAIC (Cavl.2)
which transports Ca into cytosol, RYR2 (ryanodine receptor), which transports Ca from
sarcoplasmic reticulum into the cytosol, and SLC841 (Na Ca exchanger) which transports Ca out
of the cell. None of these genes showed any significant changes in either cell line across both

doses of Pb exposure as unpurified (day 15) ventricular cardiomyocytes (Figure 4.16).
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Figure 4.16: No Pb induced changes in ECC genes observed for either cell line at day 15 of
differentiation.

For ECC genes ATP2A2, CACNAIC, RYR2, and SLC8A 1, no significant changes were observed
at day 15 of differentiation for either female or male cells treated with 0.5 and 5 uM Pb during
the first 8 days of differentiation (n = 3 per cell line per treatment; one-way ANOVA p-value <

0.05).

4.5: Discussion

Epigenetic machinery in iPSC-derived ventricular cardiomyocytes is regulated by Pb

We found cell line specific changes in pluripotency markers and certain epigenetic
regulators (DNMTs and TETs) after 72 hours of Pb (0.4-1.6 uM) in undifferentiated iPSCs
(Figure 4.2), which corresponds to previous literature finding that 24 hours of Pb exposure at 0.5
UM to 2.5 uM altered expression of pluripotency factors in mouse ESCs and Pb exposure at 0.8
and 1.5 uM altering global 5ShmC in human ESCs.??* Future work should expose cells to Pb pre-
differentiation only (rather than throughout) and examine how it alters trajectory of
differentiation, and if these changes in expression persist, cause disruption in DNA methylation,

and cause changes in cardiomyocyte function.

Upon differentiating iPSCs and treating them with Pb throughout the first 8 days of
differentiation, we found no changes in DNMT, TET, or PIWIL expression in either cell line on
any day examined, although this expression was dynamic throughout differentiation in both cell
lines, highlighting the potential roles these genes may play in determining cell fate
(Supplemental Figure 4.17, Figure 4.3 and Figure 4.4). Interestingly, a marked decrease in

DNMT3B was shown between days 6 and 15 in both cell lines supports existing work that
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suggests DNMT3B is expressed highly in early cardiac progenitors but decreases in expression as
cardiomyocytes mature.?? Also of note for this body of work, one piRNA, piRNA-6426, has been
found to work with DNMT3B to methylate SOAT! and thereby inhibit hypoxia-induced
cardiomyocyte dysfunction and potentially improve heart failure.>* While no Pb induced changes
in DNMT3B expression were shown here, additional work is warranted to understand DNMT3B’s
potential role in cardiac processes, and how Pb exposure may alter its protein expression or

functionality.

The PIWIL expression changes throughout differentiation shown here (Figure 4.4)
correlate to those found in a previous study in hESCs which discovered a downregulation in
PIWIL2 and upregulation of PIWIL4 as cells shift from pluripotent into cardiac progenitor
cells.? Further, the PIWIL levels in iPSC derived ventricular cardiomyocytes (day 15) show
similar levels as seen in immature human heart samples, validating iPSC derived cardiomyocyte
differentiation as a model for piRNA pathways during fetal development (Figure 4.5). While no
changes in PIWILs were found to be disrupted by Pb, this does not exempt the potential for Pb to
dysregulate piRNA and associated pathways during cardiomyocyte differentiation, and future
studies should be conducted that sequence piRNA in these cells, similar to the studies conducted

here outlined in Chapter 2 as well as examine potential changes in PIWIL protein levels.

Additionally, in studies of only the female patient iPSC line, other epigenetic pathways
were disrupted by Pb exposure throughout differentiation (Figure 4.8). Overall, 23 epigenetic
pathways were found to be dysregulated, with 11 of these on day 1, 6 on day 6, and 6 on day 15
for either dose of Pb (with some pathways overlapping between days and exposures; data not
shown). Over half of these (12) related to histone biology, and in our BMC analysis, similar

epigenetic pathways were also disrupted, with two histone pathways upregulated on day 6.
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Importantly, altered histone biology has shown to be involved in heart failure, inflammation in

CVD, and cardiac hypertrophy.2%2

Future work should examine whether these pathways are
altered by Pb exposure in other male and female patient iPSC lines, as well as conduct CHIP-Seq

or ATAC-Seq to examine gene protein binding and accessibility.

Exposure to Pb during differentiation alters expression of genes related to heart development

and disease

DEG expression was dynamic throughout differentiation in female iPSC derived ventricular
cardiomyocytes. Two genes of interest were found to be overlapped as DEGs between days 2
and 6: FOXA2 and CCKBR (Figure 4.7). FOXA2 (Forkhead box A2 transcription factor) was
found downregulated at the 5 uM dose on both days and has been implicated as a factor in
ventricular (vs atrial) cardiac differentiation.?® This highlights the need to repeat this study in
atrial cardiomyocytes in order to examine chamber specific differences in Pb cardiotoxicity.
Interestingly, CCKBR (the cholecystokinin B/gastrin receptor) was also found to be
downregulated on both day 2 and 6 by the 5 uM dose. Prior work has demonstrated CCKBR may
be localized to the right atria in mice, although more work is needed to understand it’s potential

role in heart development or disease.?

The highest number of DEGs occurred on day 6 at the 5 uM dose, with 7 genes
upregulated and 70 downregulated. Of those with a [log2FC| > 1, a few genes related to cardiac
dysfunction and disease. F/AS, or fatty acid synthase, was upregulated with 5 uM Pb exposure on
day 6. FAS is often upregulated in heart failure, plays a role in pathological cardiac remodeling,
and has been identified as a potential therapeutic target for treating cardiac hypertrophy and heart
failure.3%3! In the context of our cardiac differentiation, on day 6 cells are cardiac progenitor

cells, and upon investigating other signs of cardiac remodeling, we saw no changes in cardiac
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lineage markers 7BX5 nor NKX2-5 in these cells (analyzed by qRT-PCR; data not shown).
NQOI, NAD(P)H: quinone oxidoreductase 1, was also upregulated by Pb in these cells, and
plays a protective role of preventing the formation of reactive oxygen species and protecting
against cardiovascular injury.3* Thus, as Pb can induce oxidative stress, this upregulation of
NQOI may be playing a protective role.’* PLVAP, Plasmalemma vesicle associated protein, was
downregulated in these cells, and it is an important endothelial factor known to play a critical
role in heart development and repair, particularly in mouse models.** Taken together, DEGs
present in day 6 cells exposed to 5 uM Pb indicate activation of regulatory mechanisms involved
in cardiac pathology. Further mechanistic studies on how Pb dysregulates these genes during
differentiation are needed in order to understand their roles and relationship with possible cardiac

dysfunction.

Exposure to Pb during differentiation alters pathways related to ribosomal pathways and heart

development

Of the top 30 pathways in the unbiased GO analysis, 18 related to ribosomal structure or
function (Table 4.6). Given the essential role ribosomes play in protein synthesis, they are
important in heart differentiation and function.?®> Furthermore, ribosomal dysfunction has been
implicated in various CVDs, including hypertrophy, myocardial infarctions, and
atherosclerosis.®> Thus, this data calls for additional mechanistic investigation of ribosomal
alterations induced by Pb exposure, including protein studies and functional assays of ribosome

activity.

Both RNA-Seq pathway analysis and BMC data indicate that pathways related to heart
development may be dysregulated by Pb exposure. Dysregulation in pathways included cardiac

chamber morphogenesis (day 6 by 5 uM Pb), striated muscle tissue development (day 15 by 5
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uM Pb), stem cell differentiation (day 6 by 5 uM Pb), heart development (day 1 by 0.5 uM Pb),
cardiac chamber development (day 15 by 5 uM Pb), heart morphogenesis (day 15 by 0.5 and 5
UM Pb), cardiac chamber formation (day 6 by 0.5 uM Pb), and cardiocyte differentiation (day 6
by 0.5 uM Pb; Figure 4.8A). In our BMC analysis, cardiac myofibril assembly, muscle cell
proliferation, and striated muscle cell proliferation were downregulated on day 2 of
differentiation (Figure 4.12). This evidence shows Pb exposure causes both early and sustained
disruption of cardiomyocyte differentiation, highlighting the potential for Pb to produce long

lasting effects on cardiac development, with potential to increase risk of CVD later in life.
Mitochondrial pathways are significantly regulated by exposure to Pb during differentiation

Pb-induced changes in pathways related to mitochondria function were present throughout
differentiation, and changes in mitochondrial pathways were more significant than any other set
of selected pathways, with 47 mitochondria related pathways changed total and the most
significant changes on days 1, 6, and 15 (Figure 4.8B). Pb is known to cause mitochondrial
damage in various tissues, leading to oxidative stress, and CVD can be induced by high levels of
oxidative stress, although literature connecting Pb, oxidative stress/mitochondrial dysfunction,
and the heart is limited.>® Interestingly, in the BMC modeled data, both positive and negative
regulation of the release of cytochrome ¢ from the mitochondria were downregulated on day 2, a
process important in initiating apoptosis and known to be dysregulated by Pb in rat liver, rat
kidney, and human neurons.>”° As the heart is a highly energetically demanding organ that
relies on mitochondria for this energy, future work is warranted to understand Pb’s induction of
mitochondrial dysfunction, oxidative stress, and apoptosis in the heart and determine what this
means in terms of cardiac pathology. Previous work has used a modified media, CDML3, on

iPSC-derived cardiomyocytes to induce ischemia and mitochondrial dysfunction, and so future
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studies could treat with Pb simultaneously in order to observe whether Pb enhances the

metabolic stress induced by this media.*’

Pb shows a similar level of dose-response effect but with different potential functional

consequences throughout differentiation

BMC modeling of female derived iPSCs undergoing differentiation into ventricular
cardiomyocytes revealed that a lower dose than was treated with has a significant effect on gene
regulation, with benchmark concentrations of around 0.2 uM for all 4 days examined (Table
4.7). This gene regulation corresponded with cardiac, developmental, epigenetic, metabolic, and
mitochondrial pathway regulation highlighted in the sections above, although these effects were
not seen on day 15 (Figure 4.12). Interestingly, day 2 showed downregulated of BMC modeled
pathways pertaining to heart cell development including cardiac myofibril assembly (driven by
MYLK3, an essential gene in proper heart development and sarcomere formation) and striated
muscle cell proliferation (driven by HGF, a gene that influences cardiomyocyte proliferation and

differentiation in the developing heart).*!:*?

This early reprogramming could impact later cardiomyocyte function and highlights the
importance of low dose effects. Importantly, the CDC's blood Pb reference value in children is
3.5 pg/dL and our BMC of 0.2 uM Pb is above this amount, around ~4.14 pg/dL.* Historical Pb
exposure has been much higher, and recently during the 2014 Flint water crisis, children living in
neighborhoods with the highest water Pb levels experienced a 6.6% increase in those with a
blood Pb level above the then reference value of 5 ug/dL.* This highlights the public health
relevance of our transcriptomic data; significant gene alterations that disrupt important pathways
during cardiomyocyte differentiation occur at human relevant and historically common exposure

levels.
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Pb exposure during differentiation causes cell line specific changes in action potentials

Purified cardiomyocytes treated with Pb throughout differentiation showed changes in
beat characteristics well after exposure had ended, suggesting that Pb exposure can have lasting

impacts on heart function. Interestingly, these effects slightly varied between the two cell lines.

Action potential parameters were different between the two cell lines, with our findings
showing an increase in beating rate in female 5 uM Pb dose but a decrease beat frequency in
male 0.5 uM Pb dose (Figure 4.13A). At the same time, there was an increase in APD
triangulation with Pb exposure at those same doses (Figure 4.13B). Both an increase and
decrease in heart rate could be considered malfunctional, but an increase in heart rate with
simultaneous increase in APD triangulation as seen in the female line shows prolonged
repolarization despite increased firing rate, which is suggestive of potassium (K) efflux
dysfunction.® In the male cell line, however, there were also decreases in change in action
potential amplitude (dF/FO0; both doses) and upstroke slope (depolarization rate of change; 5 uM
only), which suggests possible sodium (Na) channel dysfunction (Figure 4.13C).*> Pb’s effect
on K and Na channels in the heart has yet to be fully understood, but studies in other
hippocampal neurons have shown Pb related effects on K and Na channels and currents. Pb ions
can inhibit K efflux in hippocampal neurons, and so the prolonged APD triangulation seen here
may indicate disrupted repolarization dynamics due to altered K channel function.**® Chronic
Pb exposure during rat development has been shown to cause a decrease in activation threshold
and delayed activation of Na channels also in hippocampal neurons, which corresponds to the
male data in our study.* It is also important to note that baseline fluorescence (F0), which
reflects the resting membrane potential, was unchanged across conditions in both cell lines,

suggesting that Pb exposure did not alter the cells’ baseline electrical state but rather the activity
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of Na and K currents during the action potential itself (see supplemental files for nonsignificant
parameters). While these results allude to cell line specific disruptions in K and Na currents in
cardiomyocytes, little is known about how Pb exposure during differentiation affects early
developmental programming of these channels. More studies are needed on the mechanisms by
which Pb exposure during differentiation may disrupt the expression and regulation of these
channels well before cells begin to beat, and how these changes may relate to cardiac

arrhythmias and pathology.
Pb exposure during differentiation causes cell line specific changes in Ca transients

Beat frequency as measured by Ca transients increased, with a corresponding decrease in
CaTD and CaTD80, in both cell lines with Pb exposure, indicative of faster Ca handling (Figure
4.14A-C). Importantly, there was no change in baseline fluorescence (F0), suggesting Pb
exposure did not alter resting intracellular Ca levels, but rather affected the Ca handling
dynamics during transients (see supplemental files for nonsignificant parameters). This suggests
alterations in the activity of channels that mediate the transients rather than pumps and
exchangers that maintain resting Ca levels. Pb has been well characterized to mimic Ca as they
are both divalent cations, and Pb is known to disrupt voltage-gated Ca channels and Ca
homeostasis in the nervous system, leading to neurotoxicity.’%? In isolated guinea pig hearts, Pb
(0-100 uM) has been shown to increase heart rate, block L-type Cavl.2 channels (which allows
extracellular Ca into cardiomyocytes), and increase their fast inactivation, which could
correspond to the decreases in decrease in CaTD and CaTD80 we see here.!® The reduced
amplitude we see with Pb here in the male cell line is also supported by this study (Figure
4.14D)." Interestingly, L-type Ca channels are known to play a role in embryonic development

of the heart and modifications to them are associated a variety of arrhythmias such as atrial
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fibrillation.>* Pb exposure during differentiation could thus disrupt these channels during
development, leading to lasting changes in cardiac electrophysiology. We examined the gene
expression of CACNAIC, the gene that encodes for this channel in our day 15 unpurified
ventricular cardiomyocytes and saw no changes in gene expression induced by Pb, but this does

not preclude Pb from otherwise disrupting its protein expression or function (Figure 14.16).

Potential for action potential and Ca uncoupling in male ventricular cardiomyocytes exposed to

Pb during differentiation

In the female derived cell line, there was an increased beat frequency measured by both
action potentials and Ca transients at the higher dose, indicating faster pacing caused by Pb
exposure. However, the action potential conduction velocity decreased in this cell line at both
doses, suggesting the signal did not propagate effectively and potentially indicating disruption of
gap junction functionality. Fasting firing combined with slower conduction in this cell line could

reflect Pb causing faster depolarization but slower intercellular coupling.

In the male derived cell line, the effects of Pb during differentiation on electrophysiology
were more complex. Action potential frequency decreased at the lower dose, while Ca transient
frequency increased at both doses (Figures 14.13 and 14.14). Median conduction velocity
decreased when measured by action potentials at the lower dose but increased as measured by Ca
transients at both doses (Figure 14.15). This paradoxical shift indicates a slowing of electrical
signal propagation with a simultaneous change in Ca kinetics, perhaps originating from an
uncoupling of ECC. Slower action potential conduction velocity suggests possible gap junction
dysfunction, which would impair coordinated depolarization across the cells, whereas faster Ca
transient propagation may reflect compensatory changes in Ca handling machinery within

individual cells to maintain contraction despite slowed electrical propagation.
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Given these possible dysfunctions in ECC, we examined the gene expression of 4
channels/transporters related to ECC in our male and female lines on day 15 (unpurified
cardiomyocytes) and saw no significant gene expression changes (Figure 4.16), but
posttranslational effects or other mechanisms of functional disruption could be at play. Recent
work in the heart has found little correlation between protein level changes and transcript
expression changes, and so in addition to assessing gene expression of these
channels/transporters in purified cardiomyocytes, future work should interrogate these cells’
protein expression levels as well.>* Furthermore, patch clamping of cardiomyocytes exposed to

Pb during differentiation should be carried out to examine changes in ion channel function.
Limitations and future directions

This study represents a foundation for understanding the epigenetic and transcriptomic
changes induced by human relevant Pb exposure in female and male derived ventricular
cardiomyocytes but utilizing only one cell line per sex limits any conclusions that can be drawn
about sex differences and could be representative of underlying individual variation. RNA-Seq
was only carried out for one cell line, and further transcriptomic studies should be carried out in
a representative sample from numerous male and female donors. While the RNA-Seq data
clustered very nicely by day, representing expected differences in cell phenotype throughout
differentiation, data also clustered by replicate, indicating replicate-to-replicate biological
variation that could be due to differences in cell cycle state or other subtle differences in cellular
conditions during differentiation (Figure 4.6). Additionally, optical mapping results are limited
by experimental protocol—purifications occurred when cells began beating throughout their
well, which varied in day from experiment to experiment, and optical mapping occurred at

variable days past exposure cessation (between 9-17 days). Furthermore, the cardiomyocytes
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generated here represent a fetal like state, and so conclusions that can be drawn related to the

development of cardiovascular disease in adults are limited.

Conclusions

Overall, we characterized transcriptomic changes induced by Pb throughout differentiation
into ventricular cardiomyocytes in one iPSC line, with changes in epigenetic, developmental, and
mitochondrial regulation as well as in genes related to the development of CVD. Further, these
changes often showed a dose-response effect correlating to human relevant exposure ranges.
Optical mapping in one female and one male derived iPSC ventricular cardiomyocyte cell line
revealed some Pb induced changes in beat characteristics similar between the two cell lines and
possible disruption of ECC in only the male cell line. Through a combination of transcriptomic
and functional analyses, we found that Pb exposure during cardiomyocyte differentiation induces
changes related to the development of cardiac pathology, paving the way for mechanistic studies

to interrogate the molecular underpinnings of these effects.

4.6: Supplementary Information

Supplemental data for this chapter can be found in the figure below and at the repository
here, including tables, bm2 file from BMDExpress, and optical mapping prism files:

https://doi.org/10.7302/52s6-2b90
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Supplemental Figure 4.17: Female and male derived iPSC-CM expression of epigenetic

enzymes during differentiation.

Transcript expression of DNMT1, 34, and 3B and TETs I-3 in both female (top) and male

(bottom) patient derived iPSCs during differentiation into cardiomyocytes (days 0-15) with
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exposure to 0.5 or 5 uM Pb during the first 8 days of differentiation. No significant changes with

Pb exposure were seen on each day (one-way ANOVA).
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Chapter 5: Conclusions

5.1: Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide, is highly sexually
dimorphic, and Pb exposure contributes substantially to CVD risk and mortality.!~* Lead (Pb) is
also known to disrupt epigenetics in the heart, and certain piRNAs have been implicated in the
development of CVD, but Pb’s potential to impact piRNA pathways in the heart has yet to be
characterized prior to my studies.*¢ The overarching aim for this body of work was to fill
knowledge gaps surrounding how developmental Pb exposure influences transcriptomic and
functional processes in the heart in a sex specific manner using both murine as well as human
models, with particular emphasis on piRNA expression and associated epigenetic machinery.
Taken together, these gene expression and functional changes were put into the context of
potential to increase CVD risk later in life.

To understand this, Aim 1 assessed piRNA expression changes induced by
developmental Pb exposure in mice, Aim 2 looked at gene, pathway, and functional changes
induced by developmental Pb exposure in mice, and Aim 3 assessed transcriptomic and
functional changes caused by Pb exposure during differentiation of human iPSC-derived

cardiomyocytes. The schematic of my research plan is shown below.
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Figure 5.1: Schematic of Research Plan

This concluding chapter will first summarize key findings, followed by an in-depth
synthesis of findings comparing the two models and examining sex differences, epigenetics, and
functional consequences of developmental Pb exposure in the heart. The latter portion of this

chapter will explore public health relevance, policy implications, and future directions.

5.2: Summary of key findings

Aim 1
Analyze Sex-Stratified piRNA Expression to Characterize Functional Impacts of Perinatal
Pb Exposure in Murine Hearts

Goal: Establish sex-stratified baseline maps of all piRNAs expressed in murine heart tissue and

examine effects of perinatal Pb exposure on piRNA expression in murine hearts.
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Hypothesis: piRNAs are expressed in the heart, their expression is sex-specific, and their
expression is affected by perinatal Pb exposure in a sex-specific manner.

Summary of Results: Combined and sex-stratified piRNA expression in both control and
perinatally Pb-exposed adult murine hearts were characterized. A baseline 18,956 piRNAs were
discovered in the murine heart in combined analysis, with sex differences in expression of
piRNAs at baseline. Hundreds of piRNAs were found to be altered by developmental Pb
exposure in a sex specific manner (847 in females and 187 in males with 23 overlapping in
expression). These piIRNAs were significantly enriched near genes involved in biological
processes related to heart function and CVD development, including mitochondrial function,
energy metabolism, and cardiac muscle structure (FDR < 0.05). We also found that Pb induced
sex specific changes in PIWIL and ECC genes. In addition to providing a foundation for sex-
specific piRNA expression in the heart, these findings suggest a novel epigenetic mechanism by

which developmental Pb exposure may impact CVD risk later in life.

Aim 2
Determine the Sex-Specific Effects of Perinatal Pb Exposure on Murine Cardiac Gene
Expression and Function
Goal: Examine the sex-specific effects of perinatal Pb exposure on gene and pathway alterations
as well as phenotypic changes in adult mouse cardiovascular system.
Aim 2A:

*  Hypothesis: Perinatal Pb exposure alters transcriptional pathways associated with

cardiovascular development and disease in a sex specific manner.

Aim 2B:
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*  Hypothesis: Perinatal Pb exposure causes structural and functional changes in the

murine heart later in life in a sex specific manner.

Summary of Results: We examined sex-specific gene and functional heart changes during
midlife in mice that were perinatally exposed to Pb. We found changes induced by Pb in
pathways related to cardiac function, development, epigenetics, mitochondria, and metabolism
that differed by sex. Further, we found sex specific alterations in cardiac structure and function
as assessed by echocardiograms. Overall, this aim provided a comprehensive analysis of how
perinatal Pb influences cardiac biology differently in male and female mice, providing a

foundation for future mechanistic investigations of mechanisms of Pb induced cardiotoxicity.

Aim 3
Evaluate Cell Line—Specific Gene Expression Changes and Functional Alterations Induced
by Pb Exposure During Differentiation in Human iPSC-Derived Ventricular
Cardiomyocytes
Goal: Characterize the dose-specific effects of Pb exposure during differentiation on gene,
pathway, and functional alterations in human ventricular cardiomyocytes.
Aim 3A:

*  Hypothesis: Epigenetic regulatory genes as well as genes associated with cardiac

development, structure, and function are affected by Pb exposure during differentiation

in a cell line specific manner in human iPSC-derived ventricular cardiomyocytes.

Aim 3B:
*  Hypothesis: Pb exposure during differentiation impacts heart cell differentiation and beat

characteristics in purified ventricular cardiomyocytes.
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Summary of Results: In cardiomyocytes derived from one female and one male iPSC line
treated with Pb during differentiation, we characterized epigenetic, molecular, and functional
changes. We found changes in epigenetic, developmental, and mitochondrial regulation in the
female patient cell line that showed a significant dose-response effect at human relevant
concentrations. Further, electrophysiological changes in beat characteristics were discovered,
with possible disruption of ECC in only the male patient cell line. Together, we characterized
persistent transcriptomic and functional effects of Pb exposure during differentiation, providing a

foundation for future mechanistic studies investigating potential links to cardiac pathology.

5.3: Comparison of mouse vs. human findings

It is important to note that the two exposure models in these studies differ in biological
timing, therefore impacting what mechanisms are being interrogated. In the mouse exposure
model, the parental germline cells are facing Pb exposure, while the stem cell models are
reprogrammed in vitro to mimic a pluripotent state prior to Pb exposure. These in vivo vs. in
vitro exposure differences have significant implications on epigenetic outcomes. Since in the
mouse models assessed here, exposure began two weeks prior to fertilization, alterations in
epigenetics of egg cells could be carried into the zygote. Further, widespread epigenetic
reprogramming happens during early embryonic development, and as Pb exposure continued
during this time frame, it could disrupt this reprogramming.” On the other hand, the stem cell
model exposure window occurs after reprogramming, and thus epigenetic maintenance
mechanisms are susceptible to the exposure during differentiation. By assessing these two
models together, we can provide a comprehensive understanding of Pb exposure on epigenetics

and transcriptomics relevant to development.
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Both models in this study showed similarities in affected pathways, with sex specific
changes in epigenetic regulation, cardiac development, mitochondrial regulation, and functional
outcomes in the mouse model, and cell line specific changes in these factors in the human model.
We can conclude that both models showed Pb’s potential to impact CVD risk, but neither model
perfectly mimics human CVD risk. Studies have found that gene expression, signaling pathways,
epigenetics, and mechanisms of heart morphogenesis are similar between humans and mice, but
there are substantial differences in processes of cardiac aging, lifespan, body size, and heart rate
between humans and mice as well as minor differences in the contractile proteins expressed in
humans and mice.®"!? Further, mice exhibit differences in response to toxicants and metabolism
which could impact the translatability of Pb exposure model to humans.!* While human iPSC
derived cardiomyocytes do not have these interspecies variables, there are nonetheless
limitations to their usage as a model. Although our system induces important and robust
maturation changes, iPSC-CMs are nonetheless limited to an immature state and lack
surrounding tissue structures (3D architecture and vascularization).!* Despite this, they are a
great tool for examining transcriptomics, epigenetics, and electrophysiological parameters.!4-16
Together, these two models tell us different things: the mice give us a whole organism context,
while the human cells give us context specific to human cardiomyocyte differentiation. Given

that each model showed similarities in the pathways affected by Pb exposure, this work gives a

comprehensive assessment of Pb’s potential developmental cardiotoxicity in humans.

5.4: Sex differences in how the heart responds to Pb exposure

Significant sex differences in response to Pb exposure were present in the mouse model. In

mice, piIRNA expression varied both at baseline and in response to Pb, but interestingly the
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functional consequences of these piRNAs may be similar between sexes. Both Piwil expression
and ECC genes were only affected by developmental Pb in male mice. In transcriptomic
analyses of mice, the male mice showed alterations in histone pathways, female mice showed
more alterations in mitochondrial mechanisms, and both showed pathway disruption related to
heart development. Echocardiograms further revealed sex specific changes, with heart rate
impacted in female mice and potential diastolic dysfunction in male mice. These sex differences
could be due to hormonal, epigenetic, or genetic factor differences, and future work should

interrogate these possible mechanisms and relate them to potential risk for CVD development.

In our cell lines, only one female and one male line were assessed, but the differences in
electrophysiology present between the female and male line may point to the potential for sex
differences in how males and females respond to Pb. Interestingly, both cell lines showed
increased beat frequency, but the male cell line showed potential dysregulation of ECC. Further
examination with additional replicates of male and female lines are needed to make conclusions
regarding sex differences. Using this model to assess sex differences will allow for interrogation
of sex specific differences in genetics and epigenetics sans hormonal regulation that is present in

a whole organism.

5.5: piRNA and epigenetic pathways altered by Pb exposure

Aim 1 of this study explores a largely unstudied regulatory mechanism in the heart both at
base line and in the context of exposures —piRNA. The findings suggest Pb can alter piRNA and
Piwil expression in a sex specific manner, and the piRNA changes map to regions significant to
cardiac biology, including cardiac muscle structure, energy metabolism, and mitochondrial

function. Given the significance of these pathways in heart processes, this suggests piRNA
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dysregulation may thus contribute to cardiac pathology through developmental reprogramming.
However, it is unknown whether Pb induced changes in piRNA expression are downstream or

upstream of other molecular and functional changes in the heart.

Aims 2 and 3 show Pb caused changes in the pathways mentioned above and in other
epigenetic pathways in both our mouse model of perinatal Pb exposure as well as in the human
cardiomyocytes. A correlation can be drawn here suggesting that piRNA function upstream or in
coordination with these pathways, thus underlying a potential developmental reprogramming that
could contribute to CVD risk. This is further underscored by functional changes in heart
mechanics in both models. However, without direct evidence of piRNA interplaying with these
other cardiac processes, we cannot say definitively that piRNAs are playing this role, and so
links between piRNA regulation and transposon or mRNA targets need to be further examined.
piRNA sequencing will also be carried out in the human cell model of Pb exposure during
differentiation as the piRNA changes may be different between models. This will answer the
question of where Pb interferes with epigenetics—are these piRNA and epigenetic changes
downstream compensatory mechanisms for Pb’s interference with ECC or mitochondrial
functions, do they work in concert, are they upstream effects, or some combination of these?
Elucidating these relationships will be crucial in understanding Pb’s developmental toxicity in

the heart.

5.6: Functional alterations by developmental Pb exposure

Both aims 2 and 3 examine functional outcomes of Pb exposure, with echocardiograms in

mouse perinatally exposed to Pb and electrophysiological parameters in cardiomyocytes exposed
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to Pb during differentiation. The overall implications of both of these alterations suggest Pb

induces changes in cardiac programming that affects heart functioning.

In mice, no change in heart rate was seen in either sex, which does not correspond to the
increase in cardiomyocyte beat rates found in both sexes of cell lines through calcium (Ca)
transient assessments. Importantly, in addition to model specific differences highlighted about,
different doses of Pb were assessed between the two models. Additionally, as mice represent a
systemic model of exposure, it is likely that Pb’s known neurotoxic affects affect heart
electrophysiology. Despite these differences, both models point towards Pb’s potential to disrupt

electrophysiology in the heart long after cessation of exposure.

Excitation contraction coupling genes were assessed in both models, with 3-week and 5-
month male mice showing an increase in all 4 ECC genes, and 4-month female mice showing a
potential increase in Ryr2. In unpurified cardiomyocytes, on the other hand, none of the ECC
genes showed changes for either cell line. However, as highlighted in all three aims, changes in
protein expression and posttranslational or other functional disruptions of their mechanics could
be dysregulated by Pb exposure. This idea is underscored by recent work in the heart that found
little correlation between protein level changes and transcript expression changes in disease
models.!” Future work should also examine the expression and function of one additional
gene/protein of interest involved in ECC in Pb exposed cardiomyocytes: phospholamban (PLN),

which regulates cardiac contractility through inhibition of the SERCA pump.!'®!°

Additional mechanistic underpinnings to functional changes caused by Pb exposure are
alterations in Ca handling and mitochondrial function, which are interrelated. Mitochondria

make up 30% of the volume of cardiomyocytes and are critical in maintaining Ca
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homeostasis.?*2! Pb is known to mimic Ca, and so could disrupt both ECC and mitochondrial
function.?? Importantly, mitochondrial pathways were found as potential targets of Pb altered
piRNA (Aim 1) and as pathways differentially regulated by Pb in transcriptomic analysis (aim 2
and 3). Disruptions in mitochondrial pathways in the heart have been implicated in CVDs,
including atherosclerosis, ischemia-reperfusion injury, hypertension, diabetes, cardiac
hypertrophy, and heart failure through oxidative stress.?* Studies on how Pb causes
mitochondrial dysfunction in the heart are limited, but it is known to cause mitochondrial
damage and oxidative stress in other tissues.?* Therefore, this work points to the need for further
mechanistic studies of how developmental Pb impacts mitochondrial development in the heart,
with particular attention on both Pb’s role in mimicking Ca as well how epigenetic processes
(piRNA) may relate to disturbance of mitochondrial function. These studies should also seek to

link mitochondrial disruption to changes in function of the heart or cardiomyocytes.

5.7: Relation to the Developmental Origins of Disease

The findings presented here indicate that Pb exposure during development/differentiation
can disrupt cardiac epigenetics, development, electrophysiology, and mitochondrial pathways.
Some or all of these pathways may be disrupted during development and work together to cause
adverse consequences on heart function later in life. Alterations in all these mechanisms have
been implicated in the development of different CVDs, so developmental Pb exposure could
cause predisposition to adult disease. However, the molecular underpinnings of how Pb causes
long term cardiac dysfunction need to be further elucidated by mechanistic studies. Future work
should examine possible mechanisms, identify developmental windows of susceptibility, and

assess the potential heritability of these changes.
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5.8: Public health and policy implications

This body of work provides molecular insights on an environmental justice issue in the
USA and world, as well as a context for sex-specific vulnerabilities to CVD. It highlights the
importance of understanding how early life exposures alter heart biology in ways that could
increase CVD risk. With these insights, policies can be initiated or adapted to both promote

environmental justice as well as mitigate CVD risk.

Low income and marginalized communities are disproportionately affected by Pb exposure
in the US, and worldwide Pb exposure is more severe in developing countries.®?> The molecular
data presented here add to a body of work warning against the negative impacts of Pb exposure.
Policies should be adapted which reduce the burden of Pb exposure, monitor vulnerable
populations, and actively involve and educate the communities affected on the potential harms of

Pb exposure. In particular, families and pregnant people should be educated about exposure risk.

In the US, the current CDC reference value of 3.5 pg/dL blood Pb level as a limit of
identifying children with concerning levels of Pb exposure is supported by benchmark modeling
in this work.?% Identifying children and communities, often from low income or racial and ethnic
minority groups, with higher blood Pb levels remains imperative. Worldwide, low and middle
income countries have higher (greater than 5 pg/dL) blood Pb levels.?” Only 48% of countries
worldwide have regulations on the production and sales of Pb paints.?® Therefore, better
regulations worldwide are needed, and as in the US, monitoring, education, and community
engagement efforts should be in place to alleviate this issue and therefore reduce Pb-induced

CVD risk.
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Further, the mouse studies in aim 1 and 2 show that developmental Pb has a different
impact on female and male hearts. Therefore, sex specific monitoring data should be collected,
studies examining human exposure risk should stratify by sex, and any safety testing of products
should include both sexes. In addition to preventative measures, treatment for CVD in which Pb

could have played a causal role should be tailored by sex.

Finally, as highlighted in the other sections of this chapter, this project shows the need for
additional mechanistic studies on Pb exposure impact in the heart, and federal funding should be
allocated for these investigations. These investigations would build on the studies presented here,
leading to the development of both biomarkers to classify risk as well as potential intervention or

therapeutic strategies.

5.9: Future directions

As explained so far in this chapter, deeper mechanistic studies are needed on how Pb affects
particular piRNAs, other epigenetic pathways, and mitochondrial and metabolic pathways that
link these changes to functional outcomes in the heart. Further, as CVD is an age related disease,
longitudinal studies in mice should be carried out to assess later life cardiac outcomes. In iPSC
models, additional replicates of both female and male lines are needed which include differing
genetic backgrounds in order to make conclusions about sex differences. One additional
opportunity to investigate sex differences in iPSC derived cardiomyocytes is the use of isogenic
Klinefelter lines to examine the contributions of an XX vs XY genotype in the absence of
patient-patient genetic variability.?® Lastly, multi-omics strategies should be integrated into these
studies to determine how epigenomics, transcriptomics, proteomics, and metabolomic changes

are affected by Pb together to impact heart biology.
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5.10: Concluding Remarks

Overall, this work increased our understanding of how exposure to Pb during development
or differentiation influences epigenetics, transcriptomics, and functional processes in the heart in
a sex specific manner. It is the first study to show how the piRNA landscape in the mouse heart
is influenced by developmental Pb and the first to examine how Pb exposure during
differentiation impacts later electrophysiological parameters as cardiomyocytes. Aim 1 shows a
potential epigenetic mechanism (piRNA) by which Pb could cause changes in heart biology,
which could lead to the development of targeted therapies. Aims 2 and 3 integrate transcriptomic
changes with functional outcomes, paving the way for future mechanistic studies that put into
context how developmental Pb increases CVD risk later in life. All together, these projects
provide a novel and sex stratified framework for how developmental Pb exposure effects the
heart.

Pb exposure was first identified as a problem in human antiquity, dating back to the second
century BC, and since then humankind has made remarkable strides in science, medicine, and
public health that have led to better qualities of life for humanity.*® However, significant
disparities in the US and world still exist regarding who is exposed to Pb, and Pb exposure
contributes to an estimated 256,000 cardiovascular disease related deaths annually in the United
States and 5.5 million adult deaths annually from cardiovascular disease worldwide in (2019;
10% of global deaths).?*!32 Further, development marks a critical window of exposure to Pb.
Therefore, the studies conducted here aiming to understand how developmental Pb exposure
affects heart biology is of imperative public health importance. By assessing Pb’s impact on
piRNA, transcriptomics, and function, we can better understand Pb’s effects on the

cardiovascular system, which will impact policies aimed at mitigating risk of Pb exposure.
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Future research on how Pb impacts heart epigenetics, gene expression, and function in a sex
specific manner should build off this work in order to elucidate underlying mechanisms and

develop better policy, prevention, and therapeutic strategies to lessen the burden of Pb exposure

for all.
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