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Abstract 

Neurodegenerative disease (ND) constitutes a substantial public health burden 

as roughly 50 million people globally have some form of dementia, and this number is 

expected to triple by 2050. ND risk may be partially attributable to early developmental 

exposures, as described by the Developmental Origins of Health and Disease 

hypothesis. One avenue by which developmental exposures modulate the risk of 

disease is through perturbations to the epigenome, broadly defined as mitotically 

heritable modifications to the genome that are independent of the DNA sequence. Of 

these, DNA methylation (DNAm) and small non-coding RNAs (ncRNA) such as PIWI-

interacting RNA (piRNA) work to control the expression of transposable elements (TEs). 

TEs are elements of the genome with the capacity to mobilize and pose a threat to 

genomic integrity if not properly controlled. Lead (Pb) has been associated with 

hypomethylation of these elements, and TE hypomethylation has also been 

documented in persons with ND. It is hypothesized that Pb-induced disruption of TE 

regulation may contribute to ND risk and progression.  

 The objective of this dissertation was to evaluate epigenetic regulation of TEs in 

the developing brain and to what extent Pb exposure disrupts this process. In Aim 1, we 

utilized a mouse developmental exposure model to evaluate changes in DNAm 

throughout the genome in adulthood following perinatal Pb exposure. We found Pb 

exposure to be associated with differentially methylated regions in the brain and blood 

at LINE-1 elements, an active class of TEs, the majority of which were hypomethylated. 



 xvii 

Additionally, we identified imprinted genes as a class of interest, and two such genes 

with differential methylation included Gnas and Grb10, both known to be important to 

neurodevelopment. We identified the imprinting control region of Grb10 as a candidate 

for future biomarker work, in that Pb-induced changes in DNAm were replicated in the 

blood and brain. In Aims 2 and 3, we utilized the SH-SY5Y cell model to investigate the 

relationships between Pb exposure and neural differentiation. In Aim 2, we found Pb 

exposure was associated with markers of cellular stress during early differentiation and 

that consistent exposure resulted in impaired differentiation by later stages. In Aim 3, we 

found preliminary evidence that Pb exposure disrupts epigenetic regulation of LINE-1 

TEs during neural differentiation, with decreased DNAm and PIWIL expression, as well 

as increased LINE-1 mRNA expression. However, these results were somewhat 

inconclusive and need further exploration. Given the role of piRNA in regulating TEs, it 

is likely that this class of ncRNA will continue to be a focus of toxicological work. In Aim 

4, we characterized the expression of PIWIL mRNA and piRNA transcripts in several 

human somatic tissues from early development. We found comparable levels of PIWIL3 

and 4 mRNA and piRNA expression in all tissues, with distinct profiles identified in 

males and females. Additionally, we found that the genomic targets of both muti- and 

uniquely mapping piRNA in the soma mirrored those of the gonads, suggesting the 

presence and function of piRNA may not be as unique to the germline as has previously 

thought, particularly during early development. This work demonstrates that the impact 

of Pb exposure on the neural epigenome may be stage-specific and that effects persist 

into later life stages, and that continued assessment of how Pb exposure perturbs 
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piRNA expression and function may elucidate relevant mechanisms behind this 

relationship.
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Chapter 1  
Introduction 

Lead 

 Lead (Pb) is a metal with which humans have a long history of use and exposure. 

In recent years, most exposures to Pb have occurred via drinking water, Pb-based 

paint, contaminated soil, with less occasional exposures occurring via children’s toys, 

jewelry, candy, and ceramics.1 Historically, leaded gasoline was a prolific source of 

exposure, as its combustion resulted in vast amounts of Pb being released into the air.2 

Despite advances in legislation that have reduced or eliminated the use of Pb in paints 

and gasoline, Pb exposures continue to occur, most commonly through legacy homes 

and infrastructure.3,4 Homes built before 1978 often contain one or more Pb-associated 

hazards, as regulations pertaining to the use of Pb in plumbing and paint, as well as the 

proper disposal of Pb-containing waste, were not enforced up until that year.5,6 Pb from 

these household sources primarily results in ingested exposures, via either drinking 

water or ingestion of Pb-containing paint, dust, or soil, and these routes of exposure are 

much more likely in children as they frequently engage in hand-to-mouth behaviors.7 

Inhalation is another common route of exposure when Pb-containing particles from dust, 

paint, and soil become airborne and are deposited in the lungs.8  

Once absorbed into the blood, Pb has a half-life of roughly 28 days, but this 

varies depending on age, health factors such as pregnancy, and occupation.9,10 Pb is 

distributed and stored in soft tissues such as the liver, neural tissue, and the kidneys, 
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however the most significant site of Pb storage is bone.9 It is estimated that as much as 

95% of Pb in adult tissues is stored within bone, and this measure is roughly 70% in 

children.11,12 The half-life of Pb once it has been taken up into the bone is estimated to 

be 25-30 years.13 Once stored there, Pb is largely considered to be inert, however the 

remobilization of Pb from bone storage is accelerated during periods of pregnancy and 

lactation, disease, and calcium deficiencies.14 

 Standards for what is deemed an actionable blood lead level (BLL) have 

changed dramatically over the last fifty years in the US. In 1971, a BLL of 80µg/dL was 

considered the threshold for Pb poisoning. In 1991, this was reduced to 10µg/dL and re-

termed a BLL of concern. In 2012, the Center for Disease Control (CDC) set the blood 

lead reference value (BLRV) at 5µg/dL and reduced it once again in 2021 to 3.5µg/dL.15 

These modifications in standards and thresholds have only occurred over the last 

several decades, meaning much of the US population has lived some portion of their 

lives in the presence of what we now consider to be unacceptable levels of Pb 

exposure. The vast majority of people in the US have been exposed to Pb at some point 

in their life, with nearly 54% of people estimated to have had BLLs greater than 5µg/dL 

at some point during their childhood.16 Roughly 1.23 million children in the US today 

have BLLs >5µg/dL,17 and major disparities in exposure exist.18,19 Significant 

delineations in exposure follow socioeconomic trends in the US, with children living in 

low-income communities and older homes bearing the brunt of this public health 

burden.20 Moreover, given the extensive history of structural racism throughout the US, 

trends of greater childhood Pb exposure among those of low socioeconomic status 

ensures that non-Hispanic black, Hispanic, and non-Hispanic Asian children have a 
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significantly higher risk of Pb exposure and poisoning relative to their non-Hispanic 

white counterparts.21 Pb exposure in the US therefore represents a significant 

environmental justice issue, and continued research that may promote stricter and more 

productive legislation pertaining to minimizing exposure events is warranted.  

Neurodegenerative Disease 

 Neurodegenerative disease (ND) constitutes a substantial public health burden, 

and the number of individuals in the US with such conditions is only expected to 

increase in the coming years as the proportion of elderly rises.22,23 Globally, roughly 50 

million people have some form of dementia, and this number is expected to more than 

triple by 2050.24 In the US, nearly 7 million people are living with Alzheimer’s disease 

(AD), with rates expected to double by 2050,25 and as many as 90,000 people are 

diagnosed with Parkinson’s disease (PD) each year.26 In 2020, it was estimated that the 

totality of NDs in the US constitute $655 billion in health care, social and caregiver, and 

economic costs.27  

 The risk of developing NDs has been associated with several environmental 

exposures, including Pb, though this area of research is still relatively understudied.28,29 

This compounds the issue of an aging population as the incoming generation of 

individuals over the age of 65 largely grew up during the 1960s and 70s, that is, during 

decades of heavy Pb use prior to its restriction. For these reasons, the National Institute 

of Aging has made it a priority to understand the environmental risk factors associated 

with NDs such as AD and other dementias, as outlined in the 2018 strategic plan 

Understanding the Impact of the Environment to Advance Disease Prevention, which 

aims to improve our ability to treat and prevent AD by 2025.30 Research into the 
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mechanisms by which Pb exposure contributes to ND is a major opportunity, not only to  

further motivate legislative efforts to reduce and eliminate Pb exposure, but also in the 

search for therapeutic avenues. If we better understand the pathways by which Pb 

exposure contributes to neurological disease risk, we may identify novel therapeutic 

targets.  

Developmental Origins of Health and Disease 

 The health risks associated with Pb exposure are significantly influenced by 

exposure timing, as the type and intensity of cognitive impacts of Pb exposure appear to 

be dependent on when exposure occurs, as neurodevelopment is a dynamic process 

that occurs across multiple developmental stages.31,32 The Developmental Origins of 

Health and Disease (DOHaD) hypothesis postulates that environmental exposures that 

occur during critical windows of development can have significant impacts on long term 

health and disease risk.33 Such critical windows are prime opportunities for Pb exposure 

to occur, as they coincide with underdeveloped barriers and unique physiology. 

Placental transfer of Pb during pregnancy happens readily, as Pb is able to cross the 

placenta and maternal BLLs have been positively associated with umbilical cord BLLs 

as well as Pb levels in offspring.34,35 Pb is also able to cross and impair the blood brain 

barrier, this being particularly true during early life when this barrier is not yet fully 

formed.36,37 Additional physiological barriers across which Pb can travel, including the 

gastrointestinal tract, are also still developing during early years of life, and children are 

estimated to absorb as much as 5 times the amount of Pb via ingestion as their adult 

counterparts.13 These greater rates of absorption in children are compounded by the 

fact that children engage in much higher rates of hand-to-mouth behaviors as they 
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interact with their environment, meaning their chances of ingesting Pb-containing 

materials such as dust and paint is much higher than that of adults.38 Taken together, 

the ability of Pb to efficiently cross these barriers makes early development and 

childhood particularly vulnerable periods for Pb exposure.39 

 There is ample evidence of the association between early developmental Pb 

exposure and adverse cognitive outcomes. Much of the epidemiological work quantifies 

exposure during infancy and early childhood and has found that Pb exposure is 

associated with adverse neurodevelopmental outcomes, such as neurobehavioral 

symptoms.40,41 Complementary in vivo work has demonstrated a relationship between 

developmental Pb exposures and ND-like phenotypes, including tau protein expression 

and the accumulation of amyloid plaques in mice,42,43 as well as ND-pathology in 

cortical tissue of primates.44  

Mechanistic in vitro work demonstrates some of the cellular dysfunction 

associated with Pb exposure and ND, such as increased oxidative stress and 

apoptosis.45,46 One of the primary ways in which Pb disrupts normal cellular function is 

through competition with calcium cations, thereby gaining access to cells via calcium 

transporters and subsequently altering calcium homeostasis, which has direct effects on 

neural signaling.47 Pb is also able to compete with zinc cations, thereby disrupting the 

ability of zinc-finger proteins, a major transcription factor class, to bind to nucleic acid.48 

The disordered function of many of these zinc-finger proteins, such as dopamine and 

NDMA receptors, have in turn been implicated in ND risk.49 Pb also inhibits thiol groups 

in the mitochondria, leading to a reduction in glutathione levels, which normally acts as 

an antioxidant.50 This alteration to mitochondrial homeostasis leads to an increase in 
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oxidative stress, to which the brain is particularly susceptible given its need for a 

continuous supply of ATP.51 Finally, Pb exposure has been shown to have toxic effects 

on cellular membranes through lipid peroxidation via the creation of reactive oxygen 

species during periods of oxidative stress.52 Taken together, these mechanisms of Pb 

toxicity pose a substantial threat to developing neural populations and are suspected to 

contribute to ND risk later in life.53 

Epigenetic Gene Regulation and piRNA 

 One avenue by which early developmental exposures are thought to modulate 

one’s risk for ND later in life is through perturbation of epigenetic mechanisms.54,55 

Epigenetics is broadly defined as mitotically heritable modifications to the genome that 

are independent of the DNA sequence itself, and these mechanisms play important 

roles in the regulation of gene expression.56 Epigenetic mechanisms are typically 

classified under three categories: DNA methylation (DNAm), histone modifications, and 

small, non-coding RNA (ncRNA).57 DNAm is the most abundantly studied epigenetic 

mechanism and entails the addition of a methyl group to the fifth position of a cytosine 

(5mC) that is adjacent to a guanine (CpG). CpG sites are enriched in certain regions of 

the genome, such as gene promoters, and increased presence of 5mC within such 

regions is generally associated with reduced transcription from that location.58 Histone 

modifications largely regulate chromatin conformation, loosening or tightening the 

structure of chromosomes, thus making transcription more or less likely in a given 

region.59  

 Regulation by small ncRNA encompasses several classes, each with their own 

unique biology and function. Along with microRNA (miRNA) and short interfering RNA 
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(siRNA), PIWI-interacting RNA (piRNA) are a class of short ncRNA that, along with 

PIWI proteins, regulate gene expression, and this has been extensively characterized 

germline.60 piRNA is best known for its regulation of transposable elements (TEs), 

genetic elements that contains the capacity for mobility, i.e., the ability to change 

position within the genome.61 This mobility poses a substantial risk to genomic integrity 

as replication and reinsertion of TEs can introduce genetic mutations that have 

deleterious effects on cellular health and longevity.62 Studies examining several classes 

of TEs found that the expression of transposon-derived piRNA transcripts increased 

during early development and this expression was upstream and required for de novo 

DNAm of these elements by DNA methyltransferases (DNMTs).60,63 Additional work has 

found that suppression of the piRNA system results in increased transposition 

mutagenesis, whereas overexpression of this system results in greater DNMT 

expression and inhibition of TE activity.64  

 While much of the work on piRNA function focuses on the germline, recent work 

has characterized the expression of piRNA within the mouse soma and found notable 

levels of expression in several brain regions during adulthood.65 A small but growing 

body of literature suggests that piRNA may play a role in neural differentiation and 

development via piRNA-directed regulation of TEs. LINE-1 retrotransposons have been 

shown to retrotranspose within neural precursor cells, and this activity has the capacity 

to alter the expression of neural genes, thus impacting cell fate.66,67 LINE-1 regulation 

has also been shown to influence experience-dependent neural plasticity within the 

mouse hippocampus.68 These results taken together motivate continued evaluation of 
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the role of piRNA and TE epigenetic regulation in the development of ND, as well as its 

response to classic neurotoxicants. 

 These epigenetic mechanisms work in close collaboration to regulate gene 

expression throughout the genome and their dynamics are constantly changing 

depending on cell type, developmental period, and their environment.69,70 The 

epigenome undergoes massive reprogramming during early development, with nearly 

the entirety of DNAm marks erased and then replaced as differentiation takes off and 

cellular populations expand.71 Environmental exposures during critical windows of 

development can alter the epigenome, with effects lasting into childhood and 

adulthood.72,73 Epidemiological work had found persistent changes in DNAm patterns in 

peri-adolescent blood samples following gestational Pb exposure, as measured via 

maternal BLLs, with changes seen at genes important for neurodevelopment.74 

Additional work in the mouse model has identified similar results, with perinatal Pb 

exposure associated with aberrant DNAm patterns in the brain.75,76  

Aberrant Epigenetic Patterns and Neurodegenerative Disease Risk 

These results highlight the epigenome as a potential mechanistic link between 

developmental Pb exposure and adverse neurological outcomes later in life. A growing 

body of literature demonstrates that several epigenetic mechanisms may play a role in 

ND risk. Loss of heterochromatin with age, as well as increased levels of histone marks 

associated with a more open chromatin conformation, have been associated with 

increased rates of cellular apoptosis and inflammation, as well as reductions in neural 

signaling and plasticity.77 Regarding ncRNAs, differential expression of miRNA has also 

been documented in individuals with NDs such as AD, several of which have been 
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linked to amyloid plaque accumulation and inflammatory pathways.78,79 Recent work 

has also shown depletion of piRNA in human tissues with ND-like phenotypes (namely 

the accumulation of tau protein) and increased TE expression.80 Outside of TEs, piRNA 

has also been shown to regulate the expression of CREB2, a major inhibitor of memory 

formation,81 and there is evidence of differential piRNA expression in the cortical tissue 

of individuals diagnosed with AD.82 Finally, DNA methylation and hydroxymethylation 

have been linked to ND risk as well.83 Hypomethylation of the APOE gene has been 

documented in several epidemiological cohorts of ND, increased expression of which is 

closely associated with AD.84,85  

Two gene classes that require finely tuned epigenetic regulation, both during 

early development as well as throughout life, are TEs and imprinted genes. As stated, 

TEs require consistent regulation to prevent deleterious effects to the genome, as has 

been documented in several neural models. In addition to this, aberrant DNAm of 

several TE classes has been implicated in ND risk, as individuals with AD, PD, and ALS 

have been shown to have differential methylation at these repetitive elements.86–88 

Additionally, imprinted genes are a class of interest with regard to neurodevelopment 

and ND risk. Imprinted genes are defined by their mono-allelic expression that is 

determined in a parent-of-origin manner, meaning that either the maternal or paternal 

allele is expressed in a given tissue or cell population, while the other is epigenetically 

repressed.89 Aberrant epigenetic patterns within several imprinted genes has been 

associated with several NDs.90,91 Continued work is needed evaluating whether 

aberrant epigenetic patterns that are established during early periods of development in 

such gene classes contribute to ND risk. 
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Experimental Design 

  The research in this dissertation utilizes mouse and cell models of 

developmental Pb exposure in order to 1) ascertain how early Pb exposure affects the 

epigenome in the developing brain and 2) elucidate possible mechanisms by which Pb 

exposure perturbs gene regulation during neural differentiation. Additionally, this 

dissertation employs a human tissue model to characterize the presence of piRNA in 

the soma, which will be important to future toxicoepigenomic studies assessing the 

impact of Pb exposure in various developing tissues, including the brain. An overview of 

these experimental aims can be found in Figure 1.1. 

Aim 1 

 The first aim of this dissertation examines the associations between perinatal Pb 

exposure and changes in DNAm throughout the genome in blood and cortex within a 

mouse model. Previous work has found perinatal Pb exposure in mice is associated 

with differential gene expression in several cell types within the brain during adulthood 

(>3 months of age).42,92,93 There is a growing body of work assessing the impact of Pb 

exposure on DNAm in this model system, and while notable associations have been 

detected, much of this work is either limited to males75 or uses gene-specific methods of 

DNAm quantification (i.e., pyrosequencing)76 to study individual genes or gene classes. 

To date, there is limited work exploring genome-wide associations between 

developmental Pb exposure and DNAm in males and females in the mouse model. This 

work is also one of few attempts to assess whether Pb-associated changes of DNAm in 

the brain are replicated in the blood. 
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 Animals were obtained from wild-type non-agouti a/a mice from an over 230-

generation colony of viable yellow agouti (Avy) mice, which are genetically invariant mice 

93% identical to the C57BL/6J strain.75 Virgin a/a females (6-8 weeks old) were 

randomly assigned to control or Pb-acetate water two weeks prior to mating with virgin 

a/a males (7-9 weeks old). The Pb concentration was set at 32 ppm to model human 

relevant perinatal exposure, where we have previously measured murine maternal BLLs 

of 16-60µg/dL (mean: 32.1µg/dL).94 Pb exposure continued through weaning at post-

natal day 21 (PND21) and offspring were maintained for 5 months, at which point blood 

and cortex tissue was collected from 1 male and 1 female per litter (n = 6 males and n = 

6 females per exposure group). Whole genome bisulfite sequencing (WGBS) was 

utilized to quantify changes in DNAm throughout the mouse genome in these tissues. 

 This study seeks to address several gaps in knowledge: 1) whether 

developmental Pb exposure is associated with altered DNAm in blood and cortex in 

adulthood, 2) if changes in DNAm are similar between these two tissues, 3) if there are 

sex-specific effects of Pb exposure on DNAm, and 4) whether there are certain gene 

classes that are particularly affected by Pb exposure and what implications this has for 

neurodevelopment. Based on available literature, we hypothesized that perinatal 

exposure to Pb would be largely associated with hypomethylated differentially 

methylated regions (DMRs) in both cortex and blood, and that there would be notable 

overlap in DNAm signatures between cortex and blood.  

Aim 2 

 There is ample in vitro evidence of the effects of Pb on neurons as well as 

neuronal support cells, such as microglia and astrocytes,95,96 which highlights significant 
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disruption of cellular metabolism, synaptic communication, and the balance of reactive 

oxygen species.95,97,98 Cellular models of Pb neurotoxicity have helped elucidate the 

mechanisms by which Pb disrupts normal processes. However, much of this work 

entails exposing cells only after they have fully developed, rather than modeling 

exposures that occur during the process of neural differentiation. The latter is much 

more reflective not only of human developmental exposures, which often occur during 

gestational as well as post-natal periods of development,35,99 but also of the exposure 

models we employ in vivo, wherein Pb exposure begins preconception and is sustained 

through gestation and lactation.75,76 Neural differentiation and development are long and 

complex processes, beginning in the early periods of gestation when neurulation and 

neural proliferation occur, followed by weeks of neural migration and synaptogenesis. 

These processes continue after birth, as neural networks are remodeled and 

myelinated.100,101 It is therefore pertinent that cellular models of neurotoxicity employ 

exposure paradigms that cover neurogenesis.  

 Aims 2 utilizes the SH-SY5Y neuroblastoma (5Y) cell model, which is a robust 

and tractable model of neural differentiation and produces dopaminergic-like neurons in 

18 days. This model is commonly employed in toxicological research given the 

extensive characterization of these cells throughout differentiation, making it efficient to 

measure deviations in this process.102 This model is also more likely to be used in 

studies characterizing the effects of toxicant exposures that occur during differentiation, 

rather than only before or after, likely due to their being a relatively hardy cell 

model.103,104 Given Pb’s ability to cross the blood brain barrier, we designed the dose 

range in this study to reflect various BLLs from the past fifty years. The lowest dose of 
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0.16µM is analogous to a BLL of 3.5µg/dL, the current actionable level set by the CDC, 

while the moderate dose of 1.26µM is reflective of BLLs seen in the 1960s and 70s, and 

therefore represents exposures that occurred in people who are now 55-65 years of age 

in the US. Finally, we included 10µM as our highest dose, as it represents an acute 

exposure and was also determined to be the maximum concentration these cells could 

tolerate.  

 Aim 2 assesses the impact of Pb exposure on morphological measures of 5Y 

differentiation. At multiple time points during differentiation, cells were fixed and stained 

with fluorescently tagged antibodies for imaging. Images were then analyzed using 

CellProfiler software, which quantified the intensity of markers of neural differentiation 

(β-tubulin III, GAP43, and MAP2), as well as the nucleus (Hoechst). The location and 

structure of these markers was further utilized in the characterization of neuronal 

morphology (i.e., cell size, degree of neuron branching, etc.). These measures taken 

together give us a good sense of how Pb exposure during differentiation affects cell 

health and morphology. This aim seeks assess 1) if Pb exposure during 5Y 

differentiation disrupts neural morphology in a dose-dependent manner, 2) whether 

exposure also alters the expression of classic markers of 5Y differentiation, and 3) if 

these effects are more pronounced during early or late stages of differentiation. We 

hypothesized that Pb exposure will significantly alter neural morphology (i.e., enlarged 

nuclei, reduced neuron branching) and will decrease the expression of signatures of 5Y 

differentiation in a dose-dependent manner, and that these effects will be more 

pronounced during later stages of differentiation (e.g., post-Day 12).  
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Aim 3 

Aim 3 examines associations between Pb exposure and LINE-1 epigenetic 

regulation and expression in differentiating neurons. Alongside the examination of how 

Pb exposure affects classic markers of neural differentiation and cell morphology in Aim 

2, we sought to employ this same exposure design with regard to LINE-1 elements. 

There is evidence to suggest that Pb exposure is associated with aberrant epigenetic 

regulation of LINE-1 elements, though much of this data comes from studies that 

evaluated this relationship in occupational and adult populations,105,106 and regardless of 

population, these studies typically have had access to blood samples.107,108 As such, the 

specific effects of developmental Pb exposure on LINE-1 in the brain cannot be 

ascertained based on the available literature alone. What this review of the literature 

does demonstrate is that, generally, Pb exposure is associated with hypomethylation of 

LINE-1 elements,109 and that, to our knowledge, there is no corresponding analysis of 

this relationship in a neural cell model. Given the documented associations between 

decreased LINE-1 methylation,110,111 as well as increased LINE-1 expression and 

retrotransposition,112,113 with ND risk, we sought to evaluate this relationship specifically 

in an in vitro model of neural differentiation.  

 Cells cultured and collected using the same experimental design, and Pb dose 

range, described in Aim 2 were used for genomic extractions to assess gene expression 

and DNAm of piRNA-related genes as well as LINE-1 TEs. Genomic extractions were 

performed every 3 days on cells differentiated in the presence of Pb. RNA was 

converted to cDNA, which was then utilized for gene expression analysis of PIWIL 

mRNA as well as that of LINE-1 regions (5’UTR and ORF2) via qRT-PCR. Genomic 
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DNA was bisulfite converted and DNAm of LINE-1 was measured via pyrosequencing. 

This aim seeks to assess 1) if Pb exposure alters the expression of PIWIL mRNA, 2) if 

this disruption is associated with concurrent changes in DNAm of LINE-1, and 3) if 

changes in LINE-1 DNAm status are accompanied by changes in LINE-1 mRNA 

expression. We hypothesized that Pb exposure will be associated with a decrease in 

PIWIL mRNA expression and of LINE-1 DNAm, and an increase in LINE-1 mRNA 

expression. 

Aim 4 

 The previous aims of this dissertation focus on the toxicological impacts of Pb 

exposure on epigenetic gene regulation during neurodevelopment and neural 

differentiation. This work explores changes in DNAm, LINE-1 regulation and expression, 

and begins to assess the impact of exposure on the piRNA system. Taken together, 

these experiments highlight a need for continued evaluation of the impact of toxicant 

exposure on the piRNA system in the developing brain and whether perturbations to this 

form of epigenetic regulation have consequences for LINE-1 regulation and ND risk.  

However, much of our understanding of the piRNA system comes from the 

germline, given its important role in gametogenesis where it ensures the regulation of 

TEs as well as coordinates the translation of mRNAs during spermatid formation.114,115 

Much of the limited toxicological work on piRNA also focuses on the germline, where 

differential piRNA expression has been observed with exposures like 

dichlorodiphenyltrichloroethane (DDT), vinclozolin, flame retardants, and endocrine 

drisruptors,116–119 but to date, limited work exists in somatic tissues or corresponding 

models.120 In order to adequately assess the impact of the environment on this system, 
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it is vital that a comprehensive description of its presence in various somatic tissues is 

completed. Previous work has characterized the expression of piRNA and PIWIL mRNA 

in somatic tissues of the adult mouse, wherein detectable expression was measured in 

several somatic tissues.65 Interestingly, relatively few detected piRNA found in the soma 

were also detected in the gonadal tissues, suggesting there may be independent 

functions of this class of ncRNA in the soma during adulthood.  

Aim 4 of this dissertation characterizes the expression of this system in human 

somatic tissues from an early developmental time point (gestational days 90-105), in an 

attempt to build upon the work begun in the mouse model. Brain, heart, lung, liver, 

kidney, and gonadal tissues were acquired from an NIH-funded biobank and processed 

for nucleic acid extraction. Total RNA was utilized in the analysis of PIWIL mRNA 

expression via qRT-PCR, whereas smRNA was further processed prior to smRNA 

sequencing. During their biogenesis, piRNAs acquire 2’-O-methylation at their 3’ end by 

the methyltransferase HEN1, which confers stability and is regarded as the mark of a 

mature piRNA.121 Treatment of smRNA with sodium periodate, which elicits a β-

elimination reaction and to which piRNA with this 2’O-methylation are resistant, enriches 

piRNA within the sample prior to sequencing.122 This approach will create a 

comprehensive profile of piRNA and PIWIL mRNA expression across these somatic 

tissue types and will address several gaps in knowledge, including: 1) whether the 

piRNA system is expressed in the soma during early human development and how this 

expression compares to the gonads, 2) whether the somatic tissues have unique 

profiles of piRNAs relative to the gonads, and 3) if there are sex-specific profiles of this 

expression. We hypothesized that the piRNA system will be expressed in the soma, but 



 17 

to a lesser degree than that seen in the gonads, and that piRNA transcript profiles will 

be unique between tissue types as well as between the sexes.  
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Figures 

 

Figure 1.1: Schematic of Dissertation Aims. Solid lines represent aims that assess all components under 
the bracket (e.g., Aim 3 measures changes in PIWIL expression as well as DNAm), whereas dotted lines 
represent aims that only assess the two components connected by the bracket (e.g., Aim 2 measures 
only Pb exposure and neural differentiation morphology, with no assessment of piRNA/PIWIL expression 
or DNAm). 
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Chapter 2  
Aim 1: Evaluation of Effects of Developmental Lead (Pb) Exposure on 

Epigenome-Wide DNA Methylation in Mouse Brain and Blood in Adulthood 
Identifies Tissue- and Sex-Specific Changes with Implications for Genomic 

Imprinting and Transposable Elements 
 

Abstract 

Maternal lead (Pb) exposure can cause adverse effects to neurodevelopment 

and cognition in offspring, and it is theorized that one avenue by which this relationship 

occurs is through perturbation to epigenetic mechanisms governing relevant gene 

classes. This study examines tissue- and sex-specific changes in DNA methylation 

(DNAm) associated with human-relevant Pb exposure during the perinatal period in 

cortex and blood tissue from a mouse model. Female mice were exposed to either 

32ppm Pb-acetate or control drinking water for two weeks prior to mating through 

offspring weaning. Whole genome bisulfite sequencing (WGBS) was utilized to examine 

DNAm changes in offspring cortex and blood at 5 months of age. Differentially 

methylated regions (DMRs) were identified using metilene and MethylSig. The genomic 

annotations and gene set enrichment of detected DMRs were determined using 

annotatr and chipenrich, respectively. The cortex contained the majority of DMRs 

detected (73%) across males and females with a limited number also detected in blood 

(5 in males and 7 in females). In both tissues, detected DMRs were preferentially found 

at genomic regions associated with gene expression regulation (e.g., CpG islands and 
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shores, 5’ UTRs, promoters, and exons). An analysis of GO terms associated with 

DMR-containing genes identified imprinting genes as a class of interest. Of these, Gnas 

and Grb10 contained DMRs in both tissues and sexes. Furthermore, DMRs were 

enriched in the imprinting control regions (ICRs) of Gnas and Gbr10. The Grb10 ICR 

provided evidence of DNAm signatures in a target tissue (cortex) being replicated in a 

surrogate tissue (blood), a pattern that was not seen to a significant degree in the total 

summation of all DMRs detected in this study, suggesting ICRs may be potential 

candidates in the utilization of DNAm changes as biomarkers. Given previous 

assessment from our group which has found Pb exposure to be associated with 

aberrant methylation of transposable elements, further evaluation of LINE-1 elements 

was also conducted and a number of LINE-1 DMRs were detected in the cortex of 

males (32) and females (46), the majority of which were hypomethylated (24 and 28, 

respectively). Conversely of trends seen at large, LINE-1 DMRs were typically found in 

non-regulatory regions, such as the open sea and introns. There were few LINE-1 

DMRs detected in blood, relative to the total detected, and none in blood were found to 

overlap with those in brain, suggesting this gene class may not be as suitable as others 

in providing surrogate measures of epigenetic changes in target tissues. Assessment of 

both gene classes highlighted in this study emphasizes the importance of considering 

the sex-specific effects of environmental exposures on epigenetic mechanisms.  

Introduction 

Developmental exposure to Pb has been extensively linked to adverse cognitive 

outcomes for decades,1 with major legislative action aimed at reducing Pb exposure 

enacted in the U.S. in the latter half of the 20th century.2 Despite this, Pb exposures 
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continue3 and so it is essential that we understand the mechanisms by which Pb 

exposure affects neurodevelopment, so that we might identify potential avenues for 

therapeutics.4 Continued research into this relationship is also useful from the 

perspective of identifying potential biomarkers of exposure so that we can be better 

prepared to make conclusions as to what effects Pb exposure has in difficult-to-study 

human tissues, such as the brain, when we are limited to surrogate tissues, such as 

blood.  

A substantial amount of neurotoxicological research on Pb highlights its effects 

on various neuronal cell populations and brain regions, which effectively demonstrates 

the functional impact of exposure.5–7 However, this work would be appropriately 

complimented by research that assesses the impact of Pb exposure on cell types and/or 

pathways that are present in and outside of the brain, so that a concrete biomarker of 

exposure that also has functional relevance might be ascertained. Many current 

biomarkers are used with the intention of concluding that Pb exposure has occurred, not 

necessarily that it has had a neurotoxicological effect,8 and there is a continued need for 

more sensitive markers that may also reflect the effects of exposure, particularly those 

that occur at environmentally relevant doses and can be detected in easily accessible 

tissues.  

One avenue by which developmental Pb exposure is thought to disrupt typical 

neurodevelopmental processes is through perturbations of epigenetic mechanisms.9 

Developmental exposures of many kinds can impact gene expression long-term through 

alterations to the epigenome, which in turn can have significant repercussions for health 

and disease.10,11 Epigenetics refers to mitotically heritable and potentially reversible 
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mechanisms modulating gene expression that are independent of the DNA sequence, 

with the most abundantly studied mechanism being DNA methylation (DNAm).12 DNAm 

entails the addition of a methyl group to the fifth position of a cytosine base (5mC) 

adjacent to a guanine base (CpG) by DNA methyltransferases (DNMTs).  Increased 

levels of 5mC within promoters and enhancers are typically associated with decreased 

transcription factor binding and subsequent changes in gene expression.13,14 Patterns of 

5mC undergo waves of reprogramming (i.e., global demethylation and re-methylation) 

during critical windows of development, such as gestation, making these periods 

potentially susceptible targets of developmental exposures.15  

Tight epigenetic regulation of several gene classes, such as imprinted genes and 

repetitive elements, is critical for proper growth and development.16–18 Imprinted genes 

can be expressed in a mono-allelic fashion, which is determined in a parent-of-origin 

manner.19 For instance, a paternally expressed gene will contain an active paternal 

allele and an inactive (methylated or imprinted) maternal allele. The DNAm patterns of 

imprinted genes expressed at specific developmental stages are important during 

growth and early development.20,21 Once DNAm patterns have been established for 

these genes, often within imprinting control regions (ICRs) in gametes, they are 

maintained through fertilization and the aforementioned extensive epigenetic 

reprogramming events.22,23 The specificity required to maintain patterns of genomic 

imprinting and re-establish DNAm in a parent-of-origin manner following waves of global 

demethylation make gestational periods ideal timeframes for studying the impact of 

environmental exposures as environmentally induced disruption of epigenetic processes 
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during gestation has been associated with changes in imprinted gene regulation and 

expression.24,25  

Transposable elements (TEs) are repetitive elements within our genomes that 

can propagate independently of the host genome.26 They are sequences of our DNA 

with the capacity to mobilize and reinsert themselves back into the genome, potentially 

to the detriment of genome stability.27 Generally, TEs are regarded as elements that 

require tight regulation, so as to not disrupt the integrity of the genome through induced 

genomic mutations (such as when a TE is reinserted into a protein coding region) or 

disruption to gene expression regulatory mechanisms (such as through the induction of 

chromatin modifications).27,28 This regulatory capacity is particularly important during 

early development and embryogenesis, wherein these forms of genomic disruption 

often have significant repercussions for rapidly differentiating and dividing cells.29 It 

should be noted that TEs can and do provide a benefit to their host genomes. Some 

retroviral TEs have been co-opted into gene expression regulatory networks, and early, 

regulated TE activity is associated with increasing genetic plasticity.30,31 While a certain 

degree of TE activity has been shown to be beneficial during developmental processes, 

as their activity contributes to cellular diversity, mobilization that exceeds normal levels 

is often associated with genome instability, cellular stress, and developmental 

dysfunction.29 LINE-1 is a class I family of TEs that make up roughly 17% and 18% of 

the human and mouse genomes, respectively, and their activation has been extensively 

studied with regard to its impact on genome integrity and cellular development, 

particularly within the developing brain.32  
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Pb has been previously associated with differential gene regulation and 

expression of both gene classes explored here (imprinted genes and LINE-1 TEs) in 

various organ systems and models. In vitro work has found aberrant DNA methylation 

and increased imprinted gene expression in kidney cells33, while in vivo models have 

demonstrated changes in imprinted gene regulation in the liver following gestational Pb 

exposure.34,35 This work is further complimented by epidemiological work which has 

quantified associations between maternal blood lead levels and imprinted gene DNAm 

in infants and children.36,37 Pb exposure has also been associated with altered 

regulation of LINE-1 elements in humans, including children and those occupationally 

exposed.38–40 There is additional, but limited, evidence from in vitro and in vivo models 

that exposure to various metals, including Pb, is associated with increased TE activity 

as well as with reduced TE regulation.41–43 

As a part of the Toxicant Exposures and Responses by Genomic and 

Epigenomic Regulators of Transcription (TaRGET II) Consortium, we utilized a mouse 

model of human-relevant perinatal Pb exposure to investigate genome-wide tissue- and 

sex- specific associations with changes in DNAm.44 Whole genome bisulfite sequencing 

(WGBS) quantified DNAm changes in blood (and easily accessible and therefore 

considered a “surrogate” tissue) as well as brain (a tissue often difficult to access, and 

therefore considered a “target” tissue) collected from male and female 5-month-old 

mice, with and without perinatal Pb exposure. We assessed whether perinatal Pb-

exposed mice displayed changes in DNAm across the genome and identified imprinted 

genes and TEs as relevant gene classes to this exposure. We additionally assessed 

whether DNAm patterns in the surrogate tissue (blood) correlated with those seen in the 
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target tissue (cortex), to determine if blood provides a viable signature of Pb-induced 

epigenetic changes in this target tissue, and how these patterns differed between males 

and females.  

Methods 

Animal Exposure Paradigm and Tissue Collection 

Mice were obtained from wild-type non-agouti a/a mice from an over 230-

generation colony of viable yellow agouti (Avy) mice, which are genetically invariant mice 

93% identical to the C57BL/6J strain.45 Virgin a/a females (6-8 weeks old) were 

randomly assigned to control or Pb-acetate water two weeks prior to mating with virgin 

a/a males (7-9 weeks old). Pb exposure was conducted ad libitum via distilled drinking 

water mixed with Pb-acetate. The Pb concentration was set at 32 ppm to model human 

relevant perinatal exposure, where we have previously measured murine maternal BLLs 

around 16-60µg/dL (mean: 32.1µg/dL).46 All animals were maintained on a 

phytoestrogen-free modified AIN-93 G diet (Td.95092, 7% corn oil diet, Harlan Teklad) 

while housed in polycarbonate-free cages. Animal exposure to Pb continued through 

gestation and lactation until weaning at post-natal day 21 (PND21), when pups were 

switched to Pb-free drinking water. In utero exposure, thus occurred in offspring 

throughout fetal development and the first three weeks after birth. Offspring were 

maintained until 5 months of age. This study included n = 6 males and n = 6 females for 

Pb-exposed and control groups, each containing 1 male and 1 female mouse per litter; 

and a final samples size of n = 48 once tissues (i.e., cortex and blood) were collected. 

Immediately following mouse euthanasia with CO2 asphyxiation, blood was collected 

through cardiac puncture, followed by dissection of the cortex, which was immediately 
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flash frozen in liquid nitrogen and stored at -80ºC. All mouse procedures were approved 

by the University of Michigan Institutional Animal Care and Use Committee (IACUC). All 

experiments were conducted according to experimental procedures outlined by the 

NIEHS TaRGET II Consortium.44  

DNA Extraction and Whole Genome Bisulfite Sequencing 

DNA extraction was performed using the AllPrep DNA/RNA/miRNA Universal Kit 

(Qiagen, Cat. #80224). Additional details about the animal exposures, blood collection, 

and blood DNA extraction can be found in previously published protocols.34 Genomic 

DNA (gDNA) was used in the preparation of WGBS libraries at the University of 

Michigan Epigenomics Core. gDNA was quantified using the Qubit BR dsDNA Kit 

(Fisher, Cat. #Q32850), and quality assessed using Agilent’s Genomic DNA 

Tapestation Kit (Agilent, Cat. #A63880). For each sample, 200 ng of gDNA was spiked 

with 0.5% of unmethylated lambda DNA and sheared using a Covaris S220 (10% duty 

factor, 140W peak incident power, 200 cycle/burst, 55s). A 2µL aliquot of processed 

gDNA was taken to assess shearing using an Agilent High Sensitivity D1000 Kit 

(Agilent, Cat. #G2991AA). Once shearing was assessed, the remaining gDNA was 

concentrated using a Qiagen PCR Purification column and processed for end-repair and 

A-tailing. Ligation of cytosine-methylated adapters was done overnight at 16ºC. 

Following this, ligation products were cleaned using AMPure XP Beads (Fisher, Cat. 

#NC9933872) before processing for bisulfite conversion using the Zymo EZ DNA 

Methylation Kit (Zymo, Cat. #D5001), and by amplifying the bisulfite converted products 

over 55 cycles of 95ºC for 30 seconds, followed by 55ºC for 15 minutes, according to 

the manufacturer’s guidelines. After cleanup of the bisulfite converted products, final 
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libraries were amplified over 10 cycles of PCR using KAPA Uracil+ Ready Mix (Fisher, 

Cat. #501965287) and NEB dual indexing primers. Final libraries were cleaned with 

AMPure XP Beads, concentration assessed using the Qubit BR dsDNA Kit and library 

size assessed on the Agilent High Quantification Kit (Fisher, Cat. #501965234). A total 

of 27 libraries were pooled together for sequencing on a NovaSeq6000 S4 200 cycle 

flow cell (PE-100) at the University of Michigan Advanced Genomics Core. Unless 

otherwise stated, all enzymes used in library generation were purchased from New 

England Biolabs. Adapters with universally methylated cytosines were synthesized by 

Integrated DNA Technologies (IDT).  

Data Processing, Quality Control, and Differential DNA Methylation Analysis 

FastQC47 (v0.11.5) and MultiQC48 (v1.8) were used to assess the quality of all 

sequenced samples. Sequencing adapters and low-quality bases were removed by 

Trim Galore49 (v0.4.5). After trimming, reads shorter than 20 bp were removed from 

further analysis. Bismark50 (v0.19.0) with bowtie 251 (v2.3.4) as backend alignment 

software were used for read alignment and methylation calling with Genome Reference 

Consortium Mouse Build 38 (mm10) as the reference genome. All alignments were 

performed with 0 mismatches and multi-seed length of 20 bp. The bisulfite conversion 

rates were calculated through the unmethylated lambda phage DNA. Metilene52 (v0.2.8) 

and R Bioconductor package methylSig53 (v1.4.0) were used to identify the differentially 

methylated regions (DMRs) independently. Any CpG sites with less than 10 reads or 

more than 500 reads were excluded from DMR detection. For methylSig, CpG sites that 

have reads covered in less than 4 samples within a treatment group were filtered out for 

DMR identification. Tiling windows were used with methylSig to identify DMRs, with a 
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window size of 100 bp. For metilene, DMRs were identified de novo with at least 5 

CpGs in a single DMR. For both methods, an FDR cutoff of < 0.05 and a DNAm 

difference of >5% were applied to select significant DMRs. Overlapping DMRs from 

methylSig and metilene were merged, then all DMRs were combined for downstream 

analysis. The combined DMRs that had the same directional change in DNAm (i.e., 

hyper- or hypomethylated) were merged as one DMR (Table 2.A1). The annotatr 

Bioconductor package54 was used to annotate all significant DMRs associated with 

genes and genomic locations, including CpG islands, CpG shores, CpG shelves, 

promoters, exons, introns, 5’ UTRs, 3’ UTRs, enhancers, and regions 1-5kb upstream of 

transcription start sites (TSSs). Random genomic regions were generated and 

annotated with annotatr for each tissue using the mm10 reference genome. These 

random regions were used as background information to show the distribution of the 

genomic annotation of the DMRs. An overview of the complete methods is illustrated in 

Figure 2.1. In addition, a minimum overlap cutoff ≥10bp was applied to identify 

overlapping DMRs between tissues, sexes, and exposures. As a secondary analysis, 

murine LINE-1 elements were annotated using the UCSC Genome Browser.55 Total 

detected DMRs were intersected with this annotation to curate a list of LINE-1 DMRs for 

use. As with the initial analysis, tiling windows were used with methylSig to identify 

DMRs, with a window size of 100 bp and an FDR cutoff of < 0.05 and a DNAm 

difference of >5% were applied to select significant DMRs. 

Geneset Enrichment Test 

R Bioconductor package Chipenrich56 (v2.16.0) was used to perform geneset 

enrichment testing of Gene Ontology (GO) terms enriched with significant DMRs. Eight 
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analyses were performed stratified by each tissue and sex (i.e., male cortex, male 

blood, female cortex, and female blood) with hyper- and hypomethylation determined in 

Pb versus control samples. Gene assignments were determined with the nearest_tss 

locus definition in the chipenrich function to find all three categories of ontology (i.e., 

Biological Process (BP), Cellular Component (CC), and Molecular Function (MF)). An 

FDR cutoff of < 0.05 was applied for selecting significantly enriched GO terms. GO 

terms containing fewer than 15 genes or more than 500 genes were removed from 

analysis.  

Mouse Imprinted Genes, Imprinting Control Regions and LINE-1 Elements 

DMRs were compared to mouse imprinted genes and imprinting control regions 

(ICRs). Imprinted genes used for this study were derived from Williamson et al.57 and 

Tucci et al.17, while ICRs were collected from Wang et al.58. The valr R package59 

(0.6.4) was used to identify overlapping regions between the DMRs and ICRs. A 

Binomial test was used to assess whether the DMRs were significantly enriched in ICRs 

or LINE-1 elements and an adjusted p-value < 0.05 cutoff was utilized for identifying 

significant results.  

Results 

Cortex and Blood Share Relatively Few DMRs in Pb-Exposed Mice 

Of the two tissues studied, the majority of DMRs were detected in the cortex (M = 

688, F = 746) compared to the blood (M = 243, F = 292) (Figure 2.2A). There was 

relatively little overlap between these two tissues compared to the total number of 

DMRs detected, with 5 common DMRs between cortex and blood in males, and 7 in 
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females (Figure 2.2B). We also assessed to what degree males and females shared 

DMRs in the same tissue and found 17 and 10 shared DMRs in the cortex and blood, 

respectively (Figure 2.2C). There was some similarity between tissues when 

quantifying the direction of DNAm changes. DMRs in male cortex and blood were 

largely hypomethylated (80% and 56%, respectively), while in females DMRs were 

more likely to be hypermethylated (48% in cortex and 71% in blood) when compared to 

their male counterparts (Figure 2.2D).  

Distribution of Differentially Methylation Regions Across Genomic Regions 

The DMRs detected in this study occurred in specific genomic regions to a 

greater degree than would have been expected by chance, given known patterns of 

CpG sites in the C57BL/6J genome. Detected DMRs correlated to CpG islands to a 

greater degree than would have been expected by chance (10.01-19.07% of all DMRs 

across sexes and tissues, compared to 0.12-0.23% at random). Several transcriptional 

regulatory regions demonstrated significant derivation from what would be expected by 

chance as well. In both blood and cortex and in both sexes, more DMRs were detected 

in 5’ UTRs than expected (4.03-8.79%, compared to 0.18-0.4% under a random 

distribution) as well as promoter regions (8.82-14.41% compared to 1.74-2.18% at 

random). Exons were another notable location of DMRs, constituting 14.36 -17.8% 

compared to 3.37-3.84% at random. Conversely, there were fewer DMRs detected in 

the open sea (11.02-20.15% in blood and 21.41-25.87% in cortex) than would have 

been expected by chance (54.83-58.09%) (Figure 2.3, Table 2.A2).   

Gene Ontology Terms Associated with Differentially Methylated Regions 
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DMRs were annotated using annotatr R Bioconductor package, and a summary 

of the overlap in DMR-containing genes across sexes and tissues can be found in 

Figure 2.A1. Chipenrich was used to perform geneset enrichment tests and Gene 

Ontology (GO) Resource was used to identify DMR-related GO terms. The number of 

DMR-containing genes associated with each GO result are summarized in Table 2.A3.  

Gene Ontology Biological Pathway (GOBP) terms were the most commonly 

associated class of terms with Pb-associated DMRs (212 DMR-containing genes across 

29 terms), and cortex had the greatest number of GOBP-related DMR-containing genes 

in both males (85) and females (106). DMR-associated GOBPs in female cortex were 

dominated by metabolic processes (35 out of 106 genes), whereas male cortex 

contained an abundance of DMR-containing genes related to gene expression 

regulation (e.g., DNA methylation or demethylation and miRNA silencing) (16 out of 85). 

The most common biological process associated with Pb exposure was genomic 

imprinting (GO:0071514), which appeared in male and female cortex samples, as well 

as male blood samples, and this was the only GO term to be returned in more than one 

tissue-sex category. In total, DMRs were detected in 17 genes associated with genetic 

imprinting in these tissues (Figure 2.4).  

DNA Methylation Changes at Imprinted Genomic Locations 

The appearance of imprinted genes in both tissues during pathway analysis 

(Figure 2.4) was motivation to take a closer look at the effects of Pb exposure on 

imprinted genes. When we examined this class of genes specifically, cortex and blood, 

in males and females, had detectable changes in DNAm within multiple imprinted genes 

(Figures 2.A2). A reference list of imprinted genes used in this analysis can be found in 
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Table 2.A4, and genes that did not contain a DMR in either tissue were omitted from 

the final figures. Cortex had the greatest number of DMRs as well as magnitude of 

methylation changes in assessed imprinted genes. 73 Pb-associated DMRs were 

detected in cortex in imprinted genes (46 in males and 27 in females, with magnitude 

changes of 5.03-23.77%) and 36 were detected in blood (16 in males and 20 in 

females, with magnitude changes of 5.04-20.1%). Blood from Pb-exposed females 

largely contained hypermethylated sites at imprinted genes at large (15/20 DMRs), 

while cortex from the same animals was largely hypomethylated in the same gene class 

(20/27 DMRs) (Table 2.A5).  

Two imprinted genes, Gnas and Grb10, contained a notable number of exposure 

associated DMRs throughout the span of each gene. A complete overview of these 

DMRs is summarized in Figure 2.5 and Table 2.A5. In the cortex, Gnas DMRs were 

largely hypomethylated in both females (3/4) and males (3/5), whereas in blood, DMRs 

within the Gnas locus were entirely hypermethylated in females (1/1) and 

hypomethylated in males (3/3). Gbr10 DMRs in the cortex were largely hypomethylated 

in females (2/3) and hypermethylated in males (2/3). Gbr10 DMRs detected in male 

blood were entirely hypermethylated (2/2), and there were no DMRs detected within this 

locus in female blood samples.  

Exposure-Associated Changes in Imprinting Control Regions 

Imprinted genes are regulated in part through imprinting control regions (ICRs), 

which are elements that regulate gene expression and subsequent functions of 

imprinted gene clusters. Changes in the DNAm status of these regions can impact the 

expression of imprinted and non-imprinted genes within a given cluster, thus magnifying 
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the regulatory effects of what would otherwise be a single-gene effect. Gnas contains 

two ICRs, the Gnas ICR and the Nespas ICR, while Grb10 contains one ICR. This 

analysis identified multiple DMRs within the ICRs of both Gnas (3 in ICR Nespas) and 

Grb10 (9 in ICR Grb10) across both tissues and sexes (Figure 2.6). A binomial test was 

conducted to assess whether exposure associated DMRs occurred in these ICRs to a 

greater degree than would have been expected by random chance. Both the Gnas and 

Grb10 ICRs contained more DMRs than would have been expected by chance and a 

summary of these findings can be found in Table 2.A6.  

In the Grb10 ICR, Pb exposure was largely associated with hypomethylation 

(2/3) in female cortex and hypermethylation (2/3) in male cortex. Similar patterns 

presented in Pb-exposed blood, wherein female samples were hypomethylated at this 

locus (1/1) while male samples were entirely hypermethylated (2/2) (Figure 2.6B and 

Table 2.A7), suggesting this ICR may be a viable candidate for a target-surrogate 

biomarker of Pb exposure with regard to the brain. In the Nespas ICR, Pb exposure was 

associated with hypermethylation in female cortex (1/1 DMR) and a mix of hyper- (1/2) 

and hypomethylation (1/2) in male cortex, with no DMRs detected within Gnas ICRs in 

female blood (Figure 2.6A and Table 2.A7). These patterns provided little evidence 

that Gnas ICRs were as strong of a biomarker candidate as that of Grb10.  

Exposure-Associated Changes in Methylation of LINE-1 Elements 

This analysis was further expanded to the DNAm of LINE-1 elements, as 

previous work from our group has found TEs are often hypomethylated following 

developmental Pb exposure, in both mouse models in the cortex as well as 

epidemiological cohorts which utilize blood measurements.39,43 There was a modest 
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difference in the total number of DMRs detected at LINE-1 regions between the two 

tissues studied, with 46 and 32 LINE-1 DMRs detected in female and male cortex, 

respectively, and 8 and 18 were found in the same gene class in female and male 

blood, respectively (Table 2.1).  

Given that LINE-1 elements make up roughly 18% of the murine genome, we 

would expect the percent of DMRs mapped to these elements in each sex and tissue 

combination to also be roughly 18%. We conducted a binomial test, with a p-value cut 

off of 0.05, to assess whether DMRs occurred in these elements to a greater degree 

than would have been expected given by chance. We used the total number of DMRs 

detected in the initial analysis in each sex and tissue (Figure 2.2) and added the 

number of LINE-1 DMRs to these totals to obtain the number of DMRs in this analysis. 

Surprisingly, we found fewer DMRs in LINE-1 elements in this sample set than expected 

by chance (p < 0.05) (Table 2.A8), with less than 10% of total DMRs detected in this 

study mapping to LINE-1 elements.  

Of the LINE-1 DMRs detected, there was no overlap detected between either 

cortex and blood of the same sex, nor between sexes within the same tissue type 

(Figure 2.7). Of those detected in female cortex, nearly two-thirds were hypomethylated 

(28/46, 61%), while three-quarters of LINE-1 DMRs in male cortex were hypomethylated 

(24/32, 75%). In the limited number of LINE-1 DMRs detected in blood, there was an 

even split among both females and males as to the proportion that were 

hypomethylated (9 in males and 4 in females) and hypermethylated (9 in males and 4 in 

females) (Table 2.1). 
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The annotation of LINE-1 DMRs revealed that, in both cortex and blood, as well 

as in both males and females, the majority of changes occurred within the open sea 

(CpG-inter regions) (Figure 2.8A and 2.8C). Within the cortex, there was a notable 

number of LINE-1 DMRs that fell within intron regions, in both males and females, and 

this pattern was replicated in male blood (Figure 2.8B and 2.8D). Overall, there were 

fewer DMRs within regulatory regions relative to the total, as was seen in this broader 

dataset. Magnitude changes in DNAm ranged from 5-45%, and maximum observed 

percent changes in methylation were slightly higher in blood samples (45% in males) 

compared to that of the cortex (35-36% in males and females). While the highest 

percent changes in DNAm in each sex and tissue represented hypermethylated sites, 

there were hypomethylated sites with percent methylation differences of 18-32% as 

well. A summary of this data is available in Table 2.A9. 

Discussion 

Toxicant exposures that occur during critical periods of development can have 

ramifications for health and well-being throughout the life-course.60 Perinatal Pb 

exposure has been linked to aberrant brain development and cognitive function at 

environmentally relevant doses,61 with substantial epidemiological evidence supported 

by growing toxicological work. With regard to epigenetic mechanisms governing gene 

expression, Pb has been associated with differential DNAm in human populations, most 

notably within blood samples.62–64 Concurrently, it is unknown if toxicant-induced 

changes in difficult to study organs, such as the brain, are reflected in more easily 

accessible (surrogate) tissues, such as blood. However, given that epigenetic 

reprogramming during embryogenesis precedes that of germ line differentiation, it 
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stands to reason that patterns of DNAm would be promising candidates for this 

association.65 It is therefore pertinent to examine how this potent neurodevelopmental 

toxicant affects epigenetic gene regulation (i.e., DNAm) in this target-surrogate tissue 

pairing in order to assess whether blood could be utilized as a biomarker of changes in 

the brain. 

Pb Exposure Associated with Sex- and Tissue-Specific General Changes in DNA 

Methylation. The majority of detected DMRs were located in the cortex (73%) and 

relatively few were also detected in the blood, for either sex (5/910 in males, 7/1027 in 

females). These results mirror that of other toxicological work that found limited overlap 

in DMRs (<7%) between blood and brain tissue following glucocorticoid exposure,66 

highlighting that general trends in exposure-associated DMRs in the blood may not be 

reflective of changes occurring in the brain. There was also relatively little overlap in Pb-

associated DMRs between the sexes in either tissue (1.2% of all DMRs detected in the 

cortex and 1.9% of those detected in blood) which parallels the existing literature which 

has routinely documented sex-specific changes in DNAm following environmental 

exposures.67,68 When considering the added complexity of whether the direction of 

changes in DNAm is consistent between the target-surrogate or male-female 

comparisons, there was also little similarity. There were no appreciable trends in 

common between the cortex and blood, or males and females, in terms of whether 

DMRs were more hyper- or hypomethylated (Figure 2.2). These results taken together 

suggest limited overlap in Pb-associated DNAm signatures, either between a target and 

surrogate tissue or the sexes, when examining broad trends in DMRs. While broad 

trends in exposure associated DMRs do not appear to qualify as robust biomarkers, it 
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may be that closer inspection of specific gene classes or genomic regions may provide 

stronger evidence of changes replicated in surrogate and target tissues.  

Exposure-Associated DMRs Occur to a Notable Degree in Imprinted Genes. An 

analysis of GO terms associated with DMR-containing genes identified genomic 

imprinting as a common category across cortex and blood (Figures 2.4). Imprinted 

genes are an important class with regard to early growth and development, and their 

epigenetically-controlled mono-allelic parent-of-origin nature of expression may confer 

particular susceptibility to the impacts of environmental exposures.25,36 Early disruption 

of imprinted gene expression and function can result in developmental disorders (e.g., 

Beckwith-Wiedmann syndrome and Silver-Russel syndrome),69,70 all of which have 

neurodevelopmental and/or cognitive components to their symptomology. The 

methylation status of imprinted genes is susceptible to environmental exposures, 

including Pb,33,34,43 during early development and epidemiological work has linked early 

Pb exposures to altered methylation in imprinted genes such as insulin-like growth 

factor 2 (IGF2) and maternally expressed gene 3 (MEG3).36 

Potential Functional Relevance of DNA Methylation Changes in Gnas and Grb10 

Regulatory Regions. Gnas encodes for the G-protein alpha-subunit protein, which 

contributes to signal transduction via cAMP generation,71 and its imprinting 

dysregulation has been associated with increased insulin sensitivity, neural tube 

defects, and hypothyroidism.72,73 The imprinted expression of Gnas is complex, as this 

gene gives rise to several maternal- and paternal-specific gene products, and these 

patterns of expression have been shown to be tissue-specific in mice and humans.74,75 

In this work, Gnas contained a mix of hyper- and hypomethylated DMRs in the cortex, 
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making the prediction of observed sustained effects at 5 months difficult to ascertain. 

However, given the importance of maintained imprinted expression of this locus and its 

various gene products in the brain, it is reasonable to expect that there may be 

functional relevance to the Pb-associated changes in DNAm reported here and that 

continued evaluation of the impact of these changes and any downstream physiological 

ramifications is warranted. Changes in DNAm within Gnas were much more uniform in 

the blood, where biallelic expression is considered to be the norm in adult mice.71 

Distinct differences in Gnas DMR direction appeared between the sexes in this study 

when focused on blood, with hypomethylation observed in males and hypermethylation 

in females (Figure 2.6). Previous work has documented differential methylation at Gnas 

following environmental exposures, though much of this work focuses on either dietary 

or disease states,76–78 and to our knowledge, this is one of few studies that has 

identified changes associated with a toxicant.34  

Grb10 encodes for an insulin receptor-binding protein involved in growth and 

insulin response and is imprinted in a tissue- and sometimes cell-specific manner. This 

is especially true during development as changes in Grb10 expression across time are 

tissue-specific. For example, Grb10 is thought to be biallelically expressed in much of 

the brain until adulthood when it becomes paternally expressed.81 There were several 

DMRs detected in Grb10 in Pb-exposed male and female cortex at the adult time point 

of 5 months in this study. Furthermore, Grb10 methylation appears to be cell-type 

specific during early brain development, with paternal expression in cortical neurons 

and maternal expression in glial cells.80 While this study was unable to assess cell-type 

specific changes in DNAm within the cortex, future single cell analyses could help 
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determine whether exposure-associated DMRs are specific to certain cellular 

populations.6 Pb exposure was associated with hypermethylation in male blood and 

hypomethylation in female blood. Grb10 is thought to be maternally expressed during 

early development and completely repressed during adulthood in blood,82 meaning that, 

at least in females, Pb exposure may be related to reactivation of this gene during an 

inappropriate time point. Future evaluation of the impact of Grb10 hypomethylation in 

blood during adulthood would contribute to our understanding of the potential functional 

impact of this change. 

Grb10 Provide Evidence of DNA Methylation Signatures in Target-Surrogate 

Tissue Pairs. ICRs are environmentally sensitive regulatory regions, and changes to 

their methylation status can have consequences for more than one imprinted gene 

product.83 The ICRs of both Gnas and Grb10 contained Pb-associated DMRs, with 

relatively more detected in the Grb10 ICR (9) compared to that of Gnas (3). The ICR of 

Grb10, but not Gnas, displayed some changes in DNAm that were replicated in both 

target and surrogate tissues, suggesting that this regulatory region may be of 

significance when attempting to identify DNAm-related biomarkers of exposure effects 

in difficult to access tissues. Pb exposure was associated with multiple hypermethylated 

DMRs in the Grb10 ICR within male cortex and blood samples, suggesting that, at least 

for this exposure, the Grb10 ICR may be a potential region to consider when exploring 

male-specific DNAm surrogate measures. At this same locus in females, there were 

hypomethylated DMRs in both cortex and blood, however female cortex displayed a 

much more even distribution of hyper- and hypomethylated DMRs compared to males, 
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suggesting that the correlation between these tissues in this sex may not be as strong 

as in males. 

Changes in LINE-1 Methylation Provide Little Evidence of Consistent Patterns 

Across Target-Surrogate Tissue Pairs. LINE-1 elements are a gene class with immense 

potential for their use in biomarker and target-surrogate research as they appear in the 

human genome as well as that of commonly used animal models.84 The mobility of 

LINE-1 elements also has significant relevance to the risk of neurodegenerative 

disease, as increased mobility has been associated with neural cell death and physical 

symptoms including ataxia.85 Additionally, LINE-1 hypomethylation has been 

documented in several epidemiological populations with neurodegenerative diseases 

including Alzheimer’s disease, and it is suspected that this relationship arises from 

LINE-1-induced DNA damage and a depletion of neurons in certain regions of the brain, 

leading to these health outcomes.86 Surprisingly, we found significantly fewer DMRs 

within LINE-1 elements than we would have expected based on chance. This may 

reflect the fact that there are a multitude of regulatory mechanisms working in concert to 

keep these repetitive elements repressed, including repressive histone marks and 

heterochromatin conformations, in addition to DNAm.87,88The results in this study are 

limited to that of Pb-induced changes in DNAm, and further assessment of exposure 

related changes on these other LINE-1 regulatory mechanisms may provide insight as 

to why we saw fewer changes in this gene class than expected. 

This work found no concrete similarities between LINE-1 DMR signatures 

between males or females, either in terms of general trends in DMR number and 

direction, or with regard to specific DMR overlap. Generally, significantly more DMRs 
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were detected in the cortex of Pb-exposed mice relative to those discovered in blood, 

and this held true for both sexes. In males, the majority of DMRs in the cortex were 

hypomethylated (75%) and this proportion was slightly lower in females (61%), which 

may suggest sex-specific effects of Pb exposure on LINE-1 regulation. The almost even 

distribution in hyper- and hypomethylated DMRs in female cortex may mean there are 

negligible effects on neurodevelopment in this sex, especially when one considers that 

only a very small number of those that were hypomethylated were annotated to gene 

expression regulatory regions, such as enhancers and promoters. There were no 

overlapping LINE-1 DMRs detected within the cortex and blood in either males or 

females. Furthermore, there was no overlap in specific DMRs between males and 

females.  

Limitations 

DNAm patterns vary across cell types within a given tissue.6,89 This study was 

unable to account for cell type and therefore, changes in DNAm as the result of Pb 

exposure may be due to exposure-induced changes in cell type proportions or changes 

in a specific cell type that drove observed trends.90 Additionally, we were not able to 

evaluate changes in hydroxymethylation (5hmC) in these samples. This study was 

conducted using bisulfite conversion, which accounts for both 5mC and 5hmC, and the 

resulting data is unable to differentiate between these two signatures.91 This epigenetic 

modification is particularly relevant to the brain, and it would be pertinent to include in 

future studies of this nature.92 Imprinted genes are typically 50% methylated (accounting 

for mono-allelic expression or repression), and this data represents DNAm averages for 

both alleles.93 Any allele-specific changes in gene regulation by Pb could not be 
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detected. It is also worth noting that the approach used in assessing the statistical 

significance of DMRs detected in LINE-1 regions does not account for reads that were 

unused due to multimapping, and future work would do well to examine the proportion 

of mapped reads that map to LINE-1 elements, as opposed to utilizing only the DMR 

data. A final limitation is the use of a relatively small sample size, and the assessment 

of the effects of only one dose at one timepoint.  

Conclusion 

This study systematically evaluated changes in DNAm in cortex and blood from 

mice at 5 months of age following developmental exposure to Pb. Pb-specific DNAm 

changes were observed via DMRs, with limited similarity in general DMR patterns seen 

between cortex and blood, or males and females. Genomic imprinting was impacted by 

Pb exposure, as determined by GO term analysis, and imprinted genes Gnas and 

Grb10 indicated changes in DNAm at their respective DMRs. The Grb10 ICR provided 

novel evidence of specific DMR signatures that were replicated between a target 

(cortex) and surrogate (blood) tissue and should be validated as well as expanded to 

other exposure types in future work. LINE-1 DMRs demonstrated no similarities 

between the tissue studied and is likely a less viable candidate for this paradigm.  

While previous work has explored the relationships between Pb exposure and 

LINE-1 methylation in blood as well as brain, to our knowledge this is the first study to 

assess this in both tissues simultaneously and is therefore the first to identify specific 

gene classes (i.e., imprinted genes) that may carry signatures of Pb exposure in both 

tissues from the same animal. Environmental epidemiology as a field bears an 

incredible burden of attempting to measure the effects of toxicant exposures while often 
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limited to the use of surrogate tissue types, limiting what conclusions can be drawn. 

Toxicological work such as this has a unique opportunity to support this endeavor by 

exploring whether there is similarity in toxicant response between surrogate tissues and 

those that are inaccessible in epidemiological work but are also often the locations of 

the functional impacts of such exposures. These experiments identified one such loci 

with potential (Grb10 ICR), but it remains to be seen if additional gene classes hold 

such promise or if this relationship is applicable to other exposure types.  
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Figures and Tables 

 

Figure 2.1: Overview of Experimental Workflow. F0 generation females (6-8 weeks of age) were exposed 
to 32 ppm Pb or control drinking water, beginning two weeks prior to mating using virgin males (8-10 
weeks of age). Exposure to Pb or control water continued through gestation and weaning, when F1 mice 
were removed from the dams and placed on control water. At 5 months of age, F1 mice were sacrificed, 
and genomic DNA was extracted from cortex and blood tissues. DNA was used to prepare libraries for 
Whole Genome Bisulfite Sequencing (WGBS) Following initial data processing, Differentially Methylated 
Regions (DMRs) were called using MethylSig and metilene. 

 

 

Figure 2.2: Summary of Detected Differentially Methylated Regions. Differentially Methylated Regions 
(DMRs) were categorized by tissue (cortex, blood) and sex (M: male, F: female) (2.2A), and DMRs 
detected in more than one tissue type were further categorized by sex (2.2B). DMRs shared by both 
sexes were quantified and broken down by tissue type (2.2C). The proportion of DMR directional changes 
were generally summarized for each tissue-sex combination, designated by hyper (more methylated in 
exposed) or hypo (less methylated in exposed), in comparison to controls (2.2D). 
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Figure 2.3: Genomic Regions of Detected Differentially Methylated Regions. Differentially Methylated 
Regions (DMRs) were mapped to the mouse reference genome (mm10) and their genomic region 
annotated as percentage of total DMRs (comparing control and exposed samples) for that sex and 
exposure within each tissue. This distribution was compared to what would be expected in a random 
distribution. 
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Figure 2.4: GO-terms Associated with Differentially Methylated Region-Containing Genes. Differentially 
Methylated Region-containing genes found in Pb-exposed tissues were submitted for Gene Ontology 
(GO) term analysis across three categories: Biological Process (GOBP), Cellular Component (GOCC), 
and Molecular Function (GOMF). 
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Figure 2.5: Genomic Location and Direction of Lead-Associated Differentially Methylated Regions in the 
Gnas and Grb10 Loci. Differentially Methylated Regions (DMRs) detected in the Gnas and Grb10 were 
classified as to their genomic location within each gene. Percent change in methylation is denoted by size 
and direction of methylation change by color (red = hypermethylation among Pb samples, green = among 
hypomethylation among Pb samples). 

 

 

Figure 2.6: Differentially Methylated Regions Detected within Gnas and Grb10 Imprinting Control 
Regions. (A) Differentially Methylated Regions (DMRs) overlap with Gnas. (B) DMRs overlap with Grb10. 
DMRs only represents the related genomic locations corresponding to the genomic coordinates of ICRs. 
The genomic coordinates of these DMRs can be found in Table 2.A5. 
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Figure 2.7: Overlap of Differentially Methylated Regions in LINE-1 Elements. Differentially methylated 
regions were identified in LINE-1 elements and overlap between sexes and tissues quantified using 
GenomicRanges (v 4.2). 

 

 

Figure 2.8: Genomic Regions of Detected Differentially Methylated Regions in LINE-1 Elements. 
Differentially Methylated Regions (DMRs) within LINE-1 elements were mapped to the mouse reference 
genome (mm10) and their genomic region annotated. Percent methylation changes for each DMR are 
reported here for each sex and tissue.  
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Figure 2.9: Summary of Differentially Methylated Regions that Intersect with LINE-1 Elements. 
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Appendix 

Sex Tissue 
Method Overlap 

DMRs 

After merge 

DMRs MethylSig Metilene 

Male 
Blood 93 153 3 243 

Cortex 220 500 32 688 

Female 
Blood 58 241 7 292 

Cortex 209 567 31 746 

Table 2.A1: Summary of Differentially Methylated Regions Detected by metilene and methylsig. 

Table 2.A2: Summary of Differentially Methylated Region Annotation within the Mouse Genome. 

 

 

Figure 2.A1: Differentially Methylated Region-Containing Genes Shared Between Tissues. 

Table 2.A3: Summary of GO-Terms Associated with Detected Differentially Methylated Regions. 
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Figure 2.A2: Differentially Methylated Region Containing Imprinted Genes in Male (A) and Female (B) 
Tissues. 

Table 2.A4: Reference List of Imprinted Genes. Type refers to mode of imprinting, either paternal (P) or 
maternal (M).  

Table 2.A5: Summary of Differentially Methylated Regions Detected in Imprinted Genes. 

Table 2.A6: Summary of Binomial Test Examining whether Differentially Methylated Regions Occur in 
Imprinting Control Regions to a Significant Degree. 

Table 2.A7: Summary of Differentially Methylated Regions Detected within Imprinting Control Regions. 

 

Table 2.A8: Summary of Bionomial Test Examining Differentially Methylated Regions in LINE-1 Elements. 

Table 2.A9: Summary of LINE-1 Differentially Methylated Regions.  
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Chapter 3  
Aim 2: Morphological Effects of Environmentally Relevant Lead (Pb) Exposure in 

Differentiating SH-SY5Y-Derived Dopaminergic-Like Neurons 
 

Abstract 

 Neural stem cells (NSCs) are important sources of neurons involved in learning 

and memory not only during early development, but also throughout the life. 

Perturbation of these cell populations has been heavily documented with regard to 

neurodegenerative disease (ND) risk, and developmental origins of NSC decline are 

associated with earlier onset and more rapid ND progression. NSCs are impacted 

significantly by environmental exposures, with associated outcomes such as 

dysregulated proliferation, oxidative stress and mitochondrial dysfunction, and 

increased rates of apoptosis regularly documented. The majority of toxicological work 

on NSCs execute an exposure paradigm wherein exposure happens before and/or after 

cellular differentiation, as ESC-derived NSCs are difficult to maintain in culture, 

especially in the presence of dual stressors such as differentiation and a toxicant. This 

means much of this research misses out on documenting the effects of real-world 

exposure scenarios, ones in which exposure continues throughout this developmental 

process. This aim employs the SH-SY5Y neuroblastoma cell model as a robust model 

of neural differentiation in order to assess the impact of environmentally relevant Pb 

exposure on cellular morphology and neural differentiation. During early differentiation, 
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1.26µM Pb exposure was associated with elevated cellular markers of neural 

differentiation (GAP43, and MAP2). By late differentiation, the expression of these 

markers (β-tubulin III and GAP43) decreased with 1.26µM and 10µM Pb exposure, 

along with measures of neuron branching, indicating exposure perturbed the formation 

of terminal neurons. Benchmark dose analysis revealed changes in cellular response to 

Pb, with cells in later stages of differentiation less equipped to efficiently differentiate in 

the presence of low to moderate Pb exposure, compared to those of earlier time points. 

This work is one of relatively few examining the effects of Pb exposure during the 

course of differentiation and reveals time point-specific effects that may contribute to our 

understanding of how developmental exposures alter the risks of adverse 

neurodevelopmental outcomes.  

Introduction 

 Neural stem cells (NSCs) are multipotent cells that give rise to neurons and glial 

cells beginning in fetal development.1 Prior to this, stem cells in what will eventually 

develop into the brain in the embryo are much more pluripotent in nature, beginning with 

embryonic stem cells (ESCs) and neuroepithelial progenitors (NEPs). As fetal 

development begins in earnest, NEPs give rise to specific populations of NSCs in 

various regions of the brain.2 Each of these populations have some capacity for self-

renewal and thus, can differentiate into neurons and support cells specific for that brain 

region not only during development but also, in the case of a few regions, into 

adulthood.3,4 In adulthood, these NSCs are largely located in the subventricular zone 

(SVZ) and subgranular zone (SGZ), which are positioned in the outer wall of the lateral 

ventricle and the hippocampus, respectively. NSCs of the SVZ largely give rise to 
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neurons that will eventually migrate to the olfactory bulb, whereas those of the SGZ will 

differentiate into excitatory (dopaminergic) neurons that are involved in learning and 

memory as well as motor function.5 It is these latter cells of the SGZ that are of 

particular interest with regard to neurodegenerative disease (ND) risk, as a significant 

reduction in their proliferation and neurogenesis has been observed in individuals 

diagnosed with NDs such as Alzheimer’s (AD) and Parkinson’s disease (PD).6–8 

Truly multipotent NSCs derived from ESCs are difficult to culture in a laboratory 

setting. Their sensitivity to nutrient balance and their environment increases the 

incidence of spontaneous differentiation into non-target cell types as well as the risk of 

cell death if conditions are not properly calibrated.9–11 This is even more true when it 

comes to differentiating these cells into a terminal cell type, as this process is taxing on 

its own, making cells increasingly sensitive to the factors mentioned here.12 For this 

reason, much of the available literature on Pb exposure and NSCs focuses on exposure 

paradigms that are limited to either the pre- or post-differentiation period, allowing cells 

to differentiate in the absence of a toxicant exposure.13 However, this experimental 

design limits our ability to assess the effects of a real-world scenario, one in which 

exposure happens prior to, during, and after NSC differentiation. Here, we employ the 

SH-SY5Y (5Y) cell model, a robust and tractable model of neural differentiation in order 

to quantify changes that occur while both stressors occur simultaneously. 

NSCs are environmentally sensitive, both during development as well as in 

adulthood. In vivo work demonstrates a relationship between maternal exposures to 

high fat diet and anesthetics during gestation and reduced NSC populations and 

neurogenesis in offspring.14,15 Developmental origins of compromised NSCs within the 
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SGZ may contribute to ND risk later in life, as a reduction in these cellular populations 

may be permanent and would likely accelerate the rate at which ND develops, due to 

inadequate neurogenesis in this region.16 Several studies have identified relationships 

between environmentally relevant Pb exposure and differential expression of genes 

involved in neurodevelopment and ND in NSCs.17,18 Additional work has found NSC 

exposure to Pb is associated with abnormal cell morphology, as well as aberrant 

patterns of cellular apoptosis and proliferation.19,20 While assessment of gene 

expression regulation and morphological changes in NSCs exposed to Pb during 

differentiation has been done, there is little research exploring these two outcomes in 

the same cells, which prevents any assessment of correlations between these two 

outcome categories. As such, this dissertation examines the effects of Pb exposure 

during SH-SY5Y differentiation on cellular morphology and differentiation success, as 

well as on mechanistic pathways related to epigenetic gene regulation in Chapters 3 

and 4, respectively. 

This aim attempts to assess the impact of environmentally relevant doses of Pb 

on the morphology of differentiating 5Ys. 5Ys are an NSC-like stem cell model derived 

from a neuroblastoma cell line (SK-N-SH) and are commonly used as a robust and 

tractable model of neural differentiation into dopaminergic-like neurons. At multiple time 

points during 5Y differentiation, cells were fixed and stained with fluorescently labeled
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antibodies of markers of neural differentiation. Images of these cells were further 

quantified to assess changes in differentiation success as well as cellular morphology.   

Methods 

Cell Culture and Exposure Conditions 

 5Y cells were obtained from ATCC (Cat. #CRL-2266) at passage 28 (P28) and 

were stored in liquid nitrogen upon arrival. According to manufacturer 

recommendations, maintenance of 5Ys should not exceed 10-15 passages, and thus, 

cells were not used past P40. Cells were expanded according to manufacturer protocols 

in a mixture of EMEM (ATCC, Cat. #30-2003), F-12 (Thermo, Cat. #11765-054), 

antibiotics (Thermo, Cat. #15140-122), and 10% heat-inactivated fetal bovine serum 

(hiFBS) (Thermo, Cat. #A3840001). P39 5Ys were differentiated into dopaminergic-like 

neurons according to previously published protocols.21 Briefly, beginning on Day 0 (D0), 

cells were seeded at 10,000 cells per well of a 24 well plate and allowed to attach 

overnight. Once attached, cells were maintained for one week in serum-deprivation 

conditions (2.5% hiFBS) and 10µM retinoic acid (RA) (Sigma, Cat. # R2625). After one 

week, on D7, cells were split 1:1 onto new 24 well plates and maintained for a further 

three days in 1% hiFBS and 10µM RA. Cells were split once again 1:1 on D10 onto 

extracellular matrix (ECM)-coated plates and maintained in hiFBS-free media containing 

Neurobasal Medium (Thermo, Cat. #21103049), brain-derived neurotrophic factor 

(BDNF) (Thermo, Cat. #10908-010), and dibutyryl cyclic-AMP (db-cAMP) (Fisher, Cat. 

#16980-89-5). A full description of media conditions and differentiation protocol can be 

found in Table 3.A1 and Figure 3.1. Cells were considered fully differentiated on D18. 
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 Beginning on D5, 5Ys were exposed to a range of Pb acetate (hence forth 

referred to as Pb) (Sigma, Cat. # 316512) concentrations via cell culture media. 

Exposure did not begin until D5 in order to give 5Ys the opportunity to begin 

differentiating in the absence of any additional stressors, but once introduced, Pb 

exposure continued for the duration of 5Y differentiation. Exposure conditions included 

0µM Pb (control), 0.16µM Pb, 1.26µM Pb, and 10µM Pb. These exposure conditions are 

thought to reflect current and historical exposures, wherein 0.16µM corresponds to the 

current actionable blood lead level (BLL) set by the CDC (3.5µg/dL), 1.26µM 

corresponds to BLLs common in the US prior to the phase out of leaded-gasoline and 

Pb-based paint in the 1970s (16-30µg/dL), and 10µM corresponds to an acute exposure 

event that would occur in limited circumstance in the U.S. today, but does still occur 

elsewhere in the world.22 The 10 µM dose was also determined to be the highest 

exposure the cells could handle while still differentiating in preliminary experiments. 

Fresh Pb was added to the cells with each media change (i.e., every 2-3 days).  

Immunofluorescence and Imaging  

Immunofluorescence (IF) of β-tubulin III, GAP43, and MAP2 were quantified on 

D6, D12, D15, and D18. D9 was omitted as a time point due to it falling between the two 

steps in which the cells were split 1:1 into new environments. Cells on D9 were 

precariously attached to the bottom of the plates and so, many were inevitably lost 

during the fixation step, limiting our ability to effectively stain and image them. Fixing 

and staining cells resumed on Day 12, as this was 48 hours following the final split and 

cells had largely recovered from these steps.  
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Cells were fixed with 4% paraformaldehyde (PFA) solution (Thermo, Cat. 

#AA433689M) and incubated at room temperature for 20 minutes. PFA was removed 

and cells were rinsed once with 1% solution of Tween 20 (Thermo, Cat. #85113) diluted 

in PBS (pH 7.4) (Thermo, Cat. #10010023). Cells were then permeabilized with a 1% 

solution of Triton-X (Thermo, Cat. #85111), incubated at room temperature for 15 

minutes. After incubation, Triton-X solution was removed, and cells were rinsed twice 

with the 1% Tween-PBS solution. Primary staining consisted of Hoechst 33342 

(Hoechst, 1:2000) (Thermo, Cat. #H3570), anti-β-tubulin III (mouse, 1:150) conjugate 

antibody (eFluor660) (Thermo, Cat. #50-4510-82), anti-GAP43 (rabbit, 1:200) antibody 

(Abcam, Cat. #ab75810), and anti-MAP2 (chicken, 1:500) antibody (Thermo, Cat. 

#PA1-10005) in normal goat serum (NGS) (Thermo, Cat. #50062Z). A full description of 

staining conditions can be found in Table 3.A2.  β-tubulin III, GAP43, and MAP2 were 

selected for use in these experiments due to their prior use and validation in the 

assessment of 5Y-derived neurons.21,23 Hoechst binds to AT-rich regions of double 

stranded DNA, thus providing a reliable visual of the nucleus.24 β-tubulin localizes to the 

axonal growth throughout the course of differentiation, whereas GAP43 and MAP2 

localize to cell body-adjacent axonal and dendritic growth, respectively, and begin to 

appear around D6 of differentiation.25–27 Primary stain was applied to cells and left to 

incubate at room temperature in the dark for 1 hour. Following this, primary stain was 

removed, and cells were rinsed three times with the 1% Tween-PBS solution. 

Secondary staining consisted of anti-rabbit (1:333, Alexa Fluor 488) antibody (Abcam, 

Cat. #150077) and anti-chicken (1:1000, Alexa Fluor 568) antibody (Thermo, Cat. 

#A11041).  The secondary stain solution was added to cells and allowed to incubate for 



 

 84 

one hour in the dark at room temperature. Secondary stain was removed, and cells 

were rinsed three times with 1% Tween-PBS solution. Stained cells were stored in 1% 

Tween-PBS at 4°C until imaging.  

 Cells were imaged using the Yokogawa CellVoyager CV8000 High-Content 

Screening System and CellVoyager CQ1 Benchtop High-Content Analysis System. 

Acquired images were processed, quality controlled, and analyzed using CellProfiler 

(v.4.2.1) and CellProfiler Analyst (v.3.0.4) software. Images were loaded into CellProfiler 

along with metadata and underwent quality control and processing, including 

illumination correction. Primary objects were defined as nuclei (quantified using 

Hoechst/DAPI) and soma (quantified using the GAP43/488). Once primary objects had 

been identified, they were used as an anchor point for identifying secondary objects, 

these being the axon/dendritic projections from each cell. These were quantified using 

β-tubulin III/660. Once secondary objects were identified, they were converted to 

images which represented the morphological skeleton that could be quantified. An 

overview of the Cell Profiler pipeline as well as representative images from each step 

are illustrated in Figure 3.A1. 

Benchmark Dose Analysis 

 Benchmark doses and best fit benchmark dose models were identified according 

to best practices for dose-response modeling using BMDExpress v.3.0., a free software 

package available through NIEHS, the EPA, Health Canada, and Sciome28,29. Original, 

untransformed data for each time point was uploaded and prefiltered step using a One-

Way ANOVA, with significance accepted at p < 0.05 to identify measures with significant 

increasing or decreasing concentration response. Filtered data were modeled in 



 

 85 

BMDExpress with exponential (2, 3, 4, 5), linear, polynomial (2º, 3º, 4º), hill, and power, 

and the best fit model was chosen based on the lowest Akaike information criteria (AIC). 

The Benchmark Response (BMR) type was set to 1 standard deviation relative to 

control with a confidence level of 0.95. Best fit models were chosen for each measure 

using nested chi square. Hill models were flagged if its ‘k’ parameter was 1/3 of the 

lowest possible dose. BMDs initially provided in μM were converted to μg/dL to facilitate 

comparisons to BLLs using a standard conversion and the molecular weight of Pb 

(μg/dL = (μM * 207.2g/mol)/(10dL/L). 

Statistical Analysis  

 Six replicates for each exposure condition (n = 4) at each time point (n = 4) were 

included in each analysis. Replicates refer to wells of a 24-well plate, in which each row 

of 6 wells corresponds to one dose condition, and one 24-well plate corresponds to one 

time point. Average values for each measure of each replicate were obtained by taking 

the mean value per object and aggregating that data by replicate, thus data represents 

the median value for a given measure across a given well. Data are represented 

graphically as boxplots, with the median and mean indicated in the box as a horizontal 

line and dot, respectively, using ggplot2.30 The size of the box represents the 

interquartile range (IQR), with the 25th and 75th percentile indicated by the lower and 

upper limits, respectively. The lines extending above and below these plots represent 

measures that fall within 1.5 times the IQR in either direction, and values that fall 

beyond these points are those that lie outside of this limit and are represented by dots. 

Comparisons between each experimental group and control was performed using a 
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two-sided t-test in R (v.4.1.2). Statistical significance was accepted with p < 0.05 and is 

designated in figures as * p < 0.05, ** p< 0.01, *** p < 0.005, **** p < 0.001. 

Results 

Lead Exposure Associated with Changes in Cell Number and Structural Changes  

Cell number was totaled for each image and the number of cells per image was 

averaged across each well (n = 6 per exposure condition). There was a marked 

decrease in the number of cells per well (and image) for the control, 0.16µM Pb, and 

1.26µM Pb exposure groups, on Days 12-18, as the splitting steps are harsh for all cells 

and only a subset survive the process. Prior to D12, the number of cells per image 

averaged between 118 and 140 cells, whereas on D12, this was reduced to between 17 

and 88 cells per image. As differentiation progressed through D15 and D18, cell number 

recovered across control, 0.16µM, and 1.26µM conditions as cells recovered from the 

splitting process (average cells per image = 31-86) (Table 3.1).   

Control cells appeared to recover from passaging steps more efficiently than 

exposed cells, with notable presence of axonal networks on D15 while exposed cells 

had much more truncated projections at this same time point (Figure 3.2C). By D18, 

control cells as well as those exposed to 0.16µM and 1.26µM Pb had developed 

extensive axonal networks, however those of the control cells were much more refined, 

with several processes per cell extending out and connecting with those of several 

neighboring cells. 0.16µM and 1.26µM Pb exposed cells on the other hand had axonal 

networks that were much more dysregulated in appearance. These projections were 

much more tangled and matted, suggesting their development was significantly 

perturbed by Pb exposure (Figure 3.2D). The combination of 10µM Pb exposure and 
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differentiation proved to be quite toxic to the 5Y cells, and the vast majority did not 

recover following the two passaging steps. These wells were largely void of any healthy 

cells, with the occasional nucleus detected, but no identifiable axonal projections from 

any cells and additional results from this group should be interpreted with caution.  

Lead Exposure Associated with Alterations in β-Tubulin III, GAP43, and MAP2 

Expression in Differentiating SH-SY5Y Cells 

D6 corresponded to 24 hours after Pb exposure was introduced and was also 5 

days into RA exposure, which resulted in cells that had begun to take on a neuronal 

phenotype (i.e., longer projections, more oblong cell bodies) (Figure 3.2). There were 

no detectable changes in Hoechst signal or β-tubulin III expression, though the 10 µM 

Pb exposed cells did display significantly more variation in these two markers (Figure 

3.3A-B). Expression of the two 5Y differentiation-specific markers, GAP43 and MAP2, 

were significantly less than that of the control cells on D6 with 0.16µM Pb exposure (p < 

0.01). Interestingly, there were no detectable differences in GAP43 expression in the 

1.26µM and 10µM Pb conditions, and MAP2 expression was actually greater than that 

of the control cells in the 1.26µM Pb group (p < 0.01). There was no detectable 

difference in MAP2 expression in the 10µM Pb group (Figure 3.3C-D). 

D12 corresponds to 48 hours after the last passage in the 5Y differentiation 

protocol, thus marks a period of significant recovery for cells. It also corresponds to 24 

hours after terminal differentiation factors have been added to 5Y media (e.g., 

neurobasal, BDNF, db-cAMP) and marks the beginning of the last week of 

differentiation, when the cells begin to take on their terminal form. On D12, there were 

no significant changes in Hoechst signal at the 0.16µM or 1.26µM Pb doses, relative to 
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control, but expression within the 10µM Pb condition was notably less than that of the 

control cells (p < 0.005) (Figure 3.4A). The remaining IF markers demonstrated similar 

patterns in expression, wherein the low or medium Pb doses resulted in greater 

expression relative to control, whereas the 10µM Pb condition resulted in much less 

expression. β-tubulin III expression was significantly increased in the 0.16µM Pb cells (p 

< 0.05) and decreased in the 10µM Pb cells (p < 0.005) (Figure 3.4B). GAP43 and 

MAP2 both had greater expression relative to control cells in the 1.26µM Pb condition (p 

< 0.01 and p < 0.005, respectively), whereas both were lowly expressed in the 10µM Pb 

condition (GAP43 p < 0.001, MAP2 p < 0.01) (Figure 3.4C-D). 

By D15 of differentiation, cells have recovered completely from passaging steps 

and have been provided nutrient-rich media that contains terminal differentiation factors 

for 4 days. Their axonal projections have extended significantly relative to D6, and they 

have begun to form neural networks within in their environment, with cells migrating 

closer together and creating synapses with neighboring clusters (Figure 3.2C).21 There 

was no detectable difference in the expression of Hoechst, β-tubulin III, or GAP43 in the 

0.16µM and 1.26µM Pb exposure conditions, relative to control. There was a significant 

reduction in the expression of Hoechst (p < 0.001), β-tubulin III (p <0.001), and GAP43 

(p < 0.005) in the 10µM Pb exposed cells, relative to control (Figure 3.5A-C).  

5Y differentiation concludes on D18, with reduced cell clumping (>10 cells per 

group), slender cell bodies, and axonal connections between neighboring cells, which 

constitute mature neuronal networks.21 There were no significant changes in Hoescht 

expression in the 0.16µM or 1.26µM Pb cells, though quantified expression patterns do 

suggest the beginnings of dose-response relationships (Figure 3.6A). We began to see 
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a more linear relationship between dose and β-tubulin III and GAP43 expression at D18, 

compared to the earlier time points. The expression of both these markers was 

significantly reduced with the 1.26µM Pb condition (β-tubulin III p < 0.05, GAP43 p < 

0.01) as well as with the 10µM Pb condition (β-tubulin III p < 0.001, GAP43 p < 0.005) 

(Figure 3.6B-C).  

Dose-Response Modeling of Immunofluorescence During SH-SY5Y Differentiation 

in the Presence of Lead 

 Benchmark dose (BMD) analyses were conducted using BMDExpress where 

significant differences between treatments was determined via One-Way ANOVA and 

data were analyzed for best model fit. The BMD represents the dose of Pb exposure 

that is predicted to produce a significant change in the response rate of a given 

measure, based on the modeled data. Analysis of D6 data produced a BMD for MAP2 

(0.437µM Pb), which corresponds to a BLL of 9.06µg/dL (Table 3.2, Figure 3.7). D12 

produced BMDs for all for included IF measures, including a Hoechst BMD of 9.2µM Pb 

(191.6µg/dL), β-tubulin III BMD of 1.1µM Pb (24.5µg/dL), a GAP43 BMD of 9.6µM Pb 

(199.4µg/dL), and a MAP2 BMD of 9.9µM Pb (205.1µg/dL) (Table 3.2, Figure 3.8). On 

D15, all included IF measures again had significant BMDs predicted by BMDExpress, 

the lowest again being that of β-tubulin III which was 1.9µM Pb (41.2µg/dL), followed by 

GAP43, the BMD of which fell sharply from that of D12 to 2.2µM Pb (47.4µg/dL). The 

dose at which Pb exposure was predicted to cause an adverse change in Hoechst 

expression remained similar to what was seen on D12, at 9.3µM Pb (192.8µg/dL) 

(Table 3.2, Figure 3.9). By D18, the BMDs for all three IF measures had dropped to 

similar levels, with the β-tubulin III BMD predicted to be 1.1µM Pb (23.9µg/dL), the 
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Hoechst BMD predicted to be 1.9µM (40.6µg/dL), and the BMD of GAP43 predicted to 

be 1.1µM Pb (23.2µg/dL) (Table 3.2, Figure 3.10).   

Lead Exposure Associated with Changes in Cell Morphology During Neural 

Differentiation 

 IF imaging was used to quantify morphological measures of 5Y cells as they 

differentiated, in order to assess if there were structural changes associated with Pb 

exposure in a time-dependent manner using CellProfiler (Figure 3.A1). D6 cells, 

corresponding to 24 hours of Pb exposure, resulted in enlarged nuclei in the 10 µM Pb 

exposed cells, relative to control. There were no corresponding changes in at any dose 

in overall cell size or cytoplasm size (Figure 3.11A-C). Additional measures of 

morphology were quantified that were specific to neuron differentiation, including 

number of axon branches, axon endpoints, and total length of axon branching per cell. 

On D6, there were no significant changes in these measures at any dose (Figure 

3.10D-F).  

 D12 demonstrated increased changes in cellular morphology associated with Pb 

exposure relative to D6, with effects seen at lower doses. Overall cell size and 

cytoplasmic size were both markedly reduced at 1.26µM (p < 0.05) and 10µM (p < 

0.001) Pb exposure, relative to control (Figure 3.12 and 3.12C). Nuclei size was only 

significantly reduced in the 10µM Pb cells (Figure 3.12B). There were no significant 

changes in degree of branching at the 0.16µM or 1.26µM Pb doses, but there was 

marked decrease in all three measures in the 10µM Pb cells, relative to control (Figure 

3.12D-F). The significant decrease in cell size at D12 in the 10µM Pb exposed cells is 

likely the result of their inability to survive the combined stressors of Pb exposure and 
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passaging during the differentiation process, and this trend holds true for remaining 

morphological measurements and remaining days.  

 Measures of morphological changes at D15 demonstrated similar patterns to 

those seen on D12, with the most significant changes in cell, nuclei, and cytoplasmic 

size seen in the 1µM Pb cells (p < 0.05) (Figure 3.13A-C). There was also a detectable 

increase in nuclei size in the 1.26µM Pb cells (p < 0.01) relative to control at this time 

point. As with D6 and D12, the most significant changes in axonal growth were seen in 

the 10µM Pb cells, with significant (p < 0.005) decreases in number of and total length 

of branching, as well as of the number of endpoints (Figure 3.13D-F). There were no 

detectable changes in these measures at D15 in the lower exposure conditions. 

 It is not until D18 that we begin to see a more robust dose-response relationship 

between Pb exposure and morphological measures. Cell, nuclei, and cytoplasm size all 

decreased significantly in the 1.26µM Pb exposed cells, relative to control (p < 0.05). A 

greater reduction in nuclei size was seen in the 10µM Pb cells, however nonsignificant 

results were returned for changes in cell and cytoplasm size in this same group, likely 

driven by the greater degree of variability in these measures (Figure 3.14A-C). Similar 

patterns were seen among morphological measures of neuron differentiation, wherein 

1.26µM Pb exposure was associated with a decrease in the number of neuron branches 

and endpoints, as well as total length of neuron branching (p < 0.05). A greater 

decrease in these measures was observed in the 10µM Pb cells (p < 0.05) (Figure 

3.14D-F).  
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Dose-Response Modeling of Morphological Features of Differentiating SH-SY5Ys 

in the Presence of Lead 

 There were no BMDs detected for morphological measures on D6 based on 

available data. As with IF measures, D12 and D15 saw significant model and BMD fit for 

all six morphological measures. On D12, measures including cell cytoplasm, and nuclei 

area all decreased with Pb exposure, with BMDs of 1µM Pb (20.7µg/dL), 0.38µM Pb 

(7.9µg/dL), and 2.06µM Pb (42.7µg/dL), respectively (Table 3.2, Figure 3.15A-C). 

Measures of neural outgrowth also decreased with increasing Pb exposure, and the 

number of endpoints, branches, and total length of branching had BMDs of 2.1µM Pb 

(45.3µg/dL), 1.7µM Pb (36.05µg/dL), and 1.7µM Pb (36.5µg/dL), respectively (Table 

3.2, Figure 3.15D-F).  

 D15 saw significant BMD fit for these same measures, although they increased 

notably from those predicted on D12. Cell, cytoplasm, and nuclei area all had BMDs of 

roughly 9.1µM (189µg/dL) (Table 3.2, Figure 3.16A-C), whereas those of neural 

projections were somewhat lower. The BMDs of number of endpoints, number of 

branches, and total branching length per cell were predicted to be 7.6µM Pb 

(158.5µg/dL), 5.4µM Pb (112.9µg/dL), and 7.4µM Pb (153.6µg/dL), respectively. These 

models generally predicted increases in these measures at the lower doses of 0.16µM 

and 1.26µM and decreases at the highest dose of 10µM Pb (Table 3.2, Figure 3.16D-

F). BMDs for these measures decreased on Day 18, but significant findings were limited 

to nuclei area (2.5µM, or 53.4µg/dL), number of end points per cell (0.38µM, or 

8.02µg/dL), number of branches per cell (2.02µM, or 41.8µg/dL), and total branching 
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length (0.63µM, or 13.2µg/dL). At this time point, all modeling predicted decreases in 

these measures with increasing Pb exposure (Table 3.2, Figure 3.17A-D).  

Discussion 

Lead exposure and dysregulated cellular proliferation of differentiating SH-SY5Ys. Pb 

exposure was associated with elevated rates of cellular proliferation, as measured by 

cell number per well, during early differentiation (D6 and D12), and this effect was not 

as prominent on D15 and D18. Previous work has documented a decrease in neural 

proliferation in the presence of Pb and it is possible the same effect would have been 

observed here had the terminal neurons been kept in culture with Pb after D18. It is 

suspected that the stem-like state of these cells during the earlier days of differentiation 

may help explain the increased rate of proliferation seen here, as previous studies have 

identified stem cell-specific pathways that are upregulated during periods of stress 

(such as during toxicant exposures) that correlated with increased rates of cellular 

division and proliferation.31,32 However, this relationship is not universal, with some 

literature showing a reduction in cell number in the face of other toxicant types, meaning 

the effects seen here may be specific to Pb and/or the experimental model used.33,34  

Lead exposure associated with elevated expression of neural markers during early 

differentiation of SH-SY5Ys. Low and moderate Pb exposure, that which correlates with 

current and historical exposure levels, was largely associated with an increase in β-

tubulin III, GAP43, and MAP2 expression during the earlier time points of 5Y 

differentiation (i.e., D6 and D12). This was in direct contrast with our hypothesis that the 

expression of these markers would decrease in a dose-dependent fashion, as we 

theorized that Pb exposure would hinder differentiation and it would take longer for 5Ys 
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to take on a neuronal phenotype and there would be corresponding reductions in the 

expression of these proteins. 

 β-tubulin III is a microtubule protein encoded by the human gene TUBB3 and is 

predominantly expressed in neural and testicular cells.35,36 We observed greater 

variability in β-tubulin III expression in 10µM Pb exposed cells on D6 and a non-

monotonic relationship with exposure on D12, with lowly expressed cells demonstrating 

increased β-tubulin III expression, no change seen in the 1.26µM group, and a 

significant decrease in expression at 10µM Pb exposure. Previous toxicological work 

assessing this marker in differentiating neurons has also documented increases in its 

expression alongside exposures such as sevoflurane and indibulin, suggesting the 

cytoskeletal structure of these cells is developing in a dysregulated manner.15,37 Chen et 

al., 2022 supports the idea that Pb exposure contributes to aberrant cytoskeletal 

development and organization in vitro, concluding that cytoskeletal development 

decreases with increasing Pb exposure.38 However, it should be noted that this work 

employed a higher Pb exposure range (0µM to 50µM Pb exposure, with the majority of 

effects seen at the highest dose of 50µM) and examined effects in stable, 

undifferentiated cells. It is possible that the effects seen here are unique to the 

differentiation period and that cytoskeletal development may initially increase in the 

presence of Pb, while additional pathways promoting its expansion are also active, and 

that upon the conclusion of differentiation, sustained Pb exposure compromises what 

has been established. It would be prudent to expand this work in the future, employing 

multiple models of exposure timing, to assess how cytoskeletal structures adapt to 

exposures that begin and end at varying times.  
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 GAP43 is commonly referred to as a growth or plasticity protein and has been 

well documents during neural differentiation as essential for neuronal plasticity and axon 

regeneration.39 Previous work has demonstrated a robust decrease in GAP43 in 

differentiating 5Ys exposed to 5µM Pb for 24 hours, and these results are thought to be 

related to Pb-induced decreases in cellular calcium concentrations.40 Our study also 

saw a decrease in GAP43 expression after 24 hours of Pb exposure, though this effect 

was only seen at 0.16µM Pb exposure and not either of the higher doses. We were also 

able to evaluate the effects of continuous Pb exposure on these cells throughout 

differentiation and saw a recovery in GAP43 expression by D12 at 0.16µM Pb exposure, 

as expression was indistinguishable from control cells, and overexpression at the 

moderate dose of 1.26µM Pb. It is possible that the low and moderate Pb doses 

employed in this study induced increased expression of GAP43 during early 

differentiation because they were high enough to trigger pathways related to cellular 

plasticity and resilience, thus increasing GAP43 activity, but not so high as to trigger 

cytotoxic effects, as has been documented with other stressors.41–43 

MAP2 is a cytoskeletal protein specific to neurons thought to coordinate the 

organization and stabilization of microtubules and actin filaments.44 Interestingly, MAP2 

is closely related to Tau, both being Class II MAP proteins, with the former expressed in 

dendritic projections and the latter in axonal.45 While Tau proteins have garnered most 

of the attention as to their role in ND, MAP2 has also been shown to be aberrantly 

expressed and phosphorylated in these conditions. Additionally, dysregulation of MAP2 

is thought to drive that of Tau, and vice versa, meaning both should be considered in 

the context of ND development and progression.46 This work saw a decrease in MAP2 
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in 0.16µM Pb cells and an increase in 1.26µM Pb cells on D6, the latter of which was 

maintained into D12. Previous work assessing the relationship between Pb exposure 

and MAP2 expression demonstrates an inverse relationship between the two, however 

this work occurs in differentiated SH-SY5Y cells, meaning the effects of exposure during 

early differentiation are not ascertainable.47 The data presented here suggests MAP2 

expression may be dysregulated in the presence of Pb and increased MAP2 during 

early differentiation may prime neurons for ND-like phenotypes after development.48 

When we consider the effects of other toxicants on 5Y differentiation, we see evidence 

that effects on MAP2 may be toxicant-specific, as graphene oxide has been associated 

with increases in MAP2 expression49 whereas inorganic mercury exposure is associated 

with an impairment of 5Y differentiation as quantified by reduced MAP2 expression.50 

MAP2 expression was unable to be quantified during late 5Y differentiation and future 

experiments evaluating its expression as this process concludes will help determine 

whether Pb-induced overexpression is maintained or if there is an eventual reduction in 

expression, as was seen with the other two markers.  

These results taken together suggest Pb exposure may induce greater than 

normal expression of neural markers, at least during the early stages of differentiation, 

in that exposure induces compensatory mechanisms to offset any cellular damage and 

manifests as the appearance of acceleration differentiation, via the cellular marker used 

here. By late differentiation, there is a decrease in the expression of GAP43 and β-

tubulin III, suggesting sustained Pb exposure suppresses neurogenesis in this model, 

as has been quantified with other exposure types in this model, including cadmium and 

mercury.50,51 In exposing cells to Pb as they are differentiating, we were able to detect 
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surprising changes in protein expression as this process was being initiated, a finding 

often missed in corresponding literature that typically evaluates the effects of exposure 

either prior to differentiation or once this process has concluded.  

Lead exposure associated with dose-dependent declines in morphological signatures of 

SH-SY5Y differentiation. The effects of Pb exposure (i.e., elevated expression of neural 

markers) were not consistent throughout 5Y differentiation and dose-dependent 

decreases in β-tubulin III and GAP43 expression, as well as neuron branching and total 

outgrowth length, were detected by D18. As 5Y differentiation concluded, significant 

decreases in these measures were detected in cells exposed to the moderate Pb dose 

of 1.26µM, that which correlates to BLLs commonly seen in US children in the 1960s 

and 70s. While the experiment ended at D18, it is possible that these effects would 

have been maintained, and perhaps intensified, in these moderately exposed cells. 

Previous work has found similar results in neurons exposed to various metals for a 

sustained period (>7 days), in that neurite outgrowth significantly declined with 

exposure.50,52,53 

It is also possible that significant effects would begin to appear in the lowest 

exposure condition, that which correlates with the current actional BLL set by the CDC, 

had the experiment continued past the conclusion of differentiation. Aberrant expression 

of β-tubulin III, GAP43, and MAP2, as well as dendritic and axonal recession, have all 

been documented with respect to various NDs,54–56 and it is possible that Pb-induced 

decreases in their expression may contribute to disease risk. Future experiments would 

do well to elongate the experimental period to assess whether toxicological effects 

appear when lower dose exposures continue.  
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 Benchmark Dose Analysis Reveals Changes in Cell Response as Differentiation 

Progresses. BMD analysis was conducted via BMDExpress and provided models of 

significant fit for multiple measures at each timepoint included in this study. Only one 

BMD was identified on D6, for MAP2 expression (0.4µM). By D12, all four IF and all six 

morphological measures elicited significant dose-response relationships with Pb 

exposure. Generally, BMDs associated with IF measures decreased over the course of 

differentiation, ranging from 1-9µM on D12 while on D18 they had decreased to 1-2µM 

overall. It should also be noted that fold changes in expression of these markers were a 

mix of positive and negative between D6 and D15. Taken together, these trends support 

the idea that Pb exposure has significant effects during early differentiation (correlating 

with positive fold changes in protein expression during this time point), while also 

suggesting that regardless of the direction of response, differentiating 5Ys become less 

equipped to resist adverse changes following Pb exposure as it persists and 

differentiation continues, as evident by the reduced BMDs on D18. This may be due in 

part to changes in neural physiology that make them less equipped to handle Pb-

induced stress, but could also simply reflect that long-term Pb exposure will have 

greater effects on cells than shorter exposures of the same concentration.57 

 BMDs related to neural projection development also changed noticeably during 

the course of 5Y differentiation. D6 data provided no BMDs for these measures, 

however by D12 BMDs for parameters of size and projection growth were already fairly 

low (>2.2µM). Given that BMDs associated with most IF measures were so much higher 

at this same time point, it is hypothesized that cell growth is significantly hindered by Pb 

exposure during the early stages of differentiation, whereas processes related to 
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stemness such as GAP43, may be more resistant, as has been suggested in previously 

published work on other stem cell populations.58,59 Interestingly, BMDs for these 

morphological measures increased in cells analyzed on D15, with 0.16µM and 1.26µM 

Pb exposure associated with increased cell and projection growth. Contrary to this, 

previous work has documented an increase in synaptic pruning and a reduction in 

projection growth in neurons exposed to Pb.60,61 It may be that opposite effects were 

observed at this time point due to time-specific effects that are typically missed in 

studies that examine neurons once they have fully developed. Indeed, BMD analysis on 

D18 demonstrated that as neurons completed the differentiation process, their 

resistance to Pb decreased to levels seen on D12 (BMD range of 0.3µM – 2.5µM), and 

fold changes in these measures were negative with each increase in Pb dose.  

 This summary of BMD analysis, relative to time point, is in stark contrast to much 

of the limited literature exploring the effects of various toxicants on undifferentiated 

versus differentiated 5Ys. Most studies found either similar results between the two cell 

types or determined that the undifferentiated cells, those more like D6-D12 5Ys, to be 

more heavily impacted by Pb exposure, while differentiated 5Ys were more resistant to 

exposure.62–64 This may be best explained by the fact that this study assessed impacts 

during differentiation, rather than before or after, and so dose-response relationships 

will be modified by the developmental process at hand. 

 While it is interesting to consider how dose-response relationships change during 

the course of neural differentiation, there is limited literature to compare these results to 

in a meaningful way. However, given that D18 cells are considered to be fully mature 

differentiated neurons, and that terminally differentiated neurons are regarded as non-
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dividing cells,65 it is reasonable to interpret relationships seen at this time point with 

currently available risk assessment literature. In comparing the modeling results from 

D18 to available risk assessment data, we see that there is notable overlap between the 

lower limit of BMDs calculated in this study (0.54-40.15μg/dL) and those associated with 

1 point loss in IQ (0.355-8.061μg/dL).66 This previous work goes on to recommend a 

reduction in the current actionable BLL set by the CDC to 1μg/dL, which corresponds to 

one fourth of the lowest dose included in this study (0.04μM). Given the concordance 

between these results, it is theorized that Pb exposures that occur during the process of 

neural differentiation contribute to the associated decrease in IQ through inadequately 

developed neurons, though future work assessing these two outcomes in an in vivo 

model would provide firmer conclusions.  

These results also highlight that while more stringent policy regarding Pb 

exposure will no doubt protect children moving forward, past exposures are likely taking 

a toll on our healthcare system and economy in ways that are not fully appreciated. The 

average BLL in the late 1970s was 12.8μg/dL; 50% higher than the highest BMD 

predicted in the risk assessment discussed here.67 Individuals who were born in those 

years are now in their mid to late 40s, meaning the lasting impact of Pb exposure from 

the mid-20th century has not yet been fully realized. Furthermore, much of our 

appreciation of the effects of Pb exposure on the US at large pertain to intelligence 

measures.68 However, it would be prudent to conduct similar risk assessments of Pb 

exposure on ND incidence and progression, as the measures reported in this study 

were found to be significantly altered at exposure levels reminiscent of those seen forty 

to fifty years ago, and these same measures have been implicated in ND risk.55,69,70 
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Limitations  

The 5Y cell model is inherently limited given its origin from cancerous tissue, and 

the effects measured here may be due in part to the increased plasticity and robustness 

of cancer cells.71 5Y cells also exist in both an adherent and non-adherent state, with 

both types considered viable.72 This study did not consider differences in outcomes 

between these two cellular populations, and it is possible that these two groups may 

have demonstrated different responses to Pb exposure. This work also did not account 

for the possibility of epithelial-like cells in culture.73 Future work would benefit from the 

inclusion of markers of epithelial phenotypes in order to assess the purity of 5Y neural 

differentiation, as well as whether Pb exposure pushes cells towards one of these 

phenotypes. Interpretations of this data are also limited by the marked decrease in cells 

after D12 in the 10 µM exposure group. This dose proved too toxic for these cells during 

this process and no firm conclusions can be drawn from their data. Future BMD analysis 

would benefit from a range of doses in which all cells could survive the differentiation 

process. Finally, the exposure paradigm utilized here introduced Pb exposure on D5 in 

order to ensure sufficient cell numbers during the experimental period, and thus does 

not represent a true real-world scenario in which exposure was present prior to as well 

as during neural differentiation.   
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Figures and Tables 

 

Figure 3.1: Overview of Experimental Workflow. SH-SY5Y cells were differentiated in the presence of 
retinoic acid (RA) for 18 days, with lead exposure beginning on Day 5. Cells were fixed and stained every 
three days, with the exception of Day 9, to assess changes in cellular and morphological measures of 
differentiation. 

 

 

Table 3.1: Changes in Cell Number During SH-SY5Y Differentiation. Cell number was summed across 
each image and the average number of cells per well was calculated per well. A t-test was used to test for 
significant difference in cell number at each time point relative to Day 6 within each exposure condition. 
Significant changes in cell number per image are highlighted in red (p < 0.05).  
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Figure 3.2: Immunofluorescent Images of SH-SY5Y Cells During Differentiation and by Lead Dose. Cells 
were fixed and stained with antibodies for B-tubulin III (yellow), GAP43 (green), and MAP2 (magenta), as 
well as Hoechst (blue) on A) Day 6, B) Day 12, C) Day 15, and D) Day 18.  
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Figure 3.3: Quantification of Immunofluorescence on Day 6 of Differentiation. IF staining was performed 
to measure changes in A) Hoechst, B) β-tubulin III, C) GAP43, and D) MAP2. Statistically significant 
changes in expression, relative to control cells, was calculated via t-test, where * p < 0.05 and ** p < 0.01. 

 

 

Figure 3.4: Quantification of Immunofluorescence on Day 12 of Differentiation. IF staining was performed 
to measure changes in A) Hoechst, B) β-tubulin III, C) GAP43, and D) MAP2. Statistically significant 
changes in expression, relative to control cells, was calculated via t-test, where * p < 0.05, ** p < 0.01, *** 
p < 0.005, and **** p < 0.001. 
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Figure 3.5:Quantification of Immunofluorescence on Day 15 of Differentiation. IF staining was performed 
to measure changes in A) Hoechst, B) β-tubulin III, and C) GAP43. Statistically significant changes in 
expression, relative to control cells, was calculated via t-test, where *** p < 0.005 and **** p < 0.001. 

 

 

Figure 3.6: Quantification of Immunofluorescence on Day 18 of Differentiation. IF staining was performed 
to measure changes in A) Hoechst, B) β-tubulin III, and C) GAP43. Statistically significant changes in 
expression, relative to control cells, was calculated via t-test, where * p < 0.05, ** p < 0.01, *** p < 0.005, 
and **** p < 0.001. 
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Figure 3.7: Dose-Response Relationship Between Lead Exposure and MAP2 Immunofluorescence on 
Day 6. Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships. 

 

 

Figure 3.8: Dose-Response Relationship Between Lead Exposure and Immunofluorescence on Day 12. 
Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Hoechst, B) β-tubulin III, C) GAP43, and D) MAP2. 
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Figure 3.9: Dose-Response Relationship Between Lead Exposure and Immunofluorescence on Day 15. 
Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Hoechst, B) β-tubulin III, and C) GAP43. 

 



 

 119 

 

Figure 3.10: Dose-Response Relationship Between Lead Exposure and Immunofluorescence on Day 18. 
Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Hoechst, B) β-tubulin III, and C) GAP43. 

 

 

Table 3.2: Summary of Benchmark Dose Analysis in Lead Exposed Differentiating SH-SY5Ys. Raw data 
was prefiltered using a One-Way ANOVA, and then assessed for best model fit using BMDExpress3. 
Benchmark Dose (BMD) reported in both µM and µg/dL and includes BMDL (BMD lower limit) and BMDU 
(BMD upper limit). Fold change in response reported at Dose 1 (0.16µM), Dose 2 (µM), and Dose 3 (µM).  
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Figure 3.11: Morphological Measures of SH-SY5Ys with Lead Exposure on Day 6. Using CellProfiler, 
Hoechst and GAP43 signal was used to identify primary objects (nuclei) and B-tubulin III was used to 
identify secondary objects (neuronal projections). These measures were converted into a skeleton which 
was then used to quantify additional morphological measures. Morphological measures include A) Cell 
Size, B) Nuclei Size, C) Cytoplasm Size, D) Neuron Branches per Cell, E) Neuron Endpoints per Cell, and 
F) Total Length of Branching. Statistically significant changes in expression, relative to control cells, was 
calculated via t-test, where * p < 0.05. 

 

 

Figure 3. 12: Morphological Measures of SH-SY5Ys with Lead Exposure on Day 12. Using CellProfiler, 
Hoechst and GAP43 signal was used to identify primary objects (nuclei) and B-tubulin III was used to 
identify secondary objects (neuronal projections). These measures were converted into a skeleton which 
was then used to quantify additional morphological measures. Morphological measures include A) Cell 
Size, B) Nuclei Size, C) Cytoplasm Size, D) Neuron Branches per Cell, E) Neuron Endpoints per Cell, and 
F) Total Length of Branching. Statistically significant changes in expression, relative to control cells, was 
calculated via t-test, where * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 
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Figure 3.13: Morphological Measures of SH-SY5Ys with Lead Exposure on Day 15. Using CellProfiler, 
Hoechst and GAP43 signal was used to identify primary objects (nuclei) and B-tubulin III was used to 
identify secondary objects (neuronal projections). These measures were converted into a skeleton which 
was then used to quantify additional morphological measures. Morphological measures include A) Cell 
Size, B) Nuclei Size, C) Cytoplasm Size, D) Neuron Branches per Cell, E) Neuron Endpoints per Cell, and 
F) Total Length of Branching. Statistically significant changes in expression, relative to control cells, was 
calculated via t-test, where * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 

 

 

Figure 3.14: Morphological Measures of SH-SY5Ys with Lead Exposure on Day 18. Using CellProfiler, 
Hoechst and GAP43 signal was used to identify primary objects (nuclei) and B-tubulin III was used to 
identify secondary objects (neuronal projections). These measures were converted into a skeleton which 
was then used to quantify additional morphological measures. Morphological measures include A) Cell 
Size, B) Nuclei Size, C) Cytoplasm Size, D) Neuron Branches per Cell, E) Neuron Endpoints per Cell, and 
F) Total Length of Branching. Statistically significant changes in expression, relative to control cells, was 
calculated via t-test, where * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 
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Figure 3.15: Dose-Response Relationship Between Lead Exposure and Morphological Measures on Day 
12.  Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Cell Size, B) Nuclei Size, C) Cytoplasm Size, D) Branches per 
Cell, E) Endpoints per Cell, and F) Total Branching per Cell. 
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Figure 3.16: Dose-Response Relationship Between Lead Exposure and Morphological Measures on Day 
15. Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Cell Size, B) Nuclei Size, C) Cytoplasm Size, D) Branches per 
Cell, E) Endpoints per Cell, and F) Total Branching per Cell. 
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Figure 3.17: Dose-Response Relationship Between Lead Exposure and Morphological Measures on Day 
18. Benchmark Dose Analysis was conducted using BMDExpress3 to characterize dose-response 
relationships between Pb exposure and A) Nuclei Size, B) Branches per Cell, C) Endpoints per Cell, and 
D) Total Branching per Cell. 
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Appendix 

 

Table 3.A1: Differentiation Media, as adapted from Shipley et al., 2016. 

 

Table 3.A2: Antibody Dilution Metrics. 
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Figure 3.A1: Overview of Cell Profiler and Cell Profiler Analyst Workflow. 
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Chapter 4  
Aim 3: Assessment of LINE-1 Epigenetic Regulation and Expression Associated 

with Lead (Pb) Exposure in Differentiating SH-SY5Y-Derived Neurons 

Abstract 

 Long interspersed nuclear elements 1 (LINE-1) are a class of retrotransposable 

elements that require consistent regulation in order to reduce the effects they may 

otherwise have on the genome through insertional mutations. The repression of 

expression of these repetitive elements is orchestrated, in part, by piRNA-directed DNA 

methylation (DNAm). While this relationship has been extensively studied in the 

germline, there is relatively less research examining it in somatic tissues such as the 

brain. LINE-1 activity has been shown to be beneficial during early embryonic 

development and neurogenesis, when these elements contribute to cellular diversity 

and plasticity. Unregulated activity that persists past these stages however is 

associated with increased rates of DNA damage, mitochondrial dysfunction, and 

increases the risk for insertional mutations. Greater LINE-1 activity has been 

documented in several neurodegenerative diseases (NDs), such as Alzheimer’s and 

Parkinson’s, as well as with aging overall, as an aging epigenome is thought to have 

reduced capability to ensure maintained regulation of these elements. Developmental 

exposures to various toxicants alter LINE-1 regulation and expression, and it is 

theorized that such exposures may contribute to ND risk later in life due to early 

perturbations of this system. Here we explore changes in LINE-1 epigenetic regulation 



 

 128 

and expression in response to lead (Pb) exposure during neurogenesis in differentiating 

SH-SY5Y cells. We examine Pb-associated changes in LINE-1 DNAm and mRNA 

expression, as well as of PIWIL gene expression, a main component of the piRNA 

system. We found that 0.16µM, 1.26µM, and 10µM Pb exposure during early 

differentiation (Days 9) were largely associated with decreased expression of PIWIL1 

mRNA with no changes detected in DNAm. During early differentiation we observed 

minimal changes in LINE-1 mRNA expression. As differentiation progressed into the 

later stages (days 12 and 15), 0.16µM and 1.26µM Pb exposure were associated with 

elevated LINE-1 DNAm, whereas 10µM Pb exposure was associated with decreased 

5’UTR and ORF2 expression on D12 but increased expression of these mRNA on D15. 

Pb-associated elevation of ORF2 expression was maintained through Day 18, whereas 

LINE-1 DNAm decreased somewhat with exposure. These results suggest that Pb 

exposure may disrupt LINE-1 expression during early neurogenesis, when its 

expression is thought to contribute to a stem-like state, whereas during later time points, 

exposure is associated with elevation of LINE-1 expression and inadequate epigenetic 

regulation. However, these results are not conclusive and additional work is needed to 

elucidate how LINE-1 epigenetic regulation and expression more clearly are affected by 

Pb exposure during a developmental process such as neural differentiation. 

Introduction 

 A biomarker of neurodegenerative disease (ND) risk that has been gaining 

increased attention over the last decade is that of LINE-1 expression and regulation.1,2 

LINE-1 elements are a type of class I retrotransposable element and are capable of 

self-propagation within the genome.3 Making up roughly 17% of the human genome,4 
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LINE-1 elements contain the capacity to, upon their transcription to an RNA 

intermediate, employ proteins (i.e., open reading frame proteins 1 and 2, ORF1p and 

ORF2p) encoded in their sequence, to reverse transcribe themselves back into the 

genome at a new location.5,6 Additional LINE sequences exist in our genomes (LINE-2, 

LINE-3) however LINE-1 is the only remaining autonomous element.4,7 Their mobile 

capacity has led to the classification of LINE-1 as a mutagen and dozens of disease-

causing mutations have been linked to the reinsertion of these elements8. Many of 

these mutations have occurred in protein-coding regions,9,10 directly disrupting the 

transcription of molecular factors that support normal cell health, while others have been  

documented in non-coding regions that have resulted in alterations in transcription 

initiation, disruption of gene splicing, as well as recombination of chromosomes.11–13  

 LINE-1 elements are regulated in part by the piRNA system.14 PIWI-interacting 

RNA (piRNA) is a class of small, non-coding RNA (ncRNA) that work in concert with p-

element induced wimpy testes (PIWI) proteins to maintain proper epigenetic control of 

LINE-1 elements.15,16 Extensive work from the germline has demonstrated that piRNA 

activity lies upstream of and is required for the establishment of DNA methylation 

(DNAm) at LINE-1 elements, which in turn decreases the likelihood of their transcription 

and mobile activity.17,18 This relationship of piRNA-directed DNAm of LINE-1 has not 

been as extensively explored in the soma, including the brain, wherein the regulation of 

LINE-1 has been shown to be important with regard to proper neurogenesis and 

neurodevelopment.19,20  

LINE-1 activity has been shown to be greater during early embryonic 

development relative to later time points, particularly in proliferating neural progenitor 
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cells (NPCs).21–23 The majority of LINE-1 activity seen in the developing embryo is 

eventually repressed as somatic differentiation progresses, with a notable exception 

being the brain, where LINE-1 activity continues in cell populations such as adult 

NSCs.24,25 Several reports have documented associations between increased LINE-1 

activity in developing neurons and greater cell diversity and plasticity.26,27 LINE-1 activity 

has also been shown to be important in the shift forward from a 2-cell embryo, wherein 

the LINE-1 RNA itself acts as scaffolding for regulatory networks that represses 

activators of processes specific to this stage.28,29 However, too much of a good thing, or 

activation that persists past the appropriate stages of development, can have 

deleterious effects on differentiating cells, with disease-causing mutations being notable 

effects.30,31 

Many cellular processes that become more likely with age also contribute to 

reduced efficacy of LINE-1 regulation. Epigenetic age is a concept rooted in the theory 

that as we age, our epigenome shifts overtime, largely in response to our environment 

and lifestyle.32,33 An aging epigenome is typically characterized by changes in DNAm, 

alterations in histone modifications, and a decrease in heterochromatin.34 Many of these 

hallmarks of an aging epigenome promote greater LINE-1 activity, through 

hypomethylation and the formation of euchromatin which would otherwise sequester 

these elements and prevent their activation.34–36 Oxidative stress and DNA damage are 

additional cellular conditions that increase with age and are also associated with greater 

LINE-1 activity, as they correspond with alterations in chromosome structure and 

provide more opportunities for LINE-1 insertions.1,37–39 
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Many disease states that are more likely to occur during later stages of life, 

including NDs such as Alzheimer’s (AD) and Parkinson’s disease (PD), are also 

correlated with greater rates of LINE-1 activity.40,41 Hypomethylation of LINE-1 as well 

as differential expression of these elements has been documented across various 

NDs42,43. Furthermore, LINE-1 activity has been shown to be detrimental to the 

prognosis of such diseases. For example, abundant LINE-1 retrotransposition has been 

shown to be a source of DNA damage and neuroinflammation and this relationship is 

suspected to contribute to the rate of onset and prognosis of AD.1,44 What’s more, the 

accumulation of tau protein, a hallmark of AD, is suspected to contribute to LINE-1 

activation, thus creating a cyclical loop of LINE-1 activation, tau accumulation, and 

cellular dysfunction that together accelerate the rate of AD progression.45  

The epigenetic regulation and expression of LINE-1 elements has been studied 

in relation to environmental exposures, particularly those that occur during early 

development. Many of these exposures, such as radiation, cigarette smoke, particulate 

matter, and pesticides, are all associated with hypomethylation of LINE-1 elements.46–49 

Here we examine the effects of Pb exposure during the process of neural differentiation 

on LINE-1 epigenetic regulation and expression. We explore LINE-1 DNAm as well as 

the expression of PIWIL proteins, components of the piRNA system, in an effort to 

assess not only how LINE-1 epigenetic regulation happens in the developing brain, but 

also to what degree this pathway is perturbed by a classic neurotoxicant in ways that 

may contribute to ND risk later in life. As in Chapter 3, Aim 2, we employ the SH-SY5Y 

cell model to investigate this relationship. It is theorized that developmental exposures 

that alter LINE-1 regulation and expression create inadequately differentiated neurons 
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(such as those explored in Chapter 3 of this dissertation), which are then less resilient to 

additional stressors that contribute to ND risk throughout the life course. This 

dissertation, across Chapters 3 and 4, hypothesizes that Pb exposure during neural 

differentiation will result in changes to 5Y morphology (Chapter 3) as well as LINE-1 

epigenetic regulation and expression (Chapter 4).  

Methods 

SH-SY5Y Differentiation and Lead Exposure 

 5Ys of the same passage (P39) as those used in Aim 2 were used for the 

purposes of this experiment. Slight modifications in culture conditions were made in 

order to generate enough nucleic acid for downstream applications, but the same 

overall differentiation protocol was used.50 On Day 0 (D0), 1.2 million 5Ys were seeded 

per 10cm plate, with each plate representing one sample replicate. Beginning on D5, 

differentiating 5Ys were exposed to a range of Pb conditions (0µM, 0.16µM, 1.26µM, or 

10µM Pb). Subsequent steps in differentiation mirror those outlined in Chapter 3 

(Figure 4.1 and Table 3.A1), with one additional time point included in this study (D9) 

due to our ability to effectively collect and lyse cells for genomic extractions on this day.  

Nucleic Acid Extractions 

On D6, D9, D12, D15, and D18, cells were collected for genomic extractions via the 

following procedure. Media was gently removed, and cells were detached from 10cm 

dishes using Tryp-LE Express Enzyme (Thermo, Cat. #12604013) with a 2–3-minute 

incubation at room temperature, or until cells were visibly detached under the 

microscope. Tryp-LE was quenched with a 5:1 volume of differentiation media and 
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suspended cells were spun down at 200g for 5 minutes. Media and Tryp-LE was 

aspirated, and pelleted cells were lysed in 600μL of 1% β-mercaptoethanol (Thermo, 

Cat. #21985023) diluted in Buffer RLT solution (Qiagen, Cat. #79216), according to 

manufacturer’s recommendations. Lysed cells were then stored at -80ºC until genomic 

extractions could be completed. A total of n = 3 technical replicates were included per 

exposure and time point, with a final total sample size of N = 60. Lysed samples were 

homogenized using QIAShredder columns (Qiagen, Cat. #79656) prior to DNA and 

RNA extraction using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. #80004) 

according to manufacturer recommendations. DNA and RNA were stored at -80ºC until 

further use.  

Gene Expression Analysis 

 1 μg of total RNA was reverse transcribed into cDNA using the iScript cDNA 

Synthesis Kit (BioRad, Cat. #1708890). mRNA expression of human PIWILs 1-4, as 

well as LINE-1 5’UTR and ORF2, and a reference gene (GAPDH) were quantified using 

the CFX Real-Time PCR using iTaq Universal SYBR Green Supermix (BioRad, Cat. 

#1725120) according to manufacturer’s protocols with all samples run in triplicate. 

Primer sequences and amplicon sizes are described in Table 4.A1 and primer 

efficiency was confirmed using cDNA serial dilutions. All qRT-PCR reactions were 

carried out for 40 cycles under standard PCR conditions. ΔCq values were calculated 

by subtracting the Cq triplicate average of a target sample from that of the reference 

gene. The fold difference in expression was then calculated using 2-ΔCq.51  
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DNA Methylation Analysis 

 Genomic DNA (gDNA) was bisulfite converted using the Epitect 96 Bisulfite Kit 

(Qiagen, Cat. #59110). Bisulfite conversion is important for DNAm analysis as it 

distinguishes unmethylated cytosines from methylated cytosines. Unmethylated 

cytosines are deaminated to uracil, which are then amplified as thymine during PCR, 

while methylated cytosines are resistant to this conversion, and are simply amplified as 

cytosines.52 Bisulfite converted samples were then sequenced via pyrosequencing to 

assess DNAm of LINE-1, where site-specific methylation can be estimated by 

quantifying the relative proportion of cytosines to thymines at a given locus. A 

description of pyrosequencing parameters, primer sequences, and amplicon size and 

location in LINE-1 can be found in Figure 4.2 and Table 4.A2. 

Statistical Analysis 

 Three replicates for each exposure condition (n = 4) at each time point (n = 5) 

were included in each analysis. Replicates refer to one 10cm dish from which cells were 

collected on the appropriate day and extractions were performed on the entire cell 

population from that dish (therefore, no technical replicates were included in extractions) 

in order to optimize the amount of nucleic acid acquired per replicate. This sample size 

structure was maintained for subsequent analyses (i.e., 3 experimental replicates per 

dose and time condition in each assay). While gene expression analysis included 

technical replicates, the average of these was taken for statistical analysis, returning the 

sample size to the original format. Data are represented graphically as scatterplots 

using ggplot2.53 Comparisons between each experimental group and control was 

performed using a two-sides t-test in R (v.4.1.2). Statistical significance was accepted 



 

 135 

with p < 0.05 and is designated in figures as * p < 0.05, ** p < 0.01, *** p < 0.005, and 

**** p < 0.001.  

Results 

Dynamic Gene Expression and LINE-1 DNA Methylation During SH-SY5Y 

Differentiation 

 Significant changes in gene expression were observed during 5Y differentiation 

in the absence of Pb exposure with D6 serving as the reference measure. PIWIL1 

mRNA expression increased significantly (p < 0.001) on D12 relative to D6, 24 hours 

after the addition of terminal differentiation factors. Its expression decreased relative to 

D12 on D15 and D18, but on D18, expression was found to be significantly higher (p < 

0.05) than that of D6 levels. PIWIL4 expression was relatively stable between D6 and 

D12, after which it was elevated on D15 and D18, relative to D12 (p < 0.05) (Figure 

4.3A-B). There was no detectable expression of PIWIL2 or PIWIL3 in these cells during 

this experiment and a summary of ΔCq values for all samples and targets is included in 

Table 4.A3.  

 Expression of multiple LINE-1 components also changed significantly during 5Y 

differentiation. The relative expression of LINE-1 5’UTR mRNA increased on D9 of 

differentiation, relative to D6 (p < 0.01), and then decreased steadily for the remainder 

of this process (D12-D18) (p < 0.05). The 5’UTR region of LINE-1 elements contains a 

transcription promoter site with affinity for transcription factors such as RNA polymerase 

II and YY1.54 The relative expression of LINE-1 ORF2 mRNA, on the other hand, 

increased steadily during differentiation, with significant increases measured beginning 

on D15 (p < 0.01) (Figure 4.3C-D). The LINE-1 ORF2 region encodes for the open 
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reading frame 2 protein (ORF2p), which has the capacity for endonuclease and reverse 

transcription activities.6 Both the 5’UTR and ORF2 regions have important roles in LINE-

1 mobility and interference of both has been associated with decreased LINE-1 

activity.55,56  

 The pyrosequencing assay used in these experiments examined methylation at 4 

CpG sites in the LINE-1 promoter region of the 5’ UTR (Positions 1-4). DNAm of this 

region of LINE-1 was relatively stable during 5Y differentiation. There were no 

detectable changes in DNAm at Position 1 or 2 during differentiation (Figure 4.4A-B). 

The methylation of Positions 3 and 4 changed significantly towards the end of 

differentiation, with significant increases in the methylation of these positions on D18, 

relative to D15 (Figure 4.4C-D). Original data for pyrosequencing is included in Table 

4.A4.  

Lead Exposure Associated with Limited Changes PIWIL Expression  

 During the first two weeks of 5Y differentiation, Pb exposure largely had a 

depressive effect on PIWIL1 expression, with consistent decreases in expression seen 

on D9, and D12 in the 0.16μM (p < 0.01, D9 only), 1.26μM (p < 0.01) and 10μM (p < 

0.01) Pb exposed cells (Figure 4.5A-C). Interestingly, there was a reversal in this trend 

seen on D15, with greater expression in 0.16μM and 10μM (p < 0.05) Pb exposed cells 

relative to control (Figure 4.5D). No detectable changes in PIWIL1 expression were 

found with Pb exposure on D18 (Figure 4.5E). There were substantially fewer 

significant changes in PIWIL4 expression with Pb exposure compared to trends 

observed with PIWIL1 expression. The only statistically significant change occurred on 
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D12, when PIWIL4 expression was elevated in the 10μM Pb exposed cells, relative to 

control (Figure 4.5H). 

High Lead Exposure Associated with Changes in LINE-1 mRNA Expression 

During SH-SY5Y Differentiation 

Generally, only 10μM Pb exposure was associated with significant changes 

LINE-1 5’UTR and ORF2 mRNA expression throughout 5Y differentiation. Changes in 

5’UTR expression were minimal on D6 and D9, and it was not until D12 that 10μM Pb 

exposure was associated with a reduction in its expression (p < 0.05) (Figure 4.6A-C). 

This trend was reversed on D15, when 10μM Pb exposure was associated with an 

increase in 5’UTR expression (p < 0.05) (Figure 4.6D). No significant changes in 5’UTR 

expression were detected with Pb exposure on D18 (Figure 4.6E). ORF2 expression 

was more sensitive to Pb exposure during early differentiation, with greater expression 

on D6 in 1.26μM Pb exposed cells, relative to control (p < 0.05) (Figure 4.6F). Changes 

in expression on D12 mimicked those of 5’UTR, wherein 10μM Pb exposed cells 

displayed a reduction in ORF2 expression, relative to control (p < 0.05) (Figure 4.6H). 

This trend was also reversed as differentiation concluded, as on D15 and D18, ORF2 

expression was elevated in 10μM Pb exposed cells, relative to control (p < 0.05) 

(Figure 4.6I-J).  

Lead Exposure Associated with Minimal Changes in LINE-1 DNA Methylation 

 DNAm levels were measured at 4 CpG positions within LINE-1 via 

pyrosequencing. No significant changes in DNAm were detected with Pb exposure until 

D12 of differentiation, when hypermethylation was detected at Positions 1 (1.26μM Pb 
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exposure, p < 0.005) and 4 (1.26μM Pb exposure, p < 0.01) (Figure 4.7A and 4.7D). 

This trend was somewhat replicated on D15 at Positions 4, where 0.16μM Pb exposure 

was associated with hypermethylation (p < 0.05) (Figure 4.8). This association of 

hypermethylation in the presence of low and moderate Pb exposure largely disappeared 

as 5Y differentiation concluded on D18. At this time point, DNAm levels trended 

downward with Pb exposure at Positions 2-4, with a significant degree of 

hypomethylation detected at Position 3 in the 1.26μM Pb exposed cells (p < 0.05) 

(Figure 4.9). Remaining pyrosequencing results from D6 and D9 can be found in 

Figure 4.A1-2.  

Discussion 

Limited Correlation Between Baseline LINE-1 DNA Methylation and mRNA 

Expression. LINE-1 DNAm and mRNA expression were measured in the same cells 

with 0μM Pb exposure, and the DNA sequence assayed during pyrosequencing resides 

in the promoter region of the LINE-1 5’ UTR.57 DNAm in this region did not change 

substantially as 5Y differentiation progressed, with the only changes of significance 

being on D18, when the methylation of Positions 3 and 4 increased relative to D15 (p < 

0.05) (Figure 4.4). With these patterns in mind, we would expect to see a positive 

correlation with PIWIL expression, that is relatively stable expression between D6 and 

D15 and an increase in expression on D18, given evidence of PIWIL-directed DNAm of 

LINE-1.17 We would also expect to see an inverse relationship between LINE-1 DNAm 

and mRNA expression of 5’ UTR and ORF2, given previous work that found increased 

promoter methylation led to a decrease in mRNA expression.58  
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PIWIL4 expression increased on D15 and D18, relative to D12, and this increase 

appears to precede the observed increase in LINE-1 DNAm on D18 at Positions 3 and 

4. Interestingly, PIWIL1 expression was elevated on D12 relative to D6, and this 

precedes both the eventual increase in PIWIL4 expression as well as the increase in 

LINE-1 DNAm on D18 (Figure 4.3A-B). The functional differences of the PIWIL proteins 

have not been well documented, particularly within the soma. Both PIWIL1 and PIWIL4 

have been implicated not only in the regulation of LINE-1 elements, but also in stem cell 

maintenance and renewal.59,60 It is possible that the differing patterns of expression that 

we see during 5Y differentiation are best explained by discordant roles in these cells at 

these timepoints. The elevated expression of PIWIL1 on D12 and then decrease on D15 

may reflect its role in stemness that is eventually turned off as these cells take on their 

terminal form, whereas the gradual rise in PIWIL4 expression reflect piRNA-directed 

epigenetic control of TEs in terminally differentiated cells. However, given contradictory 

results in LINE-1 5’UTR and ORF2 expression (discussed below), it is important that 

future work continue to investigate the roles of each PIWIL protein individually in 

somatic tissues such as the brain, so that their activity can be more thoroughly studied 

and interpreted in toxicological work.  

 There was also partial agreement between LINE-1 DNAm patterns and those of 

LINE-1 mRNA expression, with greater concordance seen with 5’UTR expression 

compared to ORF2. LINE-1 5’ UTR expression was significantly higher on D9 relative to 

D6, though no decrease in DNAm had been detected. Following this, LINE-1 5’UTR 

expression began to decline as observed on D12, and this decline continued into D15 

and D18. This decline in 5’UTR expression preceded the observed modest increase in 
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LINE-1 DNAm detected on D18 and may reflect that the promoter that resides in the 5’ 

UTR has limited self-regulatory capacity, and that the decrease in 5’ UTR expression 

may be better explained by DNAm changes in another regulatory region.61 Relative 

stability in LINE-1 DNAm as well as of ORF2 expression between D6 and D12 was not 

surprising. However, the modest increase in DNAm as Positions 3 and 4 between D15 

and D18 was accompanied by a significant increase in ORF2 expression, which was the 

opposite of the expected association. This is especially true given evidence that the 

LINE-1 promoter regulates the transcription of bicistronic LINE-1 mRNA which contains 

ORF1 and ORF2.62 It may be that more frequent analyses (i.e., daily) and/or a broader 

assessment of LINE-1 DNAm would have allowed for more thorough comparisons and 

the identification of changes in LINE-1 DNAm that better predict the observed change in 

5’UTR and ORF2 expression. It may also be that other regulatory mechanisms besides 

PIWIL-directed DNAm of this specific region better explain the observed changes in 

LINE-1 expression during 5Y differentiation. 

Minimal Correlation in Lead-Associated Changes in PIWIL Expression and LINE-

1 DNA Methylation. PIWIL1 expression decreased significantly with Pb exposure during 

early 5Y differentiation (D9-D12). On D6, there were no detectable changes in PIWIL 

expression or LINE-1 DNAm. By D9, PIWIL1 expression was significantly suppressed 

by Pb exposure, but there were no corresponding changes observed in PIWIL4 or 

DNAm levels.  On D12, significant changes in DNAm included hypermethylated 

Positions 1 and 4 in exposed cells, while PIWIL1 expression continued to decrease with 

exposure, which was the opposite of what was hypothesized. By D15, PIWIL1 

expression was elevated in exposed cells, and this was accompanied by an increase in 
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LINE-1 DNAm, and while few changes in DNAm reached statistical significance, this 

was one time point in which changes correlated in an expected way. PIWIL1 expression 

showed no response to Pb exposure as differentiation concluded on D18. It is possible 

that depressed (D9 and D12) followed by elevated expression (D15) of PIWIL1 during 

the course of 5Y differentiation in the presence of Pb is the result of compensatory 

mechanisms at work, and elevated PIWIL1 expression has been quantified in disease 

states such as amyotrophic lateral sclerosis (ALS) and overexpression of this protein 

has been shown to rescue stem cell-like phenotypes in glioblastoma tissue.63,64  

PIWIL4 expression appeared to be more resistant to Pb exposure during 5Y 

differentiation than PIWIL1, with the only significant change (p < 0.05) observed on D12, 

wherein 10 µM Pb exposure was associated with an increase in expression. PIWIL4 has 

been shown to bind histone demethylases and induce the demethylation of piRNA-rich 

regions, thus increasing piRNA transcript production and subsequently promoting LINE-

1 methylation in the germline.65 Based on this, we would have expected to see a firmer 

correlation between PIWIL4 expression and LINE-1 DNAm, but it is possible that the 

mechanisms by which PIWIL proteins coordinate LINE-1 methylation are different 

during neurogenesis than they are in the germline, and continued assessment of this 

relationship in this somatic tissue is needed.  

Lead Exposure Associated with Inconsistent Changes in LINE-1 5’ UTR 

Expression and DNA Methylation. The 5’ UTR of LINE-1 contains a promoter region that 

directs LINE-1 transcription; however, this region is not self-regulated and instead is 

heavily influenced by upstream flanking sequences.61 Interestingly, we did see some 

corresponding changes in 5’ UTR DNAm and gene expression measures with Pb 
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exposure, most notably on D12 when LINE-1 DNAm increased with Pb exposure and 5’ 

UTR expression decreased, though significant effects were seen in different exposure 

groups. Generally, each time point included in this experiment provided preliminary 

evidence of increased as well as decreased 5’ UTR expression in the presence of Pb, 

which restricts our ability to make any strong conclusions as to how Pb exposure 

impacts the activity of this regulatory region (Figure 4.6-4.9). Previous work has 

documented increased LINE-1 5’ UTR activity in the presence of mercury, however this 

work was conducted in non-differentiating cells.66 It may be that the cellular 

environments inherent to differentiating cells respond differently to toxicant exposures 

and that variability in cell state during this process explains the variability in results seen 

here. Unsurprisingly, changes in 5’ UTR expression in the presence of Pb were similar 

to those of ORF2, which would be expected given that greater 5’UTR activity would 

predict greater transcription of the downstream LINE-1 mRNA.67 

 These results highlight the need for continued assessment of the impact of 

environmentally relevant Pb exposure on LINE-1 promoter activity. Given the variability 

in 5’ UTR expression with Pb exposure, including on specific days as well as during the 

entire duration of differentiation, few conclusions can be drawn as to the effects of Pb 

exposure on LINE-1 5’ UTR activity. It may be prudent to assay DNAm of the upstream 

flanking sequence, given its importance to LINE-1 promoter regulation, as well as the 

effects of Pb on other regulatory factors that have been implicated in 5’ UTR activity in 

case changes in these measures better explain the effects seen on this promoter.  

Lead Exposure Associated with Concordant Changes in LINE-1 Methylation and 

ORF2 Expression During Mid-to-Late Differentiation. Results on D12 and D18 
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demonstrated significant patterns in line with our overall hypothesis that Pb exposure 

will perturb LINE-1 regulation in ways that will correlate with corresponding changes in 

gene expression. On D12, DNAm increased modestly in the LINE-1 promoter region, 

and there is a concordant decrease in ORF2 expression with Pb exposure, though 

these effects happen at different doses (Figure 4.6-4.7). D12 is a dynamic day for 5Y 

differentiation, being only 24 hours after the addition of terminal differentiation factors. It 

is plausible that a decrease in LINE-1 ORF2 expression is a sign of dysregulation in 

these cells, as LINE-1 activity has been documented in NPCs and this activity is thought 

to be beneficial for stem cell maintenance.23 It may be that while differentiation is still 

occurring, LINE-1 activity is supportive and that, upon Pb exposure and subsequent 

stress in these cells, this expression is decreased in favor of other compensatory 

mechanisms (such as metabolic pathways that mitigate reactive oxygen species and 

lessen the risk of cellular apoptosis).68 

 As 5Y differentiation concludes, these cells have largely taken on their terminal 

neural form and would not be expected to continue demonstrating phenotypes 

reminiscent of their stem cell precursors.50 A somatic phenotype of LINE-1 repression 

would be considered the norm in these cells. Instead, in the presence of Pb, we saw a 

decrease in LINE-1 DNAm on D18 (significant at one position) and a corresponding 

elevation of ORF2 expression (Figure 4.6, 4.8-4.9). The majority of currently available 

literature on Pb exposure and LINE-1 regulation pertains to that of LINE-1 DNAm, 

largely due to the use of LINE-1 DNAm as a proxy for global DNAm levels. The majority 

of this work finds that Pb exposure is associated with hypomethylation of LINE-1, and 

we saw preliminary evidence of this with the one measure of significant hypomethylation 
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on D18.69,70 However, hypermethylation with Pb exposure was observed on D12 and 

D15, suggesting that the response of the developing nervous system to environmental 

toxicants may be dynamic and dependent on time point. Continued assessment of how 

LINE-1 DNAm changes during differentiation, in the presence of toxicants as well as 

without, perhaps at a wider range of CpG sites, would help expand our understanding of 

this dynamic developmental relationship. 

The mechanisms thought to contribute to this association currently only extend 

as far as to DNMTs, specifically those than maintain DNAm such as DNMT1. DNMT1 is 

thought to be inhibited in a non-competitive manner by Pb, but corresponding work 

found no difference in the expression of de novo methyltransferase such as DNMT3A or 

3B.71 This may at least partially inform the results seen in this study, as early (D6 and 

D9) patterns of LINE-1 DNAm were not as disturbed by Pb exposure, perhaps in part 

because de novo methyltransferases may not be as susceptible to Pb exposure but also 

in that LINE-1 element expression is beneficial to these cells during differentiation and 

thus, DNAm levels are simply lower to begin with. However, by D12 and D15, Pb 

exposure is associated with hypermethylation of this LINE-1 region, and so previous 

work documenting Pb-associated inhibition of maintenance methyltransferases does not 

effectively explain this observation. It may be that other LINE-1 regulatory pathways or 

DNAm at other locations within these TEs contribute to the results seen here but were 

not quantified in this work.  

Limitations 

Limitations from Aim 2, Chapter 3 should also be considered here, as the SH-

SY5Y cell line entails several caveats when interpreting results. Additionally, this work 
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was unable to assess changes in piRNA transcript expression as well as that of 

DNMTs, which would add to our understanding of how Pb exposure perturbs LINE-1 

epigenetic regulation. This project was also limited in terms of the time points assessed. 

Continued work of this kind may consider increasing the frequency at which cells are 

collected, perhaps every 12 or 24 hours, in order to capture changes in DNAm that may 

more immediately precede changes in gene expression and would also allow for the 

opportunity to capture effects according to 5Y cell cycling.  

It may be that larger sample sizes for each exposure group and time point are 

necessary in order to detected significant dose-response relationships in measures 

quantified using the assays described here. This may be especially true for gene 

expression analysis of PIWILs, as their expression is notably low overall.72 Future work 

of this nature may do well to consider alternative methods that would be more forgiving 

of smaller sample sizes, such as RNA sequencing. It would also be beneficial to assess 

a greater array of CpGs in LINE-1 for changes in DNAm, as the four positions examined 

here may have provided a limited insight as to how Pb exposure alters the epigenetic 

regulation of this element.  

Conclusion 

 This analysis provided evidence of differential expression of the LINE-1 5’ UTR 

and ORF2 in differentiating 5Ys exposed to environmentally relevant doses of Pb. While 

there was some evidence to suggest Pb disruption to PIWIL expression and LINE-1 

DNAm may play a role in this relationship, no firm conclusions can be drawn due to the 

observance of several contradictory relationships. It is likely that Pb-induced disruption 

of LINE-1 epigenetic regulation and expression during this developmental process is not 
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explained by the factors measured here alone and additional work is needed to clarify 

this relationship. It would also be beneficial to assess Pb-associated changes in the 

expression of piRNA transcripts, the second component of the piRNA system. It may be 

that Pb exposure induces aberrant expression of piRNAs specific to LINE-1 elements 

and that this additional information would contribute to our understanding of the data 

presented here.  Continued investigation into this relationship is warranted given 

previous work that has demonstrated a potential role of LINE-1 activity in ND as well as 

the capacity for environmental exposures to perturb the epigenetic regulation of these 

elements. It would also be beneficial to explore the effect of Pb on epigenetic regulation 

at other classes of TEs, such as Alu, the activity of which has also been implicated in 

ND.73 

Acknowledgements 

 Thanks go out to those who helped design and facilitate these experiments, 

including Dr. Justin Colacino who was influential in experimental design, Katelyn Polemi 

who helped coordinate the massive number of cell culture vessels and media changes, 

and Elizabeth Tolrud who performed many of the genomic extractions. Gratitude is also 

due to Dr. Bek Pretoff for her guidance in how to assess DNAm at specific sites and 

Margaret Quaid for her help in executing the pyrosequencing experiments in this aim, 

as well as Dr. Bambarendage Perera for the design of the primers used in the qRT-PCR 

analysis. This work was supported by funding from the following sources: NIEHS Grant 

R35 (ES031686), NIEHS Grant K01 (ES032048), Institutional Training Grant T32 

(ES007062), Institutional Training Grant T32 (HD079342), and National Institute of 

Aging (NIA) Grant R01 (AG072396). 



 

 147 

References 

1. Peze-Heidsieck, E. et al. Retrotransposons as a Source of DNA Damage in 

Neurodegeneration. Front Aging Neurosci 13, 786897 (2022). 

2. Takahashi, T. et al. LINE-1 activation in the cerebellum drives ataxia. Neuron 

110, 3278-3287.e8 (2022). 

3. Wei, W. et al. Human L1 retrotransposition: cis preference versus trans 

complementation. Mol Cell Biol 21, 1429–1439 (2001). 

4. Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature 

409, 860–921 (2001). 

5. Hafner, M. et al. Transcriptome-wide Identification of RNA-Binding Protein and 

MicroRNA Target Sites by PAR-CLIP. Cell 141, 129–141 (2010). 

6. Feng, Q., Moran, J. V., Kazazian, H. H. & Boeke, J. D. Human L1 

Retrotransposon Encodes a Conserved Endonuclease Required for Retrotransposition. 

Cell 87, 905–916 (1996). 

7. Zhang, X., Zhang, R. & Yu, J. New Understanding of the Relevant Role of LINE-1 

Retrotransposition in Human Disease and Immune Modulation. Frontiers in Cell and 

Developmental Biology 8, (2020). 

8. Chen, J.-M., Stenson, P. D., Cooper, D. N. & Férec, C. A systematic analysis of 

LINE-1 endonuclease-dependent retrotranspositional events causing human genetic 

disease. Hum Genet 117, 411–427 (2005). 

9. Wimmer, K., Callens, T., Wernstedt, A. & Messiaen, L. The NF1 gene contains 

hotspots for L1 endonuclease-dependent de novo insertion. PLoS Genet 7, e1002371 

(2011). 



 

 148 

10. Miki, Y. et al. Disruption of the APC gene by a retrotransposal insertion of L1 

sequence in a colon cancer. Cancer Res 52, 643–645 (1992). 

11. Schwahn, U. et al. Positional cloning of the gene for X-linked retinitis pigmentosa 

2. Nat Genet 19, 327–332 (1998). 

12. Yoshida, K., Nakamura, A., Yazaki, M., Ikeda, S. & Takeda, S. Insertional 

mutation by transposable element, L1, in the DMD gene results in X-linked dilated 

cardiomyopathy. Hum Mol Genet 7, 1129–1132 (1998). 

13. Zamudio, N. et al. DNA methylation restrains transposons from adopting a 

chromatin signature permissive for meiotic recombination. Genes Dev 29, 1256–1270 

(2015). 

14. Newkirk, S. J. et al. Intact piRNA pathway prevents L1 mobilization in male 

meiosis. Proc Natl Acad Sci U S A 114, E5635–E5644 (2017). 

15. Siomi, M. C., Miyoshi, T. & Siomi, H. piRNA-mediated silencing in Drosophila 

germlines. Semin Cell Dev Biol 21, 754–759 (2010). 

16. Senti, K.-A. & Brennecke, J. The piRNA pathway: a fly’s perspective on the 

guardian of the genome. Trends Genet 26, 499–509 (2010). 

17. Zoch, A. et al. SPOCD1 is an essential executor of piRNA-directed de novo DNA 

methylation. Nature 584, 635–639 (2020). 

18. Aravin, A. A. et al. A piRNA Pathway Primed by Individual Transposons Is Linked 

to De Novo DNA Methylation in Mice. Molecular Cell 31, 785–799 (2008). 

19. Richardson, S. R., Morell, S. & Faulkner, G. J. L1 retrotransposons and somatic 

mosaicism in the brain. Annu Rev Genet 48, 1–27 (2014). 



 

 149 

20. Lf, O., Cf, M., Ed, S., V, S. & L, A.-C. LINE-1 specific nuclear organization in 

mice olfactory sensory neurons. Molecular and cellular neurosciences 105, (2020). 

21. Jachowicz, J. W. et al. LINE-1 activation after fertilization regulates global 

chromatin accessibility in the early mouse embryo. Nat Genet 49, 1502–1510 (2017). 

22. Vitullo, P., Sciamanna, I., Baiocchi, M., Sinibaldi-Vallebona, P. & Spadafora, C. 

LINE-1 retrotransposon copies are amplified during murine early embryo development. 

Mol Reprod Dev 79, 118–127 (2012). 

23. Jönsson, M. E. et al. Activation of neuronal genes via LINE-1 elements upon 

global DNA demethylation in human neural progenitors. Nat Commun 10, 3182 (2019). 

24. Coufal, N. G. et al. L1 retrotransposition in human neural progenitor cells. Nature 

460, 1127–1131 (2009). 

25. Baillie, J. K. et al. Somatic retrotransposition alters the genetic landscape of the 

human brain. Nature 479, 534–537 (2011). 

26. Bodea, G. O., McKelvey, E. G. Z. & Faulkner, G. J. Retrotransposon-induced 

mosaicism in the neural genome. Open Biol 8, 180074 (2018). 

27. Bedrosian, T. A., Quayle, C., Novaresi, N. & Gage, F. H. Early life experience 

drives structural variation of neural genomes in mice. Science 359, 1395–1399 (2018). 

28. Wang, F. et al. Inhibition of LINE-1 retrotransposition represses telomere 

reprogramming during mouse 2-cell embryo development. J Assist Reprod Genet 38, 

3145–3153 (2021). 

29. Spadafora, C. A LINE-1–encoded reverse transcriptase–dependent regulatory 

mechanism is active in embryogenesis and tumorigenesis. Annals of the New York 

Academy of Sciences 1341, 164–171 (2015). 



 

 150 

30. Della Valle, F. et al. LINE-1 RNA causes heterochromatin erosion and is a target 

for amelioration of senescent phenotypes in progeroid syndromes. Sci Transl Med 14, 

eabl6057 (2022). 

31. Grundy, E. E., Diab, N. & Chiappinelli, K. B. Transposable element regulation 

and expression in cancer. FEBS J 289, 1160–1179 (2022). 

32. Horvath, S. & Raj, K. DNA methylation-based biomarkers and the epigenetic 

clock theory of ageing. Nat Rev Genet 19, 371–384 (2018). 

33. Ryan, J., Wrigglesworth, J., Loong, J., Fransquet, P. D. & Woods, R. L. A 

Systematic Review and Meta-analysis of Environmental, Lifestyle, and Health Factors 

Associated With DNA Methylation Age. J Gerontol A Biol Sci Med Sci 75, 481–494 

(2020). 

34. Pal, S. & Tyler, J. K. Epigenetics and aging. Sci Adv 2, e1600584 (2016). 

35. Jintaridth, P. & Mutirangura, A. Distinctive patterns of age-dependent 

hypomethylation in interspersed repetitive sequences. Physiological Genomics 41, 194–

200 (2010). 

36. Van Meter, M. et al. SIRT6 represses LINE1 retrotransposons by ribosylating 

KAP1 but this repression fails with stress and age. Nat Commun 5, 5011 (2014). 

37. Yan, M. H., Wang, X. & Zhu, X. Mitochondrial defects and oxidative stress in 

Alzheimer disease and Parkinson disease. Free Radic Biol Med 62, 90–101 (2013). 

38. Schumacher, B., Pothof, J., Vijg, J. & Hoeijmakers, J. H. J. The central role of 

DNA damage in the ageing process. Nature 592, 695–703 (2021). 



 

 151 

39. Whongsiri, P. et al. Oxidative stress and LINE-1 reactivation in bladder cancer 

are epigenetically linked through active chromatin formation. Free Radic Biol Med 134, 

419–428 (2019). 

40. Suarez, N. A., Macia, A. & Muotri, A. R. LINE-1 retrotransposons in healthy and 

diseased human brain. Dev Neurobiol 78, 434–455 (2018). 

41. Ravel-Godreuil, C., Znaidi, R., Bonnifet, T., Joshi, R. L. & Fuchs, J. Transposable 

elements as new players in neurodegenerative diseases. FEBS Letters 595, 2733–2755 

(2021). 

42. Sae-Lee, C. et al. DNA methylation patterns of LINE-1 and Alu for pre-

symptomatic dementia in type 2 diabetes. PLoS One 15, e0234578 (2020). 

43. Searles Nielsen, S. et al. LINE-1 DNA methylation, smoking and risk of 

Parkinson’s disease. J Parkinsons Dis 2, 303–308 (2012). 

44. Shanbhag, N. M. et al. Early neuronal accumulation of DNA double strand breaks 

in Alzheimer’s disease. acta neuropathol commun 7, 77 (2019). 

45. Ramirez, P. et al. Pathogenic tau accelerates aging-associated activation of 

transposable elements in the mouse central nervous system. Progress in Neurobiology 

208, 102181 (2022). 

46. Cho, Y. H. et al. LINE-1 hypomethylation is associated with radiation-induced 

genomic instability in industrial radiographers. Environ Mol Mutagen 60, 174–184 

(2019). 

47. Yang, J. et al. Urinary 1-hydroxypyrene and smoking are determinants of LINE-1 

and AhRR promoter methylation in coke oven workers. Mutat Res Genet Toxicol 

Environ Mutagen 826, 33–40 (2018). 



 

 152 

48. Issah, I. et al. Association between global DNA methylation (LINE-1) and 

occupational particulate matter exposure among informal electronic-waste recyclers in 

Ghana. Int J Environ Health Res 32, 2406–2424 (2022). 

49. Alexander, M. et al. Pesticide use and LINE-1 methylation among male private 

pesticide applicators in the Agricultural Health Study. Environ Epigenet 3, dvx005 

(2017). 

50. Shipley, M. M., Mangold, C. A. & Szpara, M. L. Differentiation of the SH-SY5Y 

Human Neuroblastoma Cell Line. J Vis Exp (2016) doi:10.3791/53193. 

51. Winer, J., Jung, C. K., Shackel, I. & Williams, P. M. Development and validation 

of real-time quantitative reverse transcriptase-polymerase chain reaction for monitoring 

gene expression in cardiac myocytes in vitro. Anal Biochem 270, 41–49 (1999). 

52. Li, Y. & Tollefsbol, T. O. DNA methylation detection: Bisulfite genomic 

sequencing analysis. Methods Mol Biol 791, 11–21 (2011). 

53. Create Elegant Data Visualisations Using the Grammar of Graphics. 

https://ggplot2.tidyverse.org/. 

54. Athanikar, J. N., Badge, R. M. & Moran, J. V. A YY1-binding site is required for 

accurate human LINE-1 transcription initiation. Nucleic Acids Res 32, 3846–3855 

(2004). 

55. Moran, J. V. et al. High frequency retrotransposition in cultured mammalian cells. 

Cell 87, 917–927 (1996). 

56. Peddigari, S., Li, P. W.-L., Rabe, J. L. & Martin, S. L. hnRNPL and nucleolin bind 

LINE-1 RNA and function as host factors to modulate retrotransposition. Nucleic Acids 

Res 41, 575–585 (2013). 



 

 153 

57. Wu, Y. et al. Association of blood leukocyte DNA methylation at LINE-1 and 

growth-related candidate genes with pubertal onset and progression. Epigenetics 13, 

1222–1233 (2018). 

58. Tahara, S. et al. Lower LINE-1 methylation is associated with promoter 

hypermethylation and distinct molecular features in gastric cancer. Epigenomics 11, 

1651–1659 (2019). 

59. Juliano, C., Wang, J. & Lin, H. Uniting Germline and Stem Cells: The Function of 

Piwi Proteins and the piRNA Pathway in Diverse Organisms. Annual Review of 

Genetics 45, 447–469 (2011). 

60. Reeves, M. E. et al. RASSF1C modulates the expression of a stem cell renewal 

gene, PIWIL1. BMC Research Notes 5, 239 (2012). 

61. Lavie, L., Maldener, E., Brouha, B., Meese, E. U. & Mayer, J. The human L1 

promoter: Variable transcription initiation sites and a major impact of upstream flanking 

sequence on promoter activity. Genome Res 14, 2253–2260 (2004). 

62. Scott, A. F. et al. Origin of the human L1 elements: proposed progenitor genes 

deduced from a consensus DNA sequence. Genomics 1, 113–125 (1987). 

63. Abdelhamid, R. F. et al. piRNA/PIWI Protein Complex as a Potential Biomarker in 

Sporadic Amyotrophic Lateral Sclerosis. Mol Neurobiol 59, 1693–1705 (2022). 

64. Wang, X. et al. MiRNA-154-5p inhibits cell proliferation and metastasis by 

targeting PIWIL1 in glioblastoma. Brain Research 1676, 69–76 (2017). 

65. Nagamori, I. et al. Relationship between PIWIL4-Mediated H3K4me2 

Demethylation and piRNA-Dependent DNA Methylation. Cell Reports 25, 350–356 

(2018). 



 

 154 

66. Habibi, L., Shokrgozar, M. A., Tabrizi, M., Modarressi, M. H. & Akrami, S. M. 

Mercury specifically induces LINE-1 activity in a human neuroblastoma cell line. Mutat 

Res Genet Toxicol Environ Mutagen 759, 9–20 (2014). 

67. Briggs, E. M. et al. RIP-seq reveals LINE-1 ORF1p association with p-body 

enriched mRNAs. Mobile DNA 12, 5 (2021). 

68. Zeybek, N. D., Baysal, E., Bozdemir, O. & Buber, E. Hippo Signaling: A Stress 

Response Pathway in Stem Cells. Curr Stem Cell Res Ther 16, 824–839 (2021). 

69. Goodrich, J. M. et al. Adolescent epigenetic profiles and environmental 

exposures from early life through peri-adolescence. Environ Epigenet 2, (2016). 

70. Issah, I. et al. Global DNA (LINE-1) methylation is associated with lead exposure 

and certain job tasks performed by electronic waste workers. Int Arch Occup Environ 

Health 94, 1931–1944 (2021). 

71. Sanchez, O. F. et al. Lead (Pb) exposure reduces global DNA methylation level 

by non-competitive inhibition and alteration of dnmt expression†. Metallomics 9, 149–

160 (2017). 

72. Perera, B. P. U. et al. Somatic expression of piRNA and associated machinery in 

the mouse identifies short, tissue-specific piRNA. Epigenetics 14, 504–521 (2019). 

73. Larsen, P. A. et al. The Alu neurodegeneration hypothesis: A primate-specific 

mechanism for neuronal transcription noise, mitochondrial dysfunction, 

and manifestation of neurodegenerative disease. Alzheimer’s & Dementia 13, 828–838 

(2017). 

 



 

 155 

Figures and Tables 

 

Figure 4.1: SH-SY5Y Differentiation Protocol. SH-SY5Y cells were differentiated in the presence of 
retinoic acid (RA) for 18 days, with lead exposure beginning on Day 5. *Indicates days on which cells 
were collected for genomic extraction and subsequent analysis.  

 

 

Figure 4.2: Location of LINE-1 Pyrosequencing and qRT-PCR Assays. Pyrosequencing region includes 
bases 302-327 of LINE-1, which reside in the promoter region of the 5’ UTR. qRT-PCR 5’UTR and ORF2 
amplicons are ~98 and ~131 nucleotides in length and primer sequences were obtained from Wissing et 
al., 2012. 
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Figure 4.3: Baseline PIWIL and LINE-1 Gene Expression During SH-SY5Y Differentiation. A) PIWIL1, B) 
PIWIL4, C) L15’UTR and D) L1ORF2 were quantified during SH-SY5Y differentiation via qRT-PCR using 
SYBR Green chemistry in the absence of Pb exposure (*p < 0.05, ** p < 0.01, **** p < 0.001). 

 

Figure 4.4: Baseline DNA Methylation of LINE-1 During SH-SY5Y Differentiation. LINE-1 methylation was 
quantified in the promoter of the 5’ UTR via pyrosequencing at A) Position 1, B) Position 2, C) Position 3, 
and D) Position 4 in cells during differentiation and in the absence of Pb exposure (* p < 0.05).   
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Figure 4.5: PIWIL Expression with Lead Exposure in Differentiating SH-SY5Y. Changes in PIWIL1 (A-E) 
and PIWIL4 (F-J) expression with 0.16μM, 1.26μM, and 10μM Pb exposures quantified every three days 
beginning on Day 6 (* p < 0.05, ** p < 0.01).  
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Figure 4.6: LINE-1 Expression with Lead Exposure in Differentiating SH-SY5Y. Changes in L15’UTR (A-
E) and L1ORF2 (F-J) expression with 0.16μM, 1.26μM, and 10μM Pb exposures quantified every three 
days beginning on Day 6 (* p < 0.05). 
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Figure 4.7: LINE-1 DNA Methylation on Day 12 with Lead Exposure. DNA methylation quantified via 
pyrosequencing at A) Position 1, B) Position 2, C) Position 3, and D) Position 4 in the LINE-1 promoter (** 
p < 0.01, *** p < 0.005). 
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Figure 4.8: LINE-1 DNA Methylation on Day 15 with Lead Exposure. DNA methylation quantified via 
pyrosequencing at A) Position 1, B) Position 2, C) Position 3, and D) Position 4 in the LINE-1 promoter (* 
p < 0.05). 
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Figure 4.9: LINE-1 DNA Methylation on Day 18 with Lead Exposure. DNA methylation quantified via 
pyrosequencing at A) Position 1, B) Position 2, C) Position 3, and D) Position 4 in the LINE-1 promoter (* 
p < 0.05). 
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Appendix 

 

Table 4.A1: Primers used for qRT-PCR. Assays indicated by * previously validated by Wissing et al., 
2012. 

 

Table 4.A2: Pyrosequencing parameters. 
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Table 4.A3: Summary of ΔCq values. 
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Table 4.A4: Summary of L1 DNA methylation pyrosequencing results per sample. 
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Figure 4.A1: L1 DNA Methylation on Day 6 with Lead Exposure. 

 

 

Figure 4.A2: L1 DNA Methylation on Day 9 with Lead Exposure. 
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Chapter 5  
Aim 4: Characterization of piRNA and PIWIL Expression in the Human Soma 

Reveals Tissue- and Sex-Specific Patterns During Early Development 

Abstract 

 PIWI-interacting RNA (piRNA) are a class of small, non-coding RNA (ncRNA) 

that, along with PIWI proteins, regulate the expression and patterns of DNA methylation 

of transposable elements (TEs). This function has been thoroughly characterized in the 

germline, where piRNA-directed silencing of TEs has been found to be important for 

gametogenesis and reproductive function in several model organisms. There is 

relatively little work exploring the presence and function of piRNAs in somatic tissues, 

though what does exist supports the notion that this class of ncRNA may be important 

to cellular plasticity and differentiation. Recent work from our group has demonstrated 

notable expression of this system in murine somatic tissues and while overall 

expression was found to be lower than that of the germline, there were distinct profiles 

and targets of piRNA transcripts in each tissue, suggesting tissue-specific functions of 

this class. Here we expand upon this work, characterizing the expression of piRNA and 

PIWIL mRNA in several human somatic tissues (brain, heart, lung, liver, and kidney) 

alongside the gonads from an early developmental period (gestational days 90-105), in 

5 males and 5 females per tissue type. We identified PIWIL1 and PIWIL2 expression, 

most notably in the brain, heart, and kidney, that was significantly less than that of the 

gonads (p < 0.05) We found PIWIL3 and/or PIWIL4 expression to be comparable to (p > 
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0.05) to that of the gonads in nearly all included tissues. Sodium periodate treatment 

followed by small RNA sequencing allowed for the enrichment of piRNAs in each 

sample. Sequencing results were cross-referenced with a set of piRNAs previously 

identified using similar enrichment techniques considered to be gold-standard (e.g., 

sodium periodate or PIWI co-immunoprecipitation) to determine whether our samples 

contained piRNAs that have been previously identified. Differential expression analysis 

was used to define piRNAs by identifying sequences preferentially expressed in treated 

or untreated samples. The brain contained 1,808 piRNAs, while the heart contained 

1,441, the lung contained 1,456, the liver contained 1,562, the kidney contained 1,662, 

and the gonad contained 1,586. Within each tissue, there was overlap in piRNA 

presence between the sexes, however each sex-tissue combination did have its own 

subset of piRNAs that were exclusively expressed in that category, supporting the idea 

that piRNA may have tissue-specific roles in sexually dimorphic development. Further 

analysis found overlap of piRNAs within each sex across the somatic tissues, with 706 

and 511 piRNAs found in all somatic tissues in males and females, respectively. When 

the gonads were included, 120 piRNAs were detected in all tissues regardless of sex. 

Differential expression analysis between the tissues further demonstrated that each 

somatic tissue contained a number of piRNAs that were significantly expressed relative 

to others, though this difference was lessened when comparing expression levels in 

each tissue to the gonads alone. Multi-mapped and uniquely mapped piRNAs in the 

soma mapped to similar targets as those of the gonads, with LINE-1 elements and 

regulatory region common targets. These results suggest that while much of our 

characterization of piRNA has occurred in the gonads, their presence and function may 
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not be as specific to the germline as previously thought, particularly during early 

development. A thorough characterization of piRNA expression in the soma will 

contribute significantly to future toxicological work pertaining to small ncRNA, as well as 

research on epigenome editing. 

Introduction 

 Non-coding RNA (ncRNA) play important roles in gene expression regulation at 

the pre- and post-transcriptional levels, and there are several subclasses with distinct 

biology and modes of action.1,2 Small ncRNA, those shorter than 200 nucleotides (nt) in 

length, such as microRNA (miRNA), short interfering RNA (siRNA), and PIWI-interacting 

RNA (piRNA), regulate gene expression and protein translation in distinct ways.3 These 

systems rely on a ncRNA guide, which acts as chaperone for effector proteins, directing 

them to regions of the genome (constituting RNA-induced transcriptional silencing 

(RITS) complex) or specific mRNAs (constituting RNA-induced silencing complexes 

(RISC)).4,5 Of these, piRNA represent the largest subclass, but is also the least studied 

in terms of its expression and function in all tissues.6 

 piRNAs have been classically characterized in the germline, where they are 

potent regulators of transposable elements (TEs).7 These ncRNA primarily associate 

with a subset of Argonaute proteins, p-element induced wimpy testis (PIWI) proteins, 

named for their discovery and relevance in Drosophila gametogenesis.8,9 PIWI proteins 

in the Drosophila are Piwi, Aubergine, and Argonaute3, while those of the mouse are 

Piwi1 (Miwi), Piwi2 (Mili), and Piwi4 (Miwi2).10,11 Humans have a fourth protein, with the 

PIWI-like proteins being PIWIL1 (HIWI), PIWIL2 (HILI), PIWIL3, and PIWIL4 (HILI2).12 

Across species, PIWI proteins play dual roles in the piRNA gene expression regulatory 
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system. They act in the regulatory function of this class of ncRNA, in that they have 

been shown to recruit DNA methylation (DNAm) machinery such as DNA 

methyltransferases (DNMTs) to and to induce chromatin modifications at TEs to 

minimize their transcription, as well as degrade mRNA once it has been transcribed.13 

PIWI proteins contain several important domains, including the PAZ domain which binds 

the guide piRNA transcript, the MID domain that attaches to target mRNA, and the PIWI 

domain which contains endonuclease capabilities and cleaves target mRNA.14–16 

 PIWI proteins are also essential to the biogenesis of piRNA transcripts 

themselves.6 piRNA are initially transcribed as precursor RNAs that are processed, in 

part by PIWI proteins. Primary and secondary piRNA processing pathways have been 

extensively characterized in Drosophila, wherein the primary pathway employs the 

endonuclease capacity of PIWI/Ago proteins to produce intermediate piRNAs roughly 

24-32 nucleotides in length from their precursors, and in the germline, these sequences 

have a preference for a uridine at the 5’ end as well as an adenosine at position 10.17 

These intermediates are eventually methylated at their 3’ end by the conserved 

methyltransferase Hen1 to create a mature and stable piRNA.18 piRNAs produced via 

this pathway most often act as guides to piRNA clusters and active transposons in the 

genome. Transcripts from these locations, along with piRNAs from the primary 

processing pathway, enter into the “ping-pong- cycle, wherein both transcripts are 

passed back and forth between PIWI proteins and are eventually also methylated by 

Hen1, to produce additional piRNA.19 piRNA biogenesis is a Dicer-independent process, 

which is notably different from that of miRNA and siRNA, which rely on this enzyme 

extensively.20 
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 The piRNA system has been well characterized in the germline, where this class 

of ncRNA is essential for proper gamete development and maturation.21,22 Several 

landmark studies have characterized increased expression of TEs as well as severe 

perturbations to gametogenesis with PIWI protein mutations.23 Given the immense 

importance of piRNA in the germline, it was long assumed that this was the only 

location of their expression and function. However, there is mounting evidence of piRNA 

presence and activity in several somatic tissues, and this has been documented within 

several experimental models, including the sea slug, mouse, and macaque.24–26 Our 

group has previously identified the expression of piRNA and PIWI proteins in the soma 

of adult mice, with distinct patterns observed in tissues from all three germ layers (e.g., 

brain, heart, liver, and kidney). This study also employed a rigorous method of isolating 

piRNAs from other classes of small ncRNA (sodium periodate treatment) meaning that 

while levels of expression were lower than that of the germline, the reliability of what 

was identified is robust.26 An overview of the each component of the piRNA system in 

humans is described in Figure 5.1.  

 We employed a similar method in an attempt to characterize piRNA and PIWIL 

expression in human somatic tissues from early development. Here we present 

evidence of piRNA and PIWIL mRNA expression during gestational development, 

notably with expression comparable to or exceeding that of the germline in some 

somatic tissues. Given the increasing attention being paid to the differential expression 

and potential function of piRNA in various disease states and with regard to 

environmental exposures, as well as its potential use in epigenetic editing, it is essential 

that a comprehensive baseline of expression in the soma be established.27–29  
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Methods 

Somatic Tissues Acquisition 

 Human gestational tissues were obtained via an NIH-funded biobank through the 

University of Washington (2R24 HD000836-47), including brain, heart, lung, liver, 

kidney, and gonadal tissue. Healthy tissues were collected from volunteers undergoing 

elective pregnancy termination during the first or second trimester, as previously 

reported on.30 For the purposes of this work, tissues from gestational days 90-105 were 

used. Following surgery and donation consent, tissues were flash frozen in liquid 

nitrogen in polycarbonate-free polypropylene tubes and stored at -80ºC. Samples were 

shipped to the University of Michigan on dry ice. A total of n = 5 male and n = 5 female 

samples were used per each of 6 tissues, for a total sample size of n = 60.  

RNA Isolation and Gene Expression Analysis 

 RNA was isolated using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Cat. 

#80004) according to manufacturer protocols. This kit isolates RNA >200nts in length 

which was subsequently used for PIWIL mRNA expression analysis. RNA concentration 

was quantified using the NanoPhotomoeter system and quality and integrity (RIN) 

scores were calculate using the QIAxcel Advanced Instrument. RNA quality scores are 

summarized in Table 5.A1.  

 RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit 

(Bio-Rad, Cat. #1708890). cDNA was used to quantify PIWIL expression in each tissue 

using custom primer sets from Integrated DNA Technologies (IDT) and primer efficiency 

was optimized using serial cDNA dilutions. Primer sequences and amplicon sizes are 
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reported in Table 5.A2. mRNA expression was quantified via qRT-PCR on the Applied 

Biosystems StepOne Real-Time PCR system using SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad, Cat. #1725270) and reactions were carried out for 40 cycles 

and according to standard SYBR Green PCR protocols. mRNA expression was 

assessed alongside reference gene ACTG1 (Bio-Rad, assay #qHsaCEP0025243) and 

blank controls. 

 Cq values for each sample were obtained in triplicate (n = 3 technical replicates 

per gene per sample) and the average was taken from these for further analysis. The 

ΔCq value was calculated by subtracting the mean Cq value of each reference triplicate 

for a given sample from that of the testing triplicate. The fold difference in PIWIL 

expression relative to that of ACTG1 was calculated by raising the ΔΔCq as a negative 

power of 2 (2- ΔΔCq). Differences in the ΔCq of PIWIL1-4 mRNA in each somatic tissue 

relative to control was computed using a two-sides t-test in R (v.4.1.2). Statistical 

significance was accepted with p < 0.05 and is designated in figures as * p < 0.05, ** p < 

0.01, *** p < 0.005, and **** p < 0.001. Data are represented graphically as boxplots, 

with the median indicated in the box as a horizontal line, using ggplot2.31 The size of the 

box represents the interquartile range (IQR), with the 25th and 75th percentile indicated 

by the lower and upper limits, respectively. The lines extending above and below these 

plots represent measures that fall within 1.5 times the IQR in either direction, and values 

that fall beyond these points are those that lie outside of this limit and are represented 

by dots.  
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smRNA Isolation, Sodium Periodate Treatment, and smRNA Sequencing 

 smRNA was isolated using the RNeasy MinElute Cleanup Kit (Qiagen, Cat. 

#74204) to isolate those RNA transcripts shorter than 200nt in length. Fully mature 

piRNA transcripts are resistant to β-elimination via sodium periodate treatment due to 

the presence of the 2’O-methylation modification on their 3’ end. Upon treatment, those 

transcripts without this modification are degraded, leaving an overrepresentation of 2’O-

methylated transcripts.32 Each smRNA sample was divided into 4 aliquots of 400ng 

each, with 3 undergoing sodium periodate treatment and 1 serving as an untreated 

control. Sodium periodate treatment consisted of reactions including freshly prepared 

sodium periodate (Sigma, Cat. #BCBS5360V), 5X borate buffer generated from 150mM 

borax (Alfa Aesar, Cat. #T29C533) and 150mM boric acid (Fluka Analytics, Cat. 

#SZBG1280V), adjusted to a pH of 8.6 using sodium hydroxide (Thermo, Cat. 

#A4782902). A full description of sodium periodate reaction preparation is described in 

previously published protocols.26 Sodium periodate treatment technical replicates (n = 3 

per sample) were recombined following treatment and, including sodium periodate 

untreated controls, the final smRNA sample size for library preparation and sequencing 

was n = 120.  

 smRNA libraries were prepared at the University of Michigan Advanced 

Genomics Core using the SMARTer smRNA-Seq Kit (Takara, Cat. #635031) using 

Takara smRNA Indexing Primer Set HT, which allowed for the pooling of the entire 120-

sample library onto one sequencing lane. This kit employs polyadenylation and template 

switching by extension steps, before adding adapters by PCR. The smRNA library was 
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cleaned and size-selected using AMPure XP Beads (Fisher, Cat. #NC9933872) and 

sequenced on a NovaSeq S4 flowcell as a 1x100bp run.  

Bioinformatics Identification of piRNA Transcripts  

FastQC (v0.11.15)33 and MultiQC (v1.8)34 were used to assess quality of all 

sequenced samples. Trimming, including that of sequencing adapters, was performed 

according to Takara recommended protocols in order to remove sequencing adapters, 

poly-adenylated tails, and the first three nucleotides added during the template 

switching step.35 Additionally, all reads shorted than 20nt and longer than 45nt in length 

were removed from downstream analysis. After this quality control and processing, 

remaining reads were mapped to the reference genome (hg38) using bowtie2 (v2.2.9),36 

with no mismatches allowed. An upper limit of mapping locations was set to 10,000 to 

maximize the capture of transcripts targeting repetitive elements while also maintaining 

efficiency in the bioinformatic pipeline. We next wanted to determine whether our 

samples contained any piRNAs that have been previously identified. To do this, we 

generated a GTF file of sequences previously documented using methods considered 

to be gold-standard in the identification of piRNAs (e.g., sodium periodate treatment or 

PIWI-co-immunoprecipitation).37 This list contains roughly 77 thousand piRNAs and is 

publicly available through piRBase. This GTF file was employed as the feature to 

generate a counts matrix, wherein -O was specified to allow for reads to be assigned to 

more than one matched meta-feature, -M was specified to ensure multi-mapping reads 

were counted, and --fraction thus returned counts of 1/(x*y), wherein x is the total 

number of alignments for a given read and y is the total number of features overlapping 

with that read.37,38  
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The generated counts matrix for each tissue and sex combination was used to 

determine which sequences we regarded as true piRNAs in the samples included in this 

study. While this approach provided us with a summary of what sequences in our data 

had been previously identified in other work aimed at assessing piRNA expression, we 

wanted to further refine what we considered to be a piRNA given what we know about 

gold-standard identification methods. Therefore, we next employed differential 

expression (DE) analysis using edgeR to determine which sequences were enriched in 

our treated versus untreated samples (logFC > 0, FDR < 0.05), for each tissue and sex 

combination, and used these sequences in subsequent analyses.39 For some analyses, 

we included those sequences that showed no significant difference in expression 

between treated and untreated samples (FDR > 0.05), as we regarded these as 

potential piRNAs and in need of further consideration, and those analyses are 

designated as such. 

Evaluation of piRNA Sequence Overlap Between Tissues and Sexes 

 The total profiles of piRNAs (including those found to be enriched in the treated 

samples as well as those for which no difference in expression was detected) in each 

tissue-sex combination were utilized in initial broad comparisons. For this analysis, we 

only considered whether a piRNA was detected in a given sample (that is, the list of 

piRNA IDs in a given matrix) rather than the counts matrix itself, in order to assess 

general trends in whether tissues and sexes contained overlapping piRNAs with other 

sample types. Lists of piRNA IDs were generated for each tissue-sex combination and 

the overlap of IDs between each category of samples was evaluated and illustrated 

using VennDiagram (v1.7.3).40 For those piRNAs detected in a given tissue, we 
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assessed whether there was commonality between the sexes, which provided a sense 

of the uniqueness of piRNA profiles in a tissue between the sexes. Following this, we 

used a similar approach to examine the overlap in piRNAs between each somatic tissue 

for a given sex. In order to most efficiently illustrate the overlap in piRNAs detected in all 

tissues and sexes, including those of the gonads, we utilized an UpSet plot using 

UpSetR (v1.4.0),41 with the same list of IDs employed above, a total nsets of 12, and 

ordered by frequency.  

Enrichment of piRNAs by Tissue and Sex 

 Our remaining assessments of in which tissues and sexes each piRNA were 

expressed was conducted utilizing the count matrices generated via the GTF described 

above. We compiled all count data for each sample into one matrix and performed an 

initial assessment of sample groupings using multidimensional scaling (MDS) via limma 

(v3.50.3), with groupings characterized by tissue (col) and sex (pch). The counts matrix 

was further utilized in the generation of a heatmap using pheatmap (v1.0.12).42 Counts 

were converted to counts per million (CPM) and further log transformed (logCPM) for 

visualization. Final map was clustered by piRNAs (cluster_rows = T) and annotated by 

tissue type.  

Identification of piRNA Targets 

 piRNA target analysis was split between those deemed to be multi-mapping 

transcripts (mapped to > 1 location in the genome) and uniquely-mapping transcripts 

(mapped to one location in the genome). Multi-mapping piRNAs were annotated using 

Repeat Masker, which is publicly available through UCSC Genome Browser.43,44 
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Uniquely-mapping piRNAs were annotated using annotatr to determine the genomic 

region they fell within.45 An overview of the bioinformatics pipeline used for the purposes 

of this work is described in Figure 5.2.  

Results 

Tissue- and Sex-Specific Patterns of PIWIL mRNA Expression 

 PIWIL proteins play dual roles in the piRNA system, in that while they elicit much 

of the regulatory capacity, they are also vital to the biogenesis of piRNA transcripts 

themselves.10 We measured mRNA expression of PIWIL proteins using qRT-PCR and 

SYBR Green chemistry and found detectable levels of these mRNAs in several somatic 

tissues. A summary of average ΔCq values for each PIWIL target, stratified by tissue 

and sex, can be found in Table 5.A3, and a visual representation of this data in Figure 

5.3 has been transformed for adequate visualization.  

PIWIL1 expression was greatest in the gonads and significantly exceeded 

expression levels detected in the somatic tissues, with average ΔCq values of 11.33 (p 

< 0.001) and 9.41 (p < 0.05), in males and females, respectively. The somatic tissue 

with the greatest PIWIL1 expression was the male and female kidney (average ΔCq 

values of 14.22 and 14.02, respectively), followed by male and female heart (average 

ΔCq values of 15.23 and 14.99, respectively). The remaining somatic tissues 

demonstrated notably lower levels of expression with ΔCq values ranging from 18.12 to 

20.42 in the brain, lung, and liver. Overall, while PIWIL1 was detected in several 

somatic tissues, its expression was significantly lower than that of the gonads (Figure 

5.3A).  
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 PIWIL2 expression demonstrated similar overall patterns to that of PIWIL1, with 

the greatest expression seen in the male (p < 0.05) and female gonad (p < 0.001) 

(average ΔCq values of 12.66 and 10.79, respectively) and moderate levels of 

expression among the somatic tissues documented. Male and female brain, heart, and 

kidney all had average ΔCq values between 14.5 and 16.16, while male and female 

lung and liver had the lowest levels of PIWIL2 expression, with ΔCq averages of 16.72 

to 16.70 and 16.33 to 16.62, respectively, indicating especially low expression in these 

tissues (Figure 5.3B).  

 We found relatively low levels of PIWIL3 expression across all tissues assessed, 

including the gonads, wherein average ΔCq values for males and females were 19.45 

and 17.72, respectively. Comparable levels (p > 0.05) were found in the male and 

female liver (average ΔCq values of 18.44 and 19.16, respectively), as well as brain 

(average ΔCq values of 19.24 and 19.00, respectively). Lower levels of expression were 

detected in the kidney (average ΔCq values of 20.39 and 19.91 in males and females, 

respectively), heart (average ΔCq values of 19.66 and 20.1, respectively), and lung 

(average ΔCq values of 20.53 and 20.80, respectively), though only that of male kidney 

was determined to be significantly different from gonadal expression in that sex (p < 

0.05) (Figure 5.3C). 

 Expression of PIWIL4 in several somatic tissues was also comparable to that of 

the gonads, in both males and females. There was no significant difference (p > 0.05) in 

ΔCq values for PIWIL4 in the brain, heart, kidney, or liver in either sex (average ΔCq 

range of 12.27 to 14.36 in males and 12.72 to 13.28 in females), relative to the gonads 

(average ΔCq values of 13.28 and 12.76 in males and females, respectively). Only male 



 

 179 

and female liver were determined to have significantly less PIWIL4 expression, relative 

to the gonads (p < 0.01), with average ΔCq values of 15.85 and 16.06, respectively 

(Figure 5.3D). 

Detection of piRNAs in Treated and Untreated Sodium Periodate Samples 

 Sequenced reads from treated and untreated samples were mapped to the 

human genome (hg38) and then aligned to piRNAs in piRBase which were previously 

identified via gold-standard methods. This allowed us to identify sequences in our data 

that have been reported using techniques that enrich for piRNAs (i.e., PIWI co-

immunoprecipitation and/or sodium periodate treatment).46 A number of individual 

transcripts were identified as being significantly expressed in the treated versus 

untreated samples (2,925 in gonad, 2,080 in brain, 1,968 in heart, 2,131 in lung, 2,067 

in liver, and 1,670 in kidney) (FC > 1 and FDR < 0.05) (Table 5.1). This analysis also 

found numerous previously identified piRNAs in the untreated samples, which was 

unexpected as sodium periodate treatment is expected to enrich for true piRNAs based 

on their 2’-O methylation on the 3’ end, which is resistant to this oxidation reaction. A 

visual summary of DE analysis between treated and untreated samples in each tissue 

and sex are presented in Figure 5.A1-3.  

 This approach identified sequences that were present to a significant degree in 

the untreated versus treated samples (logFC < 0 and FDR < 0.05), as well as 

sequences that had no detectable significant difference in expression between these 

two sample types (FDR > 0.05). Sequences with no significant difference in DE between 

treated and untreated samples were included in some of the downstream analyses 

below (and are indicated as such), as they were regarded to be “likely” piRNA 
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transcripts and deserving of additional attention in future work given their previous 

identification using methods of piRNA enrichment, as indicated by their inclusion in the 

reference list. Sequences determined to be significantly expressed in the untreated 

versus treated samples were omitted from subsequent analyses in this study, as they 

were regarded as unlikely to be piRNAs based on our inability to identify them in our 

enriched sample set.  

Sex-Specificity of Detected piRNAs 

 Catalogued piRNAs, those determined to be either significantly expressed in the 

treated samples or those for which no significant difference in expression was found, 

were compared between males and females of each sex, in order to assess to what 

degree these transcripts overlapped between the sexes. In the brain, 1,319 piRNAs 

were identified in both males and females, with 685 detected only in male brain and 76 

in female brain (Figure 5.4A). A similar pattern presented in the lung and liver, wherein 

a notable number of piRNAs were identified in both sexes (1,266 in lung and 1,003 in 

liver), and males had transcripts in the lung (791) and liver (1,019) compared to female 

lung (74) and liver (45) (Figure 5.4C-D). A reversal of this trend was seen in the heart, 

as there were many piRNAs identified in both sexes (1,031), however females 

contained a greater number of transcripts detected only in that sex (875) compared to 

males (62) (Figure 5.4B). The kidney contained 1,194 piRNAs that were identified in 

male and females, with 308 found only in males and 168 found only in females (Figure 

5.4E). The gonads had the greatest degree of overlap in detected piRNAs with 1,839 

identified in both sexes, while male gonad contained 713 piRNAs that females did not, 

while female gonad contained 373 (Figure 5.4F).  
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piRNA Overlap Between Human Somatic Tissues 

 Sequences used in the above comparisons were further applied to an 

assessment of overlap between all five somatic tissues (brain, heart, lung, liver, and 

kidney) in each sex, and hundreds of piRNAs were observed in both the male and 

female somatic tissue sets. 706 piRNAs detected in males were detected in all five 

somatic tissues included in this study, with varying degrees of overlap between other 

combinations of tissues. Interestingly, the male heart and lung contained the least 

number of piRNAs specific to those tissues, with 93 and 88 identified in each, 

respectively. Following these, male brain contained 175 transcripts specific to that 

somatic tissue, while the liver and kidney contained 196 and 200, respectively (Figure 

5.5). In the female soma, there appeared to be more tissue-specificity in piRNA 

expression compared to that of males, particularly within the heart were 614 piRNAs 

were identified but not in any other somatic tissue examined, whereas 511 piRNAs were 

detected in all five female somatic tissues included in this study. As in males, the female 

brain and lung contained few piRNAs specific to each tissue (50 and 112, respectively). 

Conversely to trends seen in males, fewer transcripts were detected in the female 

kidney alone (154) as well as the liver (44) (Figure 5.6).   

 In order to evaluate the overlap in identified piRNAs across all tissues studied 

(somatic tissues as well as the gonads) and between the sexes, an UpSet plot was 

used. This analysis found 108 previously identified piRNAs to be present in all tissues 

and both sexes considered in this work. There was notable overlap in several extensive 

combinations of these variables, such as 64 piRNAs found in all tissues other than male 

brain, while a further 45 were identified in all samples aside from female gonad, lung, 
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and liver. The greatest degree of specificity continued to be detected in the female 

heart, as 101 piRNAs were identified in these tissues and no other combination. 

Additional female tissues such as gonad, kidney, and lung contained relatively high 

numbers of piRNAs that were not found in other sex and tissue combinations, with 58 

and 48 piRNAs identified in only these tissues, respectively. A full illustration of these 

comparisons is presented in Figure 5.7.  

Differential Expression of Detected piRNAs Between Tissues 

 This broad analysis was motivation to explicitly assess piRNA profiles in each 

tissue based on counts. To do this, we utilized a curated list of 1,963 piRNAs that were 

found to be significantly expressed in the treated samples, relative to untreated (FC > 0, 

FDR < 0.05), omitting those that displayed no significant difference in expression 

between the treatment groups (FDR > 0.05) from further analysis. This counts-based 

analysis using pheatmap demonstrated that piRNA profiles in each sample clustered 

primarily by tissue with distinct groupings that were further subset by sex (Figure 5.8). 

Interestingly, the only sex and tissue combination to not cluster entirely together was 

female brain, with the piRNA profiles of some samples clustering with female gonad and 

liver, and another with male gonad and liver. When considering whether both sexes 

from a given tissue clustered together, only the liver, lung, and kidney had greater 

degrees of similarity in piRNA profiles between males and females compared to the 

gonads, brain, and heart. While a number of piRNAs were detected to some degree in 

the majority of all samples, there are smaller groupings of piRNAs that were detected 

almost exclusively in certain tissues. For example, female brain and heart both 

contained a number of piRNAs that were not detected in their respective male 
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counterparts. Multidimensional scaling was used to identify general trends in sample 

clustering based on counts of piRNAs in each tissue type and this analysis provided 

similar trends as those seen in clustering using pheatmap, with liver, kidney, and lung 

all clustering together and subtler separation based on sex within each cluster. Brain, 

heart, and gonad samples clustered together, with some separation between the sexes 

of each group (Figure 5.A3).  

 This broader analysis was motivation to explicitly assess what piRNAs are 

expressed to a significant degree in one tissue relative to the others. A summary table 

of the number of piRNAs found to be significantly expressed to a greater degree in one 

tissue relative to the others is described in Table 5.A4. Interestingly, only 131 piRNAs 

were found to be differentially expressed in the gonads relative to the remaining tissues 

(Figure 5.9F), and all somatic tissues had greater numbers of this measure (340 in 

brain, 658 in heart, 266 in lung, 171 in liver, and 373 in kidney) (Figure 5.9A-E). 

Relatively few piRNAs were detected in the brain (1), heart (7), lung (16), liver (10), 

kidney (40), and gonad (15) to a significantly lesser degree than other tissue types, 

suggesting that while each tissue type has a subset of enriched piRNAs, the remaining 

transcripts in each tissue profile were likely found to some degree in other tissues 

studied. When we repeated this analysis for each tissue relative to the gonads alone, 

we identified fewer piRNAs enriched in each somatic tissue, with 66 detected in the 

brain, 211 in heart, 46 in lung, 42 in liver, and 284 in kidney (Table 5.A5 and Figure 

5.10A-E). These findings reinforce the conclusion that many piRNAs identified in the 

gonads are found to some degree in various somatic tissue types.  
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Differentially Expressed piRNAs in the Soma Previously Identified in Existing 

Databases. 

 We compared the top differentially expressed piRNAs in the soma to previously 

existing literature using piRBase to assess whether previous research has identified 

these transcripts (Table 5.A6). We limited this analysis to fifty piRNAs with the highest 

significant (FDR < 0.05) fold-change in expression, relative to the gonads, and this list 

included differentially expressed transcripts from brain, heart, lung, and liver. All fifty 

piRNA have been previously identified in reports utilizing sodium periodate treatment 

when assessing piRNA expression in either human ovary from a similar developmental 

period (mid-gestation) or ovaries retrieved during reproductive age. All piRNAs 

considered in this comparison (50) were previously detected in gestational ovary 

samples, whereas only 2 were also detected in ovary from reproductive age, suggesting 

that somatic piRNA expression during periods of development significantly resembles 

that of the germline.  

Targets of Somatic versus Gonadal piRNAs 

 Lastly, we took the piRNAs that were determined to be significantly expressed in 

each tissue and determined where they mapped to in the genome (hg38). A summary of 

target breakdown for multi-mapped as well as unique piRNAs are included in Tables 

5.A7 and 5.A8. Multi-mapping transcripts mapped to more than 1 location, whereas 

uniquely mapping transcripts were limited to those that mapped to no more than 1 

location.  

The targets of multi-mapped piRNAs were broken down by repetitive element 

families (TE family) included in UCSC Repeat Masker (Figure 5.11).44 The vast majority 
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of multimapping piRNAs detected in this study were found to map to LINE-1 elements, 

with the highest proportion seen in the brain (94%), followed by the kidney (84%), heart 

(83%), liver (81%), and gonad (75%). The lung had comparatively less of these piRNAs 

map to LINE-1 elements, with only 64% (Table 5.A7). Remaining multi-mapped piRNAs 

in the gonads largely mapped to LTRs, with a small percentage mapping to SINE(Alu 

(2.2%) or TcMar-Trigger elements (0.1%). While all somatic tissues contained piRNAs 

that mapped to SINE/Alu elements and at least one LTR family, there were several 

notable patterns regarding the remaining TE families. Nearly a third (32%) of multi-

mapped piRNAs in the lung and 9.3% in the liver mapped to hAT-Tip100 elements, 

whereas the heart was the only tissue to contain piRNAs that mapped to hAT-Charlie 

repetitive elements. 

 The targets of uniquely mapped piRNAs were summarized by genomic region 

(Figure 5.12) and found introns to be the most common designation for brain (49%), 

heart (56%), lung (34%), liver (33%), kidney (55%), and gonad (55%) (Table 5.A8). 

Genomic regions important to gene expression regulation were the next most mapped-

to categories. 1 to 5kb regions, those immediately upstream from promoters were the 

targets of 10-17% of uniquely mapped piRNAs, depending on tissue. 6-11% of unique 

piRNAs were found to target CpG shores as well as CpG intergenic regions, with 

smaller percentages in each tissue targeting other CpG regions such as shelves and 

islands. There were notable tissue differences in the percentage of unique piRNAs that 

mapped to promoter regions, with 8-13% in brain, lung, and liver, whereas this fraction 

in gonad, kidney, and heart was between 0.7% and 5%. 
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Discussion 

PIWIL-Specific Expression in the Soma is Comparable to that of the Gonads. 

Relative expression of PIWIL1 and PIWIL2 in nearly all somatic tissues was lower than 

that of the gonads, with the exception of PIWIL1 expression in male kidney as well as 

PIWIL2 expression in male brain, heart, and kidney which were all much more 

comparable. Surprisingly, the expression of PIWIL3 and PIWIL4 in many somatic 

tissues was comparable to or even exceeded that of the gonads, most notably male and 

female brain, heart, and kidney. To our knowledge, these findings are unique in that it is 

the first characterization of PIWIL expression across an array of somatic tissue types 

that are not cancerous in nature. Indeed, the expression of PIWIL proteins has been 

well-documented in numerous cancerous tissues, such as bladder, breast, head and 

neck, and skin cancers.47–50 Recent studies have begun to draw correlations between 

PIWIL expression and cancer progression and prognosis, with many concluding that 

elevated PIWIL levels are associated with greater rates of malignancy and treatment 

resistance.47,51,52 It is suspected that this relationship is at least partially explained by 

the apparent relevance of PIWIL proteins to stem cell populations.53 Several studies of 

PIWIL expression in the soma, in humans as well as several model organisms, has 

found expression to be associated with stemness, cellular differentiation, and 

regeneration.54,55 Cancer is often described as stemness and development gone awry, 

and so it is unsurprising to see PIWIL expression implicated in both of these 

endpoints.56  

 Given this context, our results demonstrating detectable (PIWIL1 and PIWIL2) 

expression, as well as levels comparable to or exceeding that of the gonads (PIWIL3 
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and PIWIL4) are somewhat expected, as these samples were obtained during a highly 

dynamic developmental period (gestational days 90-105), wherein stem cell 

differentiation is happening in earnest in a variety of tissue types throughout the body.57 

What’s more, we saw elevated expression of PIWIL3 and PIWIL4 in the developing 

brain and heart, where notable stem cell populations exist throughout the life course, 

suggesting that these tissues in particular may maintain this elevated expression past 

this developmental stage.58,59 Corresponding work examining PIWI expression in 

several somatic tissues of the adult also found notable levels in the brain and heart, 

adding confidence to the idea that PIWI proteins may support certain stem cell 

populations throughout life.26 This current work also identified notable PIWIL expression 

in the developing kidney and liver, however that of the adult mouse was not as 

prominent as that of the brain and heart. This may be informed by additional work that 

has demonstrated the adult kidney and liver to be supported by mesenchymal cells 

originating from bone marrow,60,61 and so these tissues in adulthood may have less 

specific need of the stem-cell supporting function of PIWIL proteins compared to during 

development. 

Previously Identified piRNAs Detected in Somatic Tissues. piRNA make up only 

a subset of small ncRNA expressed in any given tissue, and there may be ambiguity as 

to what class a given sequence belongs to if steps to enrich one class over another are 

not taken. For this reason, we employed sodium periodate treatment, which enriches for 

sequences with a 2’O-methylation on the 3’ end. Given this treatment, we would expect 

to see substantially more piRNA detection via the employed bioinformatic pipeline in the 

treated versus untreated samples. This work utilized a list of piRNAs previously 
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identified using one of two methods considered to be gold-standard (i.e., sodium 

periodate treatment or PIWI co-immunoprecipitation), available through piRBase. 

Because of this approach, this work does not include piRNAs that exist in these 

developing tissues that have not been previously documented, and it would be 

beneficial to complement this work with additional analyses that attempt to complete this 

as has been previously described.26 Upon differential expression analysis between 

these two sample types, we found that while several hundred of these previously 

identified piRNAs were detected in the treated samples, a good many were also found 

to be significantly expressed in the untreated samples and that even more were 

determined to show no significant expression in either treatment category.  

It may be that some sequences included in this list of previously identified 

piRNAs from co-immunoprecipitation experiments are actually siRNA or miRNA. While 

piRNA are named for their exclusive interaction with PIWI proteins, it is not a given that 

PIWI proteins only interact with piRNA, and there is evidence to suggest that PIWI 

domains may have the capacity to bind other forms of small ncRNA.62 There is also 

extensive similarity between PIWI and other Argonaute proteins, in that their domains 

have been heavily conserved and they are all roughly 90kDa in size.63 It may be that, 

without incredibly efficient antibodies, that other Argonaute proteins may be pulled down 

during co-immunoprecipitation experiments, and their associated small ncRNA may be 

inadvertently classified as piRNAs. It should also be noted that siRNA have been found 

to be 2’O-methylated as well, making their degradation by sodium periodate treatment 

less likely.64 It is not known whether this gold-standard list of piRNAs was developed 

using a size-selection step, which would help differentiated the 23-24nt siRNA from the 
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longer 24-32nt piRNAs. With these considerations in mind, we excluded sequences 

found to be significantly expressed in the untreated samples from further analysis as it 

is possible that they are not in fact piRNAs.  

Some Sex-Specificity of piRNA Profiles in Each Tissue. There was significant 

overlap in detected piRNAs between males and females within each tissue, with 63% 

(1,319/2,080) sequences in common in brain, 52% in heart (1,031/1,968), 59% in lung 

(1,266/2,131), 48% in liver (1,003/2,067), 71% in kidney (1,194/1,670), and 63% in 

gonad (1,839/2,925). While this overlap is significant, with roughly half or more of all 

sequences detected in a given tissue shared between males and females, notable 

patterns in sex-specific profiles remain. Male brain (685), lung (791), and liver (1,019) all 

contained more piRNA sequences than their female counterparts (76, 74, and 45, 

respectively), whereas female heart (875) contained 14 times the number of piRNAs as 

male heart samples (62). There is evidence of sexually dimorphic gene expression in 

the development of each of these tissues, and so it is of no surprise that there are 

distinct profiles of piRNAs between males and females during development as well, 

though it is worth noting that piRNA presence in both sexes may have been missed due 

to false negatives.65–68 It would be prudent to assess whether there is a delineation 

between where sex-specific and shared piRNAs map to in the genome. It may be that 

shared sequences are more likely to map to repetitive elements, which require 

regulation regardless of sex, whereas sex-specific piRNAs may map to particular genes 

related to the organ development along sex-specific patterns.   

Differential Expression of piRNAs Greater in the Soma than in the Gonads. 

Differential expression analysis between tissue types was conducted in two ways. First, 
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expression differences of in each tissue were calculated relative to all other tissues 

studied (including the gonads), and second, differential expression in each somatic 

tissue was calculated relative to the gonads alone. No significant differences in 

expression were found for the majority of piRNAs between tissue types, much as was 

seen in the comparison of expression profiles across sex. 83% (1,622/1,963) of piRNAs 

in the brain demonstrated no significant differential expression when compared to 

remaining tissues, and this trend was replicated in the heart (66%, 1,298/1,963), lung 

(86%, 1,681/1,963), liver (91%, 1,782/1,963), kidney (79%, 1,550/1,963), and the 

gonads (93%, 1,817/1,963).  

We found an even greater degree of overlap when we examined the number of 

non-differentially expressed piRNAs in each somatic tissue relative to only the gonads. 

96% (1,889/1,963) of sequences identified in the brain were also found in the gonads, 

with similar trends seen across remaining somatic tissues. Previous work in adult mice 

found hippocampal and testicular piRNA distributions to be similar, in that they had the 

highest levels of piRNA expression as well as the greatest number of piRNAs mapping 

to repetitive elements.26 The hippocampus is a major location of neural stem cells, both 

during development as well as throughout life, and it may be that the significant degree 

of overlap in piRNAs identified in this work is informed by an elevated need for the 

orchestration of stemness and TE regulation.69 Interestingly, previous work has also 

documented similarities in piRNA profiles between the brain and testis in mice at 

several developmental time points and found greater correlation in adult tissues relative 

to those from post-natal days 10 and 14.70 The work presented here entailed the use of 
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whole brain samples, and as such, our results may mask region-specific correlations 

with the gonads that explain the discrepancy with this previously published work. 

As with the sex-specific profiles discussed above, the remaining piRNAs that 

were found to be differentially expressed in each tissue type cannot be discounted. The 

proportion of piRNAs expressed to a significant degree in one tissue relative to the 

others ranged from 7% and 9% in the gonads (131/1,963) and liver (171/1,963), to 14%, 

17%, and 19% in the lung (266/1,963), brain (340/1,963), and kidney (373/1,963), 

respectively, and got as high as 33% in the heart (685/1,963). As with previous work 

that found tissue-specific profiles of piRNAs in various somatic tissues, these results 

highlight that there is likely tissue- and/or cell-type specific roles for this class of ncRNA. 

Much of the available literature conducted in adult tissues found relatively little overlap, 

either via general comparisons of piRNA presence between somatic tissues and the 

gonads, or via differential expression analysis relative to what was found here.25,26 As 

such, it is hypothesized that the degree of uniqueness in piRNA profiles in individual 

tissues intensifies with age, and developmental periods contain much more similarity in 

sequences between the soma and that of the germline.  

Differentially Expressed piRNAs Previously Documented in Developing Ovary. In 

our comparison of the top differentially expressed piRNAs to the currently available 

literature, we found significant overlap with previous work cataloging piRNA in 

developmental ovary samples.71 The similarities between these two studies are not 

surprising given the significant overlap between piRNAs and the gonads identified in 

this current work, the utilization of tissues from comparable time points, and also that 

both studies employed the same method of piRNA enrichment. The roughly one-third of 
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piRNAs identified in this previous work mapped to repetitive elements, suggesting that 

the remaining piRNA have other regulatory functions in that tissue during early 

development.  

piRNAs in the Soma Primarily Target LINE-1 Elements and Introns. Our analysis 

of genomic targets of both multimapping and unique piRNAs presented evidence that, 

at least for those piRNAs detected in this study that have been previously identified in 

the germline, there is a good deal of similarity between the soma and the germline in 

terms of where these transcripts map. Multimapping piRNAs, that is those sequences 

that map to repetitive elements in the genome, largely mapped to LINE-1 elements (65-

94% of multi-mapped piRNAs, depending on tissue). This suggests that during early 

development in the soma, these transcripts contain LINE-1 specific silencing functions 

similar to those in the developing germline.22,74 There were also similar proportions of 

multi-mapped piRNAs mapping to SINE/Alu elements and TcMar, again suggesting 

similar functions between the soma and the germline during this developmental window. 

Several tissues, most commonly brain and kidney, contained LTR-specific piRNAs, 

along with the gonads. Alternatively, whereas hAT-targeted piRNAs were exclusively 

detected in the heart, and TcMar-targeted piRNAs were only detected in the kidney, 

liver, and lung, and while these TE families are considered to be inactive,75 there may 

be tissue-specific biology during early development that explains why these patterns 

emerged.  

 Uniquely mapping (those that did not map to a repetitive element) piRNAs largely 

targeted introns in the brain, heart, kidney, and gonad, with a reduced fraction targeting 

these regions in the liver and lung. Comparable proportions of piRNAs in the soma and 
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gonads mapped to 1 to 5kb regions, as well as CpG-rich regions, suggesting that in 

both the soma and the germline during early development, uniquely mapping piRNAs 

may play regulatory roles in the expression of non-TE genes. This function of piRNA 

has been explored with regard to cancer biology, with several studies documenting 

piRNAs targeting CpG and transcriptional regulatory regions,76,77 though additional work 

is needed to understand how these unique piRNAs function in healthy and developing 

somatic tissues. One study does document piRNA-directed methylation of a conserved 

CpG island in the CREB2 promoter, an important factor in memory formation,78 however 

we identified 873 genes to which unique piRNAs mapped (Table 5.A9). Considering 

that this work does not include piRNAs in these tissues that have not yet been 

documented, there may be additional non-TE targets of piRNAs in the soma, 

emphasizing the need for continued research into the role of piRNA regulation outside 

of repetitive elements.  

Limitations 

Studies in human tissues are difficult in that tissue collection and storage can 

pose significant challenges to downstream applications (as demonstrated by the RIN 

scores of the total RNA, Table 5.A1) due to sample quality. Moreover, whole organ 

tissues were collected, preventing the assessment of region- or cell-specific expression 

patterns. Additionally, while the gonads served as our measure of germline expression, 

it should be noted that the gonads themselves contain somatic tissues, which may have 

affected the results seen here.79 Finally, given the use of a reference catalogue of 

piRNAs previously identified using gold standard methods, we were unable to identify 

any new piRNA transcripts in this study. Future work would benefit from efforts to 
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employ methods aimed at discovering previously unidentified piRNAs in order to create 

a full profile of expression in these tissues.   

Conclusion 

To our knowledge, this study if the first of its kind to rigorously evaluate the 

expression of PIWIL expression and piRNA profiles in several somatic tissues from an 

early developmental period. These results highlight apparent similarities in piRNA 

expression in developing tissues and the germline, suggesting previous conclusions 

that the germline was the main site of piRNA expression may be incorrect, especially 

when considering developmental stages.  This work also demonstrates that there are, to 

some degree, unique piRNA profiles in each tissue and sex, and these tissue-specific 

transcripts may play roles in sexually dimorphic development. This hypothesis can be 

further evaluated by exploring the targets of both multi- and uniquely mapped piRNAs in 

order to ascertain whether regulatory patterns are unique to certain tissues and sexes. 

Taken together, this study emphasizes the importance of considering piRNA in future 

toxicological work, as developmental exposures in particular may alter this system in 

ways that have repercussions for tissue development and function. This work also 

highlights the potential for piRNA use in epigenomic editing, as the identification of 

tissue-specific piRNAs may provide avenues for editing that are targeted and specific to 

a tissue or cell type of interest. 
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Figures and Tables 

 

Figure 5.1: Overview of the Human piRNA System. A) PIWIL proteins 1-4 are important players in the 
biogenesis of piRNAs, via a primary and secondary processing pathway. B) Fully mature piRNA 
transcripts are 24-35 nucleotides in length, have a preference for a 5’ uridine signature and an adenosine 
at position 10, and are 2’O-methylated on the 3’ end. 
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Figure 5.2: Sample Processing and Bioinformatics Pipeline. Brain, heart, lung, liver, kidney, and gonad 
tissues were collected from 5 males and 5 females each at gestational days 90-105. smRNA was 
extracted and subjected to sodium periodate treatment, after which samples were sequenced via smRNA 
sequencing. Sequencing results were quality controlled and trimmed according to manufacturer 
recommendations, and subsequent reads were mapped to hg38. Mapped reads were cross-referenced 
with a gold-standard set of piRNAs from piRBase to identify piRNAs. Differential expression analysis was 
conducted to assess expression in treated versus untreated samples as well as between tissue types. 
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Figure 5.3: Relative mRNA Expression of PIWIL1-4. mRNA expression of A) PIWIL1, B) PIWIL2, C) 
PIWIL3, and D) PIWIL4 was quantified via qRT-PCR, relative to ACTG1. Significant differences are 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001. 

 

 

Table 5.1: Summary of Differentially Expressed piRNA in Treated versus Untreated Samples. edgeR was 
used to assess the number of piRNAs detected to a significant degree in treated versus untreated 
samples (dark blue), as well as those expressed to a significant degree in untreated samples (white) and 
those for which no significant difference in expression was detected (light blue). Significance was 
determined via a combined fold change > 0 and p < 0.05.  
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Figure 5.4: Overlap of Detected piRNAs Between Males and Females. Catalogues of male and female 
piRNAs in A) brain, B) heart, C) lung, D) liver, E) kidney, and F) gonad were compared to assess degrees 
of overlap.  
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Figure 5.5: Overlap in piRNAs Detected in Male Somatic Tissues. piRNAs in male brain, heart, lung, liver, 
and kidney were compared to assess degrees of overlap. 

 

 

Figure 5.6: Overlap in piRNAs Detected in Female Somatic Tissues. piRNAs in female brain, heart, lung, 
liver, and kidney were compared to assess degrees of overlap. 
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Figure 5.7: UpSet Plot of piRNA Detection Across All Tissues and Sexes. Tissue- and sex-specific 
catalogues of piRNAs were compared to assess overlap.  

 

 

Figure 5.8: Comparison of Expression of Each piRNA Across Tissues. Heatmap of piRNA expression in 
each sex-tissue combination, as quantified by counts per million (cpm) in brain (pink), gonad (orange), 
heart (blue), kidney (green), liver (teal), and lung (gold).  



 

 210 

 

Figure 5.9: Enrichment of piRNA in Each Tissue. Enrichment of piRNAs in A) brain, B) heart, C) lung, D) 
liver, E) kidney, and F) gonad relative to other tissues was assessed using edgeR.  
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Figure 5.10: Enrichment of piRNA in Each Tissue Relative to Gonad. Enrichment of piRNAs in A) brain, 
B) heart, C) lung, D) liver, and E) kidney relative to gonad was assessed using edgeR.  
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Figure 5.11: Multi-mapped piRNAs Represented by Various Repeat Classes. Multi-mapping piRNAs were 
categorized by the transposable element family to which they mapped in the brain (red), heart (orange), 
lung (green), liver (light green), kidney (gold), and gonad (blue).  

 

 

Figure 5.12: Uniquely-mapped piRNAs Represented by Various Genomic Regions. Uniquely-mapping 
piRNAs were categorized by the genomic region to which they mapped in the brain (red), heart (orange), 
lung (green), liver (light green), kidney (gold), and gonad (blue).  
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Appendix 

 

Table 5.A1: Summary of RNA Integrity Number (RIN) scores for each sex and tissue. 

 

Table 5.A2: Primers used for gene expression analysis of PIWIL1-4. 
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Table 5.A3: Summary of PIWIL ΔCq values, relative expression, and log2 transformed relative 
expression. 
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Figure 5.A1: Summary of differential expression analysis in male A) brain, B) heart, C) lung, D) liver, E) 
kidney, and F) gonad. Significantly expressed transcripts in treated (blue) as well as untreated samples 
(red) indicated.  
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Figure 5.A2: Summary of differential expression analysis in female A) brain, B) heart, C) lung, D) liver, E) 
kidney, and F) gonad. Significantly expressed transcripts in treated (blue) as well as untreated samples 
(red) indicated.  
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Figure 5.A3: Multidimensional scaling of each tissue and sex according to piRNA expression profiles. 

 

Table 5.A4: Summary of differentially expressed piRNAs in each tissue relative to all others. 

 

Table 5.A5: Summary of differentially expressed piRNAs in each tissue relative gonad. 
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Table 5.A6: Summary of top 50 differentially expressed piRNA in somatic tissues. 
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Table 5.A7: Summary of multi-mapping piRNAs and TE families. 

Table 5.A8: Summary of uniquely mapped piRNAs and genomic regions, per tissue. 

Table 5.A9: Summary of gene targets of uniquely mapping piRNAs. 
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Chapter 6  
Discussion 

Summary and Synthesis of Research Findings 

 In this dissertation research, we performed three toxicological studies examining 

the effects of developmental lead (Pb) exposure on neural outcomes: A longitudinal 

mouse model of perinatal exposure in the developing brain, and two studies employing 

a cell model which assessed changes in cell morphology and epigenetic regulation 

during neural differentiation. These studies were intended to explore how early 

developmental Pb exposure may contribute to neurodegenerative disease (ND) risk 

later in life through perturbations in the establishment of epigenetic patterns governing 

gene expression and neural differentiation. The final study characterized the expression 

of an understudied class of non-coding RNA (ncRNA), piRNA, in several human 

somatic tissues during early development, in order to support future work aimed at 

exploring how environmental exposures perturb the expression and function of this 

class.   

 In Aim 1, we found that perinatal exposure to 32 ppm Pb via drinking water was 

associated with differential methylation at imprinted genes as well as an important class 

of transposable elements, LINE-1, during adulthood. Males and females perinatally 

exposed to Pb displayed differential methylation in cortex and blood in genomic regions 

associated with gene expression regulation, with relatively little overlap in differentially 

methylated regions between the sexes. Pathway analysis revealed imprinting genes as 
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a class of interest and of these, Gnas and Grb10, two imprinted genes for which 

monoallelic expression is important during brain development1,2, contained Pb-

associated alterations in DNA methylation (DNAm) in both tissues and sexes. This 

association was notably present in the imprinting control regions (ICRs) of these two 

genes, and it was observed that Pb-associated changes in DNAm in the Grb10 ICR 

were detected in both male blood and cortex, suggesting this locus may be a candidate 

for future biomarker work. In addition to imprinted genes, we found that LINE-1 

methylation was also perturbed with Pb exposure, particularly within the cortex, and that 

there was no overlap in DNAm changes between males and females. Assessment of 

both gene classes highlighted in this aim emphasize the importance of considering sex-

specific effects of environmental exposures on epigenetic mechanisms, which has been 

previously documented.3 These results of Pb-associated changes in DNAm at two gene 

classes important for neural functioning throughout the life course in an animal model 

were motivation to explore how Pb affects the vital process of neurogenesis and 

whether there are any mechanistic links between exposure and altered epigenetic 

regulation in an in vitro setting.  

 In Aim 2, we found that Pb exposure perturbs neural differentiation in the SH-

SY5Y cell model. This experimental design was an opportunity to assess changes in 

cell morphology and differentiation throughout this developmental process, as opposed 

to limiting the exposure period to before or after differentiation had occurred. Pb 

exposure was associated with changes in protein expression during early neurogenesis, 

such as GAP43, β-tubulin III, and MAP2, which has been previously documented.4 

During the later stages of differentiation, Pb exposure was associated with hindered 
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development of neural axonal and dendritic projections, as quantified by 

immunofluorescence, as well as the number and length of such projections. This study 

provided evidence that Pb exposure affects differentiating cells differently during various 

stages of this process and suggests that early effects may predict reduced neuronal 

growth and development at a later timepoint. While we have long known Pb to be a 

potent neurotoxicant,5 this work provided additional insights into how the timing of 

exposure may affect neural differentiation. In addition to this, benchmark dose analysis 

provided evidence that current guidelines set by the US government as to unacceptable 

levels of Pb exposure may not be stringent enough to prevent exposure-associated 

effects on neurogenesis.  

 Aim 3 employed the same experimental framework as Aim 2, with differentiating 

SH-SY5Y cells exposed to Pb and a time course analysis of effects. In this aim, we 

assessed Pb-associated changes in the epigenetic regulation of LINE-1 and found that, 

as in Aim 2, Pb exposure had differentiation stage-specific effects on these outcomes. 

LINE-1 activity is suspected to be beneficial in multipotent cells, contributing to 

stemness and plasticity, but its expression is typically repressed in terminally 

differentiated cells, minimizing the risk of insertional mutations as well as associated 

DNA damage, oxidative stress, and apoptosis.6–9 During early neural differentiation, Pb 

exposure was associated with down-regulation of LINE-1 expression, whereas during 

later differentiation exposure was associated with increased expression, suggesting that 

the timing and degree of LINE-1 expression is significantly perturbed by Pb exposure. 

LINE-1 expression is regulated, in part, by piRNA and PIWI-directed DNA methylation,10 

and we found Pb exposure to be largely associated with a decrease in PIWIL1 
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expression during early differentiation and increased expression during later stages. We 

were surprised to see minimal changes in LINE-1 methylation with Pb exposure, at any 

stage in this process, given the association between Pb exposure and LINE-1 

hypomethylation observed in Aim 1. However, it may be that this in vitro aim was not 

powered enough to detected significant differences in DNAm via pyrosequencing or that 

a larger scope of DNAm analysis would have provided evidence of association. 

Regardless, it is suspected that Pb-associated changes in PIWIL expression contributed 

to the observed dysregulation of LINE-1 expression, and that this increased LINE-1 

expression during late stages of differentiation may inform the observed effects in Aim 2 

on cell morphology, as the maintenance of neural outgrowth may have been perturbed 

by cellular stress brought on by prolonged LINE-1 expression.11 We were unable to 

evaluate this relationship at imprinted genes, which would expand upon the results 

acquired in Aim 1, and this is an area for continued exploration in this experimental 

model. 

 The observed associations between developmental Pb exposure and aberrant 

LINE-1 regulation in Aims 1 and 3 furthered our hypothesis that future work exploring 

the piRNA system may help elucidate the mechanisms behind this relationship. This is 

especially true as Aims 2 and 3 demonstrated that Pb exposure has stage-specific 

effects on neural differentiation, and the PIWI proteins are suspected to be involved in 

stem cell maintenance and differentiation.12 In order to effectively carry out these 

toxicological studies, a baseline characterization of the expression of this class of 

ncRNA, in the brain as well as other somatic tissues where this relationship may extend, 

during human development is needed. Aim 4 evaluated the expression of piRNA and 
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PIWIL expression in developing (gestational days 90-105) brain, heart, lung, liver, and 

kidney, alongside the gonads. We found PIWIL1 and PIWIL2 mRNA expression in all 

included somatic tissues, though this expression was lower than that of the gonads. 

PIWIL3 and PIWIL4 expression was comparable to that of the gonads in nearly all 

tissues examined.  

We further explored piRNA profiles using a list of previously identified transcripts 

using gold-standard methods (i.e., PIWI co-immunoprecipitation or sodium periodate 

treatment). An analysis of piRNA profiles in each tissue revealed that while many 

piRNAs were shared between males and females, there were also sex-specific 

groupings in each tissue. Given what is known about sexually dimorphic development in 

many organ systems,13–15 it is suspected that these unique piRNA profiles may play a 

role in these processes. Differential piRNA expression in the developing brain may also 

begin to inform the sex-specific changes in LINE-1 DNA methylation in Aim 1 following 

Pb exposure, as alterations in piRNA profiles that are unique to males and females 

would likely result in sex-specific changes in their genomic targets as well. However, 

this hypothesis would need to be explicitly evaluated in a mouse model, as was used for 

Aim 1, as the trends observed in developmental piRNA expression described here 

come from human tissues.  

We also found that there was a significant overlap in piRNAs in the gonads 

relative to each somatic tissue type, with relatively few piRNAs differentially expressed 

in the gonads, though these piRNAs had all been previously identified in the germline, 

which may at least partially explain these trends. We also found that the locations to 

which multi-mapping and unique piRNAs mapped in the soma were similar to that of the 
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gonads, with LINE-1 elements and gene expression regulatory regions being common 

targets. These results suggest that the presence and function of piRNA may not be as 

restricted to the germline as previously thought,16 especially during early development, 

but additional work determining whether there are as yet undiscovered piRNAs in these 

tissues will help solidify our understanding of piRNA expression in the soma versus the 

germline. This work provides a thorough baseline of piRNA and PIWIL expression in 

several tissue types, laying the groundwork for future toxicological work focused on this 

class of ncRNA. 

 This dissertation corroborates previous work that has found Pb exposure to be 

associated with abnormal neural differentiation17 and development,18 and builds upon 

this literature by expanding these analyses to perturbations of epigenetic mechanisms 

and of gene classes known to be associated with ND risk. The longitudinal aspect of 

Aim 1 allowed us to explore how developmental Pb exposure alters the epigenome and 

whether these associations persist into adulthood at imprinted genes as well as LINE-1 

elements. The cell model employed in this dissertation allowed us to explore how 

continuous Pb exposure during a fundamental process such as neurogenesis affects 

both the success of neural differentiation as well as epigenetic and gene expression 

changes that occur in these cells in a time-course manner. These studies provided 

evidence that perturbations to LINE-1 epigenetic regulation and expression happen 

alongside changes in protein expression and cellular morphology, and that, regardless 

of the type of measure, the effects of Pb on neural differentiation appear to be stage-

dependent. Taken together, these toxicological aims provide evidence that Pb exposure 

perturbs patterns of epigenetic regulation and LINE-1 expression during 
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neurodevelopment. This work also contributes to our hypothesis that exposure to 

neurotoxicants such as Pb during critical windows of development may contribute to ND 

risk later in life through perturbations of normal neurodevelopment. It is suspected that 

the dysregulation at the epigenetic level of important gene classes such as LINE-1 

during neurogenesis contribute to cellular stress and create suboptimal neural 

populations that are primed to take on neurodegenerative phenotypes later in life. The 

final aim of this dissertation provides a reference point for future work examining this 

relationship, as disruption to piRNA expression and function is hypothesized to be a 

mechanistic link between Pb exposure and many of the effects observed in the previous 

three aims. A summary of research aims and the evidence they provided to the overall 

hypothesis that developmental Pb exposure contributes to ND risk through perturbation 

of LINE-1 element regulation and the generation of suboptimal neural populations is 

provided in Figure 6.1. 

Relevance to Human Health 

 A major goal of this dissertation was to employ mouse and cell models in a way 

that accurately reflected human exposures. Pb exposure in the mouse model was 

delivered via drinking water, a relevant route of exposure given current trends in Pb 

exposure events19 and resulted in a continuous exposure model rather than one large 

exposure event each day. Levels of Pb in water were set to 32 ppm, which produces 

blood lead levels (BLLs) in mice of roughly 16-60µg/dL and reflects a significant 

exposure level in humans by today’s standards.20,21 16-60µg/dL BLLs would have been 

much more common 50 years ago, prior to stricter Pb legislation in the US, and thus is 

an accurate representation of developmental exposures experienced by those who are 
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now in their 50s and 60s.22 Given that Aim 1 was conducted in 5-month-old mice, this 

provides evidence that exposures that occurred during early development at historically 

relevant Pb doses likely resulted in effects that persist into adulthood and may be 

contributing to health risks in these currently aging populations. This is true for effects 

seen at both LINE-1 elements as well as imprinted genes as both classes have been 

implicated as requiring well-orchestrated expression regulation via DNAm during 

processes such as neurodevelopment.23,24 

 Experiments conducted in cells also utilized environmentally relevant Pb 

exposures based on current and historical BLL benchmarks set by the US CDC, as Pb 

exposure via blood was thought to be the most relevant to the cellular environment. 

0.16µM Pb exposure correlates to a BLL of roughly 3.5µg/dL, the current actionable 

level set by the CDC,25 while the moderate dose of 1.26µM Pb is analogous to BLLs of 

approximately 26µg/dL, which was more commonly seen prior to strict Pb legislation 

enacted in the 1970s and correlates to the lower end of BLLs observed with the 32 ppm 

exposure model in Aim 1.22 The use of these environmentally relevant doses provided 

two important insights; first, that both historical and current BLLs significantly impact 

neurogenesis at the morphological and epigenetic levels. This suggests that while older 

populations in the US are at risk of health outcomes related to suboptimal neural 

populations generated in the presence of Pb during early development, the same can 

be said for younger generations who have generally been exposed to lower levels. 

Benchmark dose modeling of these outcomes also demonstrated that the current 

actional BLL set by the CDC of 3.5µg/dL may not be strict enough to avoid Pb-

associated changes in neural differentiation and LINE-1 regulation.  
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 Given the toxicological evidence of Pb-associated effects on LINE-1 regulation 

and expression, there is a need for continued evaluation of what mechanisms explain 

these relationships. This is especially true given the lack of decisive findings in Aim 3, 

from which no strong conclusions could be made as to the role of the piRNA system in 

the observed perturbations to LINE-1 regulation in this aim or that of Aim 1.The 

characterization of piRNA in the human soma during early development will support 

such work in the future, as this class of ncRNA is so closely tied to LINE-1 epigenetic 

regulation. In addition to this, the findings of Aim 4 change our understanding of piRNA 

expression in humans and challenges the previously held notion that this system is 

predominantly expressed in the germline. The presence of this system in various 

somatic tissues during early development raises many questions as to its function in 

each tissue, whether there are sexually dimorphic trends in its activity, and how its 

perturbation by developmental environmental exposures may modify disease risk 

throughout life.  

Impact and Innovation 

 To our knowledge, this dissertation includes the first study to assess the effects 

of developmental Pb exposure on genome-wide patterns of DNAm in the cortex in 

adulthood. This work allowed for unbiased exploration of changes in DNAm and led to 

the identification of imprinted genes as a class of interest, which may not have been 

realized otherwise. This dissertation also includes two complementary aims that assess 

Pb exposure during neural differentiation, wherein exposure occurred during this 

developmental process as opposed to before or after, which has been common in much 

of the previously published literature. This experimental set up also allowed us to 
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assess changes in classic markers of neural differentiation (such as protein expression 

and morphology) alongside changes in the epigenetic regulation of LINE-1 expression. 

This allowed us to make preliminary conclusions as to how LINE-1 dysregulation may 

inform the changes seen in neural differentiation progression in the presence of 

neurotoxicants and is motivation to take a continued look at this relationship. 

 Finally, to our knowledge, this dissertation includes the first attempt to 

characterize piRNA expression in developing human (or other species) somatic tissues. 

Much of the available literature on piRNA and PIWI expression and function concludes 

that the germline is the major site of activity,26 and work exploring this class in the soma 

has largely focused on adult time points.27 This study provides novel evidence of piRNA 

expression in the developing soma and that patterns within each tissue may be 

somewhat dependent on sex. Additionally, this work demonstrates that piRNA 

expression and function is likely relevant to developing tissues, in the soma as much as 

the germline, which significantly motivates continued work evaluating how 

developmental exposures impact this class of ncRNA in an array of tissue types.  

Recommendation for Future Research 

 Future work that would further inform the conclusions drawn in Aims 1 and 3 

would be an analysis of piRNA expression in such samples. Given the association 

between Pb exposure and LINE-1 methylation, documented here as well in previously 

published literature,28,29 it would be prudent to assess how piRNA profiles change both 

in cortical tissue from developmentally exposed mice as well as in differentiating 

neurons. It would be informative to explore whether Pb exposure induces differential 

expression of piRNA that map to LINE-1 elements in directions that correlate with 
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observed trends in DNAm. To this end, it would also be beneficial to extend the analysis 

conducted in Aim 4 to include an assessment of piRNAs that may not have been 

previously identified, using previously published methods,27 to ascertain whether there 

are piRNAs unique to the developing brain that contribute to LINE-1 regulation and may 

be subject to differential expression upon Pb exposure.  

 An additional analysis that would complement much of the work conducted in this 

dissertation would be an evaluation of chromatin state and histone modifications in 

these experimental models. piRNA and PIWI proteins are known to coordinate 

epigenetic regulation through modifications to these factors,30,31 in addition to that of 

DNAm, and it is likely that changes in LINE-1 expression observed in Aim 3 are not 

entirely explained by changes in DNAm alone. It would be reasonable to explore how 

DNAm, piRNA expression, and chromatin states change in the same animals or cells in 

response to Pb exposure and whether one or more of these factors correlate with 

observed trends in LINE-1 expression. 

 Finally, generalizability of these findings could be improved with additional 

experimental models. The relevance of differential DNA methylation in Aim 1 to ND risk 

would be better interpreted if future efforts in animal models examined changes in 

behavioral patterns following developmental Pb exposure. It is possible to quantify 

behavioral traits associated with neurodegenerative outcomes in mice,32,33 and it would 

be interesting to follow perinatally exposed mice throughout life, measuring behaviors 

related to neurological function and decline into old age, and upon death, assess the 

epigenetic regulation of LINE-1 in regions of the brain such as the cortex and 

hippocampus. Additionally, future cell line work of this nature would benefit from a truly 
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pluripotent stem cell model, such as human embryonic stem cells, from which the 

generation of neurons is possible in a timeframe similar to that of the SH-SY5Y cell line 

used here. While the cell line in this dissertation provided a robust model of neural 

differentiation, their origin from cancerous tissue limits our ability to draw firm 

conclusions pertaining to normal neurons, and the use of hESCs would eliminate this 

consideration.34 The use of hESCs would also provide the opportunity to differentiate 

stem cells into multiple neural cell types, thus increasing our ability to assess effects in 

different neural populations as well as examine how the effects of Pb exposure change 

when there is more than one neural cell type present in a given environment.35  
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Figures 

 

Figure 6.1: Proposed mechanism linking developmental lead (Pb) exposure and neurodegenerative 
disease risk later in life. Hypomethylation of LINE-1 elements has been associated with increased ND 
risk, and increased LINE-1 retrotransposition is detrimental to developing neurons. Suboptimal neurons 
have also been documented as associated with ND risk. LINE-1 epigenetic regulation occurs, in part, 
through piRNA-directed DNA methylation (DNAm). In Aim 1, we found evidence that perinatal Pb 
exposure is associated with aberrant adult brain and blood DNAm patterns at LINE-1 elements and 
imprinted genes, indicating that Pb exposure may modulate the expression of these genes. In Aim 2, we 
demonstrated that Pb exposure significantly perturbs differentiating neurons, which are suspected to 
contribute to ND risk, per the available literature. In Aim 4 we demonstrated that piRNA and PIWIL mRNA 
are expressed within the developing human brain and that many piRNAs expressed in this tissue to a 
significant degree map to LINE-1 elements, suggesting that this regulatory function by this class of 
ncRNA may not be limited to the germline. In Aim 3, we did not acquire convincing evidence that 
hypomethylation and overexpression of LINE-1 elements following Pb exposure is related to 
dysregulation of the piRNA system, suggesting that other regulatory pathways may better explain the 
observations we made in Aim 1.  
 


