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ABSTRACT OF THE DISSERTATION 

Comparative Functional Genomics of Mammalian Endodermal and Neuronal 

Development 

By 

Christina Wilcox Thai 

Doctor of Philosophy in Developmental and Cell Biology 

University of California, Irvine, 2021 

Professor Ali Mortazavi, Chair 

Development and differentiation are complex cellular processes that are regulated by a 

cohort of transcription factors (TFs) and signaling molecules that can be investigated at the 

levels of cells, tissues, and whole organisms. Regulation of these processes is, in part, 

controlled by changes in DNA accessibility surrounding protein-DNA binding sites around 

promoter and enhancer regions of downstream target genes. Differentiation of cell types that 

are homologous between species are controlled by conserved networks of regulatory elements 

driving gene expression. In order to identify conserved and species-specific aspects of gene 

expression and chromatin accessibility during cell differentiation, we conducted a time-course 

study of differentiation in two different species between two cell lineages. We are interested in 

investigating the extent of conservation of developmental gene expression between species and 

what we can learn from these similarities including their epigenetic basis. We hypothesize that 

the conservation of developmental expression is encoded at the epigenetic level in changes to 

open chromatin and DNA methylation. The environment of an organism also influences 

development, both on a whole organism level and during brain development. Epigenetic 
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changes such as differences in DNA methylation, and accessibility of TFs can have lasting 

effects on the phenotype of the organism. Although some epigenetic changes, such as changes 

in the cellular transcriptome, are localized to the affected cell or tissue, other epigenetic 

changes such as changes in DNA methylation can occur on a systemic scale and affect more 

than one organ or developmental process. During sensitive periods of development, 

environmental factors may have serious consequences for an organism’s health. Immune 

disorders and psychiatric diseases have both been linked to disturbances in epigenetic 

regulation.  

In this thesis, I describe my studies of chromatin dynamics and TF expression as well as 

environmental impacts on the epigenetics of brain development in multiple mammalian species. 

In Chapter 2 I strive to determine conserved or species-specific candidate developmental 

regulatory elements in distantly-related species. I find that definitive endoderm (DE) 

differentiation from embryonic stem cells is more conserved than neural progenitor cell (NPC) 

differentiation, with 22% and 8% conservation of candidate cis-regulatory elements, between 

human and rat, respectively. 

In Chapter 3 I focus on investigating the developmental plasticity of epigenetic regulation 

in corticotropin-releasing hormone (CRH)-expressing hypothalamic paraventricular nucleus 

(PVN)-neurons during early life adversity. The differentially expressed genes between early life 

adversity (ELA) and control (CTL) suggest that ELA PVN neurons undergo more cellular stress 

and neuronal activity than control neurons. Glutamatergic PVN neurons of the ELA condition 

may have altered energy production or are not able to properly maintain excitability or synaptic 

transmission.  

In Chapter 4 I evaluate DNA methylation changes in a number of individuals between 

birth and one year of life to determine the correlation to a range of life experiences. Individuals 
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from the high unpredictability group had striking increases in methylation, suggesting reduced 

expression, of genes involved in cell junction organization, actin filament-based processes and 

differentiation. They also had decreased methylation, suggesting overexpression, of genes 

associated with cell proliferation, growth factor signaling, and cell motility. From such data we 

may be able to predict genes involved in early life experiences and their possible long-term 

consequences.  
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Introduction 

Neurodevelopment in Model Organisms and Humans 
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Chapter 1  

Introduction: Neurodevelopment in Model Organisms and Humans 

1.1 Introduction 

How cells differentiate and respond to their environment is a vast question. In this thesis 

we explore two very different areas of research addressing this question. In the first part, I 

investigate the GRNs that control cell fate using time-courses of RNA-seq and ATAC-seq. More 

specifically, I analyze how conserved cell-type specific time courses are between human and 

rat. At the other extreme I studied the effect of the environment on epigenetics using early life 

adversity in a rodent model as well as in human infants. Given that these are quite distinct fields 

of research I will cover the background for each of these projects separately. 

My three projects include the conservation of the transcriptome and chromatin dynamics 

of transcription factors involved in neural progenitor cells (Fig. 1.1) and definitive endoderm (Fig. 

1.2) differentiation in human and rat, early life adversity and it’s effects on the transcriptome of 

the Crh+ PVN neurons in the hypothalamus, and the impact of early life adversity in humans on 

the methylation profiles of buccal swab samples between infants and one year old children. 

Understanding developmental biology, or how an organism develops from a single cell at 

fertilization, to a complex, multi-cellular organism, gives great insights into the mechanisms of 

nominal processes and manifestations of diseases 1. Mammalian development is a very 

complex and well-regulated process1,2.  After fertilization, the zygote undergoes cleavage, or 

rapid cell division, eventually forming the blastocyst, which is made up of two layers, an inside 

layer termed the inner cell mass (ICM), and an outer layer termed the trophoblast 2.  The ICM 

will go on to form the entire embryo, and the trophoblast will form the extraembryonic structures 

like the placenta 2. If extracted, the ICM can be cultured in vitro, as embryonic stem cells 

https://paperpile.com/c/eYyaMX/JFeF
https://paperpile.com/c/eYyaMX/Lgo7+JFeF
https://paperpile.com/c/eYyaMX/Lgo7
https://paperpile.com/c/eYyaMX/Lgo7
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(ESCs).  These cells, like their in vivo counterparts, can differentiate into any cell in the 

organism and are a powerful tool to understand development and differentiation in vitro 1–5.   

To understand the processes that occur during development, it is important to utilize 

both in vivo and in vitro models of development. For instance, rodents and other mammalian 

model organisms have been used to study in vivo development of the human condition. Due to 

their widespread use as model organisms, it is important to understand the similarities and 

differences in developmental processes between rodents and humans. Since there are moral 

restrictions on studying in vivo development in humans, it is important to have a good in vitro 

model system, such as human ESCs, for comparison 1,6.   

Brain development and more specifically neurogenesis, which is the formation and 

development of neurons in the brain, remains poorly understood 7.  One reason for this is its 

vast complexity. For example, the human brain contains approximately 100 billion neurons at 

birth, each with at least one or more synaptic connections to other neurons 8.  On average about 

250,000 new neurons are formed per minute in the developing brain during prenatal 

development 8.  Given the vast complexity of the brain, understanding how each neuron or 

group of neurons is formed and affected by its connections is an enormous task.  There is also 

the added complexity of the environmental impact on the developing brain; stress, malnutrition, 

as well as other environmental impacts have all been shown to influence brain development 9. 

Maternal prenatal stress has been shown to have an effect on parasympathetic control of the 

fetal heart, placenta function, and maternal stress hormone levels that increase fetal activity and 

decrease fetal weight 10.  Malnutrition prior to and after conception has been associated with 

learning disorders, and impacts the learning control centers of the brain, and the ability to adapt 

to one's environment 11. 

https://paperpile.com/c/eYyaMX/Lgo7+sLnI+GHHS+Oawm+JFeF
https://paperpile.com/c/eYyaMX/JFeF
https://paperpile.com/c/eYyaMX/vmAd
https://paperpile.com/c/eYyaMX/5X1C
https://paperpile.com/c/eYyaMX/gJ2b
https://paperpile.com/c/eYyaMX/gJ2b
https://paperpile.com/c/eYyaMX/UUA5
https://paperpile.com/c/eYyaMX/6ibZ
https://paperpile.com/c/eYyaMX/F9ZK
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The complexity of neurogenesis during brain development and the possible 

environmental influences make the study of neurogenesis a challenging process. The lack of 

access to human brain samples for research is another reason why there is still a lot to learn 

about neurogenesis and the developing brain. Developmental neuroscience relies heavily on 

model organisms. Model organisms have played a large role in the study of neural development 

due to the moral implications of studying the developing human brain.  Model organisms and 

humans share many similarities, especially key milestones in neuronal development, that make 

developmental studies in model organisms comparable to human development 12.  

1.2 Mammalian Early Development and the Formation of the Neural Tube  

Some of the first key events in early development are axis formation and gastrulation. In 

mice, cells need to determine positional information along the body axes, which may be initiated 

before gastrulation 13. The formation of a structure called the primitive streak establishes 

embryonic symmetry and determines the site of gastrulation 14. The three-body axes are the 

anterior-posterior (AP), the dorsal-ventral (DV), and the left-right axis. Later, the cells will be 

assigned to a fate based on their position along these axes 13.  

The formation of the three germ layers (ectoderm, mesoderm, and endoderm) in 

gastrulation is one of the most important developmental processes in the life of an organism as 

these cells lose the indefinite self-renewal capacity and become more differentiated 3,6,13. During 

gastrulation, environmental signals determine which differentiation path each cell will take, 

either becoming progenitors of mesendoderm (ME) or neural ectoderm (NE) 15,16.  ME cells are 

bipotent progenitors, either differentiating into endoderm or mesoderm cells.  

The formation of ME progenitors is rigorously controlled by a group of signaling 

molecules and transcription factors (TF) of the Nodal, Wnt, BMP, FGF, GATA, Sox, and Fox 

https://paperpile.com/c/eYyaMX/4rVF
https://paperpile.com/c/eYyaMX/4gck
https://paperpile.com/c/eYyaMX/F4RS
https://paperpile.com/c/eYyaMX/4gck
https://paperpile.com/c/eYyaMX/sLnI+vmAd+4gck
https://paperpile.com/c/eYyaMX/O7kx+LoYM
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families among others 15,17.  The formation of NE progenitors is controlled by Sox2, Foxp1, Rbpj, 

Dnmt3a, and Zfp532.  Nodal signaling inhibits the formation of NE 17 whereas expression of the 

transcription factor Sox2 drives the formation of NE and represses the ME fate 15, suggesting 

that differentiation into these two progenitor types is rigorously controlled via gradients of 

signaling molecule and transcription factor expression in different parts of the embryo 15.  ME 

progenitors undergo an epithelial to mesenchymal transition during their differentiation that 

initiates their migration through the primitive streak to form the endoderm and mesoderm layers 

14,16.  The cells near the anterior portion of the primitive streak start expressing Foxa2 and 

become DE. DE forms into the foregut, midgut, and hindgut via regional AP inductive signals 

from adjacent mesoderm. Foregut cells will express Hhex, Sox2, and Foxa2 and hindgut cells 

will express Cdx1, Cdx2, and Cdx4 18. Ectodermal precursors, which are anterior to the primitive 

streak 1419,20, form the neural plate which, by induction from a mesodermal structure called the 

notochord, fold into the neural tube and become neuroectoderm 21.    

While the neural plate folds into the neural tube, the resulting neuroectodermal cells 

pattern themselves to create distinct categories of neural progenitor cells (NPCs) that will further 

differentiate to form either the forebrain, midbrain, hindbrain, or spinal cord 22,23. Since the 

notochord induces the formation of the neural tube and thus the neuroectoderm, proximity to the 

notochord determines the fate of the cells in the neural tube 24–26.  The cells in the ventral 

midline of the neural tube create the floorplate, which further directs differentiation into the 

different classes of NPCs 25,27,28. The ventral portion of the neural tube will eventually give rise to 

motor neurons. Cells that are farther away from the ventral midline form sensory neurons of the 

CNS 24,29.  A third population of cells is formed where the folded edges of the neural plate meet, 

called the neural crest. Cells in this population migrate away from the neural tube and are 

exposed to different kinds of external stimuli and as a result, will form many different types of 

neuronal and non-neuronal cells 24,29. Neural crest cells give rise to neurons and glia of the 

https://paperpile.com/c/eYyaMX/O7kx+JwjW
https://paperpile.com/c/eYyaMX/JwjW
https://paperpile.com/c/eYyaMX/O7kx
https://paperpile.com/c/eYyaMX/O7kx
https://paperpile.com/c/eYyaMX/LoYM+F4RS
https://paperpile.com/c/eYyaMX/pjTX
https://paperpile.com/c/eYyaMX/F4RS
https://paperpile.com/c/eYyaMX/x6gK+suLK
https://paperpile.com/c/eYyaMX/x8vw
https://paperpile.com/c/eYyaMX/W357+OjqQ
https://paperpile.com/c/eYyaMX/H3Jn+SQMi+jOik
https://paperpile.com/c/eYyaMX/SQMi+qbdV+OPbO
https://paperpile.com/c/eYyaMX/H3Jn+CVpM
https://paperpile.com/c/eYyaMX/H3Jn+CVpM
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sensory and visceral motor ganglia, the sensory cells of the adrenal gland, and the intestinal 

nervous system. They will also form non-neuronal structures like pigment cells, cartilage, and 

bone 24,29. It is important to understand the underlying signaling molecules and transcription 

factors that drive these different processes.  Although we can study the mechanisms of some of 

these processes in vivo using animal models, we also need to understand how these processes 

relate to humans using in vitro methods. There are no published functional genomics studies of 

NPC or DE differentiation using rat ESCs. We first adapted mouse protocols for NPC and DE 

differentiation in rat and assayed open chromatin and gene expression changes during the 

differentiation time-courses.  We compare Rat and Human NPCs and DE differentiation to 

investigate transcription factor expression and accessibility surrounding possible regulatory 

elements of these cell types.  

1.3 in vitro Methods for Studying Neurodevelopment 

The differentiation of ESCs into NPCs and mature neurons is a powerful in vitro method 

for studying the development and differentiation of neurons 23,30. In vitro models of 

neurodevelopment recapitulate morphology changes and signaling pathways that occur in vivo 

30,31. For instance, the neuro-rosette formation seen in vitro ESC differentiation to NPCs 

resembles the in vivo neuroectoderm and the cells express many of the same markers found in 

vivo 26,31. Some of these markers include general neural markers like βIII-Tubulin, and Nestin, 

whereas Sox2 and Pax6 are expressed in neural stem cells, Tbr2 and Ctip2 are forebrain 

progenitor markers, and Lmx1a, Otx2, and Foxa2 are midbrain progenitor markers, and Zic1 is 

a hindbrain marker 23,26,31, 85. Taken together, ESC differentiation into NPCs shows changes in 

morphology and gene expression over a similar timeframe, differentiation state and markers as 

in vivo patterning and gene expression 85. We can use in vitro methodologies to study neuronal 

development in an accurate manner. 

https://paperpile.com/c/eYyaMX/H3Jn+CVpM
https://paperpile.com/c/eYyaMX/OjqQ+bF42
https://paperpile.com/c/eYyaMX/bF42+JwSK
https://paperpile.com/c/eYyaMX/JwSK+jOik
https://paperpile.com/c/eYyaMX/jOik+JwSK+OjqQ
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Another complication of studying early neural development in vitro is that numerous 

neural progenitor cell subtypes exist, many of which can be recapitulated in vitro 23,32,33.  

Comparative studies need to take into account the difference between NPC subtypes and how 

they are different. These subtypes have been shown to be different in their location in the CNS 

in vivo, morphology, as well as their gene expression profiles. Subtypes of NPCs that have been 

recapitulated in vitro include forebrain, midbrain, hindbrain and spinal cord 23. There are also 

larger differences between embryonic and adult NPCs.  Embryonic NPCs have the ability to 

self-renew as well as asymmetrically divide to a neural progenitor cell and a neuron daughter 

cell 33.  

1.4 Rodents as a genetically accessible mammalian model of Brain Development 

Since in vitro methods have been established for the study of neural development we 

can start to compare model organisms to humans to determine the conservation and accuracy 

of using model organisms to study development. Rodents are the most utilized model 

organisms for biomedical research, especially neurodevelopment and neuroscience related 

research 34,35.  Up until recently, mouse models were used in the majority of neuroscience 

related genetic studies because of technique availability in mice that was not possible, or was 

very difficult in rats.  However, as the genetic toolkit for rats catches up with mice, rats are 

becoming increasingly popular in neuroscience related research 35–37. Rats are genetically and 

physically different from mice, diverging between 15-20 million years ago, and using rats as a 

model organism can have clear advantages over mice 34.  Rats are much easier to handle and 

are less stressed when handled by researchers. This is especially important in neuroscience 

research due to the physiological changes stress can cause on the brain and other systems. 

Rats also have larger brains, which makes neuroscience related studies much easier to conduct 

34.  There is also increasing evidence of dramatic differences between the rat brain and that of 

https://paperpile.com/c/eYyaMX/43ul+OjqQ+f7JX
https://paperpile.com/c/eYyaMX/f7JX
https://paperpile.com/c/eYyaMX/Kf1W+wAEE
https://paperpile.com/c/eYyaMX/PafF+wAEE+Y48h
https://paperpile.com/c/eYyaMX/Kf1W
https://paperpile.com/c/eYyaMX/Kf1W
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the mouse.  The prolonged development of the rat brain, increased adult neurogenesis, as well 

as the more complex, and flexible behavioral range of the rat compared with mice suggest that 

the rat brain may be the better model for understanding the human 38. An area where available 

research is lacking for rats is in vitro studies.  Now that rats are becoming popular for genetic 

research, it is important to catch up to mice in in vitro signalling pathway, developmental 

regulation, and evolutionary comparison studies, among others.  Since we are starting to 

understand the differences between rats and mice, the differences between rat and human 

need to be investigated to further validate the usefulness of rat as a model organism. 

1.5 Rat as a Model Organism for Human Brain Development 

One of the most prominent developmental differences between rat and human is the 

gestational time.  Rodents have a gestational period of 18-24 days depending on the species, 

mice are at the beginning of this range (18-19 days) and rats are in the middle of this range with 

a gestational period of 22 days 39. Humans have a much longer gestation period of 280 days, or 

40 weeks 40.  The short gestational time period in rats and other rodents gives an advantage to 

researchers for increased productivity and decreased cost. However, this difference can have 

drawbacks as there are large time differences between when cells and tissues form.  For 

example, neural tube development occurs around gestational day 10.5 in rats, about halfway 

through their gestational time period. In humans, the beginning of this event occurs earlier in 

development, between gestational day 24 and 28 out of a gestation period of 280 days 12,41. 

Longer gestation periods have been associated with more complex and developed neural 

networks 42. In humans, the earlier formation of the neural tube in relation to gestational time 

can be explained by the increased complexity of the human neurological system or longer 

gestational period compared to rat 39. While the timescale is different between these two 

species, the sequence of major events in brain development remain remarkably similar 12,41.  

https://paperpile.com/c/eYyaMX/VJVM
https://paperpile.com/c/eYyaMX/kWBa
https://paperpile.com/c/eYyaMX/Czn8
https://paperpile.com/c/eYyaMX/4rVF+WfDu
https://paperpile.com/c/eYyaMX/4fhQ
https://paperpile.com/c/eYyaMX/kWBa
https://paperpile.com/c/eYyaMX/4rVF+WfDu
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Both rodents and humans are considered to be born in an underdeveloped state, and are 

considered to be altricial species 41. Another difference which needs to be considered between 

rodent and human development is that rats also have a large litter size and can have around 9 

fetuses in utero at a time.  Whereas 98% of human pregnancies have one fetus 40.  A smaller 

number of fetuses in human versus rodents correlates with larger fetal size. Even though both 

species have offspring that are very dependent on maternal care. Rodents and humans are 

born at different neurodevelopmental stages. The human brain at birth is at a similar 

developmental stage as rodents at PND 7 41. These differences need to be considered when 

using rats as a model to study brain development. 

1.6 Comparison of Human and Rat Embryonic Stem Cells 

For developmental studies, a commonly used in vitro system is ESC differentiation. 

Before starting a developmental in vitro comparison study, it is important to understand the 

differences between rat and human ESCs as well as differing culturing methods between these 

two species. Two ESC states have been described, the first described is the primed state, which 

is a later post-implantation pluripotent state. The second state is the naive state which is 

considered an earlier, pre-implantation ground state ESC 23. Both states are pluripotent and can 

make all cells of the embryo but are distinguished by gene expression signatures, chromatin 

states, and reliance on extracellular signals to remain pluripotent 43. Recently, a transition state 

between naive and primed ESCs but distinct from either state has been described 43.  The ESC 

state depends heavily on the method of extraction and the gestational age of the harvested 

ICM. For studies that use established cell lines, the cell states have been well investigated.  

Human H1 ESCs are in a primed state 44.  Rat DAc8 ESCs are thought to be in-between the 

naive state and primed state. Rat ESCs are cultured in a medium containing two inhibitors (2i), 

which in mouse ESCs maintain a naive-like cell state. However rat ESCs express Cdx2, which 

https://paperpile.com/c/eYyaMX/WfDu
https://paperpile.com/c/eYyaMX/Czn8
https://paperpile.com/c/eYyaMX/WfDu
https://paperpile.com/c/eYyaMX/OjqQ
https://paperpile.com/c/eYyaMX/hHBN
https://paperpile.com/c/eYyaMX/hHBN
https://paperpile.com/c/eYyaMX/G9jM
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is a trophoblast marker not expressed in naive mouse ESCs 45.. It is important to 

understand the states of the cells from each species for in vitro differentiation to know what 

factors are active at the start of experimentation. 

1.7 Transcription Factor and Chromatin Dynamics in ESC Differentiation into 

Neuronal Lineages 

At its core, neuronal lineage specification and differentiation are driven by chromatin 

remodeling causing accessibility changes around TF binding sites near promoter and enhancer 

regions called cis-regulatory modules (CRMs) along with downstream signaling molecules, 

which collectively form Gene Regulatory Networks (GRNs) 46,47. The identification of CRMs that 

are required for the regulation of gene expression during neuronal development are important 

for broadening our understanding of the conservation or divergence of development between 

species 48.   

One way to study CRMs is through a method termed chromatin footprinting, which 

requires deep sequencing of DNA in chromatin to investigate where TFs might be bound to the 

DNA. One method commonly used in footprinting analysis is Assay for Transposase-Accessible 

Chromatin using sequencing (ATAC-seq) where open chromatin (or accessible) regions are 

sequenced deeply. In a deeply sequenced open chromatin region, a reproducible decrease in 

reads inside an otherwise open promoter or enhancer suggests a TF binding site 49. Even 

though only about 5% of individual DNA bases are conserved between rat and human, TF 

binding sites are about 20% conserved, meaning that these sites are present in the same 

homologous sequence in both species 50. On the GRN level there is about a 95% conservation 

between mouse and human, suggesting that the evolutionary conservation of regulatory 

https://paperpile.com/c/eYyaMX/LEmj
https://paperpile.com/c/eYyaMX/2Pgq+zrNS
https://paperpile.com/c/eYyaMX/jnj9
https://paperpile.com/c/eYyaMX/hOkW
https://paperpile.com/c/eYyaMX/KxZm
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networks is under selection, but the CRMs and individual bases are less so, allowing for 

plasticity between species 50. 

A key area of research that has been understudied in rats is the regulation of lineage 

specification in neural development via transcription factors and signaling molecules. One way 

to study this is through the use of ESC differentiation. Comparative studies of ESC 

differentiation into neuronal lineages found there are a number of neuronal markers and 

transcription factors that are conserved between human and mouse 51.  Similar studies need to 

be conducted in rats to determine the conservation of this model organism with humans.  

1.8 Brain and Circuit Development  

 A circuit refers to a set of interconnected components that work together and 

perform a particular function.  The definition of a brain circuit is slightly more complicated.  A 

brain circuit can consist of a group of neurons that receives electrochemical inputs that the 

circuit reacts to and transmits to other brain circuits until a particular outcome is achieved. Or a 

brain circuit can refer to a network of brain regions that integrate information and perform more 

complex functions 52.  The formation of neural circuits depends on a very complex set of genetic 

programs, neurodevelopmental events, and environmental stimuli.  Because of this, neural 

circuits are dynamic and flexible and can be vulnerable during specific times in their 

development 52.  

In the prenatal brain, as developing neurons mature into post-mitotic neurons, they 

migrate via a diverse set of signaling gradients, neighboring neuronal cells, and structural glial 

cells. As these developing neurons reach their destination, they form axons and dendrites to 

connect with the appropriate synaptic partners.  These synaptic connections in early 

development are often transient and aid in the process of the development of the more stable 

https://paperpile.com/c/eYyaMX/KxZm
https://paperpile.com/c/eYyaMX/3xfu
https://paperpile.com/c/eYyaMX/kzss
https://paperpile.com/c/eYyaMX/kzss
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mature circuit connections 52. One of the more important specialized groups of neural cells 

forms the hypothalamus. 

1.9 Formation and Function of the Hypothalamus, PVN, and Stress Pathway in the 

Brain 

The hypothalamus is located in the ventral forebrain and regulates energy homeostasis, 

fluid balance, stress, growth, reproductive behavior, emotion, and circadian rhythms 53. The 

telencephalon and diencephalon forms from the anterior-ventral part of the neural tube by 

graded and specifically timed WNT signaling. The hypothalamus is generated from the 

diencephalon.  The developing hypothalamus can be divided into the alar plate, basal plate, 

floor plate, and the intrahypothalamic diagonal. Expression of Sim1 and Pax6 are markers of the 

alar plate. Nkx2.1 is a marker of the basal plate. The alar plate gives rise to the paraventricular 

nucleus of the hypothalamus (PVN) and supraoptic nucleus (SON), whereas the basal plate 

forms the arcuate nucleus (ARC), dorsomedial nucleus of the hypothalamus (DMH) and 

ventromedial nucleus of the hypothalamus (VMH). Many TFs play a role in the development and 

maturation of the PVN, including: Sim1, Sim2, Arnt2, Brn2, Otp, and COUP-TFII 53.   

The PVN contains heterogeneous parvocellular neurons, magnocellular neurons, and 

long-projecting neurons. Parvocellular neurons project to the median eminence and in response 

to environmental stress secrete corticotropin-releasing hormone (CRH) to initiate the 

hypothalamic-pituitary-adrenal (HPA) axis. CRH positive neurons in the PVN receive the 

synaptic input from catecholaminergic neurons in the locus coeruleus, nucleus of the solitary 

tract (NTS) of the brainstem, and ventrolateral medulla to activate the HPA axis in response to 

stress 53.  In the HPA axis, CRH prompts the secretion of adrenocorticotropic hormone (ACTH) 

in the anterior pituitary (AP), causing the secretion of glucocorticoids in the adrenal gland 53. At 

https://paperpile.com/c/eYyaMX/kzss
https://paperpile.com/c/eYyaMX/mV4J
https://paperpile.com/c/eYyaMX/mV4J
https://paperpile.com/c/eYyaMX/mV4J
https://paperpile.com/c/eYyaMX/mV4J
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baseline, adrenocortical glucocorticoids are crucial for maintaining homeostasis by regulating 

glucose, hormone, and neurotransmitter levels in the brain and peripheral tissues. 

Environmental stress causes rapid but transient increases in glucocorticoid secretion, the 

magnitude of which depends on the duration and intensity of the stimulus. Glucocorticoids 

normally function by altering gene expression via glucocorticoid receptors (GRs) on cells, which 

cause a signaling cascade that will eventually enter the nucleus and either increase or inhibit 

expression of target genes 54. CRH positive neurons can also release AVP and OXT, which 

cause secretion of ACTH in the AP and secretion of glucocorticoids 53.  

The HPA axis is mediated by various hormonal signals and distinct neuronal inputs. 

Glucocorticoids, as well as being a target of HPA axis activation, provide negative feedback on 

the HPA axis. This negative feedback limits HPA axis activation by inhibiting expression and 

secretion of CRH and vasopressin in the hypothalamus as well as ACTH secretion and 

expression of its precursor protein, proopiomelanocortin (POMC). In contrast to their roles in the 

AP, another negative feedback mechanism is the region-specific dendritic release of AVP and 

OXT within the PVN and SON, which can inhibit the secretion of HPA axis hormones 55. 

1.10 Cellular and Molecular Diversity of CRH Positive Neurons of the PVN 

There are three different subdivisions of the PVN, each marked with a unique pattern of 

gene expression. Gad2 and Ntng1 expression is highly enriched in anterior PVN. Vglut2, Crh, 

and Avp expression has been found in the middle PVN, and Vglut2, Gad2, Npy1r. Crh, Reln, 

Ntng1, Pdyn, Oxt, and Avp are highly expressed in posterior PVN. Co-expression with CRH 

differs based on the anterior-posterior position of the neurons. For example, the majority of CRH 

neurons in the posterior PVN co-express Npy1r, where only a small number of CRH neurons 

co-express Npy1r in the anterior or middle PVN 56. 

https://paperpile.com/c/eYyaMX/twAJ
https://paperpile.com/c/eYyaMX/mV4J
https://paperpile.com/c/eYyaMX/mAcl
https://paperpile.com/c/eYyaMX/3FHN
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The PVN has the highest concentration of CRH positive neurons in the brain, and this 

population can be further divided into three major subclasses. The first is parvocellular, termed 

for their small size, CRH neurons found in the anterior and medial–dorsal region of the PVN with 

axons projecting to the external zone of the median eminence. These CRH neurons co-express 

other peptides including vasopressin (VP), enkephalins, cholecystokinin and angiotensin II. In 

response to stress this subclass of CRH neurons expresses a small amount of VP and secretes 

VP into pituitary portal circulation. There are other dopaminergic neurons that intermingle with 

the CRH neurons in this area 57. The second subclass of CRH positive neurons in the PVN are 

dorso-laterally located magnocellular neurons sending oxytocin or vasopressin projections to 

the posterior pituitary through the internal zone of the median eminence. These neurons release 

peptides to the peripheral circulation 57. The third subclass of CRH positive neurons in the PVN 

is found in the dorsal, medial–ventral and lateral parvocellular subdivisions. These autonomic 

neurons have projections to the brainstem and spinal cord. These neurons express CRH as well 

as other neuropeptides and are involved in regulating the physiological connection between the 

sympathetic nervous system and the adrenal medulla, or sympathoadrenal system 57. Single-

cell sequencing techniques can further help classify individual neurons and distinct neuronal 

populations in the PVN as well as other areas of the brain. By investigating the transcriptome of 

individual neurons, we can start to understand the overwhelming complexity of individual 

neurons that are the fundamental building blocks of neural networks.  

1.11 Early Life Stress and its Effect on Brain Development 

Postnatal brain and brain circuit development as well as maturation are regulated by 

genetics and environmental inputs via epigenetic mechanisms 58,59.  DNA methylation, histone 

acetylation, and noncoding RNAs such as microRNAs are all examples of epigenetic 

mechanisms that may be affected by environmental stimuli. A wide range of chromatin 

https://paperpile.com/c/eYyaMX/zFni
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modifications have been shown to be dynamically regulated in the developing and adult brain. 

During critical periods of neural circuit development, many are unstable and open to influences 

from the environment 59. In humans and other mammals, early life adversity (ELA), which can 

be caused by maternal inputs such as poverty, parental loss, mistreatment, and neglect are 

associated with consequences to neural circuit development that can have lasting 

consequences including impairments in cognition and emotional regulation. In rodents and 

primates that experienced some form of ELA, hypersecretion of CRH has been detected years 

after the stress exposure period 59,60. Genetic abnormalities or polymorphisms of proteins in the 

stress pathway have also been found to play a role in increased risk of adverse effects after 

ELA. For example, CRH type 1 receptor (CRHR1) has been shown to have polymorphisms that 

affect the adult phenotype after ELA 59. Important genes within the stress pathway have been 

shown to be epigenetically regulated, suggesting that ELA can have lasting impacts on 

expression of these genes.  For example, altered promoter methylation of GRs has been 

detected in subjects with a history of childhood abuse 59. ELA does not only affect the HPA axis 

and CRH secretion, but also results in decreases in expression of hormones that are involved in 

social biology and bonding such as oxytocin as well as increases in inflammatory markers in 

patients 59. 

1.12 Common Model Organisms and Techniques used to Study Early Life Adversity 

Methods for studying ELA using animal models have been developed to mimic the effect 

of adverse environments on human brain development 61,62.  There are two common 

mammalian model organisms used to study the consequences of ELA on adult outcomes; non-

human primates and rodents. The use of non-human primates to study ELA has distinct 

advantages. For example, non-human primates are similar socially and behaviorally to humans. 

One of the most notable differences between non-human primate models and rodent models is 

https://paperpile.com/c/eYyaMX/P8WD
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the HPA axis similarity between humans and other primates 86. In rodents, GR expression is low 

at birth, but starts to increase during development, whereas in the primate brain GR expression 

levels do not seem to change from birth to adulthood. The differences between rat, non-human 

primates, and human HPA axis is still not well understood. Similar to humans, non-human 

primates form strong and lasting mother-infant bonds. The primate mother provides 

nourishment, protection, social lessons, and regulates the infant's fear and stress responses 

63,86.  In rodents, levels of maternal care, like feeding, licking and grooming regulate the pup’s 

fear and stress responses. Although similar to primate interactions, there are differences in 

maternal interactions between rodents and primates. 

Some examples of ELA models in non-human primates include peer-rearing versus 

maternal rearing, where infants are either raised in a nursery until postnatal day (PND) 30, then 

placed with similar aged peers for 6 months or raised in their mothers’ care until 6 months when 

they are placed in similar peer-inhabited environments. The peer-reared infants show higher 

incidence of risk-taking and anxiety later in life 63.  Other examples of non-human primate 

models of ELA include maternal social subordination, infant maltreatment (similar to child 

abuse), and maternal separation 63.  Although there are clear advantages to studying ELA in 

non-human primates, the studies are time consuming and expensive due to their need to be 

performed in specialized facilities with experienced researchers due to the increased risk of 

physical harm to the researchers and pathogen exposure.  Due to these drawbacks, rodent 

models of ELA are by far the most common model system used to study ELA. Rodents also 

have a very early sensitive period of brain development and relatively short gestational period, 

time to weaning, and well-established ELA models and stress tests used to study ELA and its 

effects on the adult stress pathway 64.  

https://paperpile.com/c/eYyaMX/yQf4
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A well-characterized preclinical rodent model of ELA is the limited bedding and nesting 

(LBN) model 65. The LBN model mimics an impoverished environment, inducing unpredictable 

maternal care, during a critical period of brain development 61,66,67. It entails rodent mothers and 

their litters kept on a wire mesh with very limited bedding and about half of the bedding 

materials normally given. The LBN model does not affect the duration or number of maternal 

interactions with the pups. However, the quality of maternal care is disrupted, which is 

measured by its consistency. This unpredictable maternal care is due to the increase in the 

frequency that the mother leaves the nest area to search for bedding materials 65. Maternal 

separation is another common technique used to study ELA (in both rodents and non-human 

primates) and has been shown to have similar effects on brain development as the LBN model. 

However maternal separation can only be used for short periods of time due to the risk of 

pup/infant malnutrition and hypothermia 63,64.  

The ELA model environment is typically given between PND 2 and PND 9-10 for rodents 

because this has been shown to be the sensitive period 61. The timing and duration of when the 

stress is applied to have the greatest impact on brain development has been extensively studied 

in rodents 64. For instance, in rodents a 24-hour maternal separation between PND 3 to 4 leads 

to increased responsiveness to experiential stressors later in life, whereas a similar maternal 

separation performed just a few days later, between PND 7 to 8 or 11 to 12, results in 

decreased responsiveness to later stressors. Similar results have been found for learning and 

memory deficits due to rodent maternal separation. Separation on PND 3 causes active 

avoidance and a reaction to external stimuli, such as conditioned freezing task, impairment, 

whereas separation on PND 9 improves performance 64.  Taken together the sensitive period for 

brain development in rodents seems to be within PND 2-9. 

https://paperpile.com/c/eYyaMX/Wy0Cy
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Models of ELA induce enduring long-term consequences 61 including reduced reward 

seeking 68–71, impairments in hippocampal memory 65,72–75, and altered development of fear 

inhibition pathways 76. Combined, these data suggest that there are complex and overlapping 

neural developmental processes early in life and adverse experiences during these sensitive 

periods of development may drastically influence brain development. 

1.13 Methods and Techniques used for Studying ELA in Humans 

Studies surrounding ELA in humans are typically observational, with no treatment and 

control groups due to moral implications. However, because of this the ELA is assessed on a 

spectrum of adversity, and not specifically in one group or another.  Some typical studies 

conducted in humans include children who are exposed to poor or a low amount of care for long 

hours in early development, children exposed to severe deprivation (i.e. orphanages), maternal 

depression studies, poverty conditions, and studies of neglect or abuse 61,77.  These studies 

suggest that ELA during sensitive periods of development has lasting impacts on brain 

development, which leads to increases in incidences of neurological diseases, such as 

depression, anhedonia, and drug dependence, later in life. 

Environmental signals that generate stress in the adult such as restraint are not stressful 

to a newborn.  This is due to the immaturity of both the developing stress circuit and the brain. 

The developing processes in the brain during this period include axonal and dendritic growth, 

synaptic stabilization, and synaptic pruning 59,78. This age-specific stress sensitivity has led to 

the idea of an increased sensitivity period in brain development 61,64. In humans, by the end of 

the first year of life, events that used to elicit distress, wariness, and inhibition of approach in 

younger infants no longer produce elevations in cortisol, suggesting that the first 12 months of 

life account for the hypersensitive period of brain development in humans. This suggests a 
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disconnection between activation of the HPA axis on the adrenal level from behavioral distress 

and negative emotion 79. Although moral implications of human studies shy away from 

perturbation experiments, it is important to find other non-invasive ways to study the effects of 

ELA on brain development in humans. Analysis of peripheral DNA methylation using blood cells 

is a non-invasive way to examine the epigenetic effects of ELA on brain development  

1.14 Investigating Epigenetic Changes via DNA Methylation  

Recent studies have started to look at molecular changes in CRH neurons such as 

alterations in CRH expression caused by stress 80,81. However, depending on the timing and 

duration of the stress, CRH levels can either increase or decrease 77,78. These changes in 

expression are most likely due to the maintenance of the long-lasting CRH gene repression or 

activation involving epigenetic mechanisms. For instance, increased DNA methylation at the 

CRH promoter region led to transcriptional repression in some studies 78, while others found that 

decreased DNA methylation at the CRH promoter caused no change in expression 82.   

On the same note, gene expression responses to stress later in life can be predicted by 

maternal interactions with offspring during sensitive periods of brain development. Augmented 

maternal care, i.e. high rates of maternal licking and grooming in rodents, has been associated 

with reduced anxiety-like behaviors and increased negative feedback to the HPA axis via 

enhanced GR reactivity 83. DNA methylation studies have corroborated these findings with 

methylation and expression changes in the GR-encoding gene Nr3c1. Similar findings in the 

human NR3C1 gene expression and promoter methylation have been shown following ELA 83. 

The epigenetic mechanisms that govern changes in gene expression of stress-related genes 

during and after ELA remain to be fully understood. 
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Although it is already known that DNA methylation changes correlate with gene 

expression changes that occur as a result of ELA, it would be interesting to determine whether 

these DNA methylation changes could provide a useful epigenetic signature of ELA.  A recent 

study determined that intra-individual DNA methylation pattern changes distinguish rats raised 

in ELA conditions from control rats 84. These pattern changes between ELA and control may be 

able to predict ELA signatures in individuals and possibly be correlated to human experiences 

84. It would be interesting to investigate if a similar signature can be found in humans over a 

spectrum of ELA. 

1.15 Thesis Overview 

The central theme of my thesis is to understand developmental conservation of gene 

regulation during mammalian evolution as well as the developmental plasticity of epigenetic 

regulation. Using a combination of both experimental and computational methods, I examined 

epigenetic changes primarily at a single cell level.  

In Chapter 2, I investigate integrative analysis of mRNA expression and open chromatin 

dynamics during lineage specification. We asked the question: how conserved are the 

transcriptome and chromatin dynamics of transcription factors involved in NPC and DE 

differentiation in human and rat? We hypothesize that a select group of conserved regulatory 

elements are deployed dynamically to regulate gene expression during the process of definitive 

endoderm (DE) and/or neural progenitor cell (NPC) differentiation. I study shared and cell-type 

specific transient differentiation markers from NPC (Fig. 1.1) and DE (Fig. 1.2) lineages in both 

human and rat.  Specifically, I investigate the expression and open chromatin dynamics of key 

TFs that may regulate differentiation into each cell type and their candidate cis-regulatory 

elements (cCREs). I show that DE differentiation is more conserved in both cCREs and 
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chromatin accessibility than NPC differentiation. The similarity of early development of DE 

between species and the complexity of later formation of NPCs and species-specific 

developmental time differences may account for the differences in conservation seen between 

NPC and DE differentiations. The goal of this study was to quantify conserved and species-

specific chromatin dynamics during embryonic stem cell (ESC) differentiation to DE and to 

NPCs. To achieve this we collected a daily time-course of gene expression and chromatin 

accessibility in rat and human for both cell types. Differentiation of homologous cell types in 

different species is controlled by conserved networks of regulatory elements driving gene 

expression. We provide the first global comparison of transcriptional complexity and chromatin 

dynamics between human and rat for DE and NPC differentiation. The information obtained 

from this study shows that rats are a good model organism for both neural and early 

developmental studies, but it is important to understand the differences on a genetic and 

epigenetic level between humans and the model organisms used to study basic and 

translational science. 

In Chapter 3, we study single-cell transcriptomics of hypothalamic CRH-expressing 

neurons. We asked the question: how does early life adversity effect the transcriptome of the 

Crh positive PVN neurons in the hypothalamus?  I use single-cell RNA sequencing (scRNA-seq) 

to capture the heterogeneity of cellular responses and define differential expression associated 

with ELA in the rodent hypothalamus. I discover interesting changes in gene expression profiles 

of stress-sensitive CRH-neurons in the PVN following ELA. This study utilizes an animal model, 

the mouse limited bedding and nesting (LBN) model, of an impoverished environment with 

unpredictable maternal care which causes negative cognitive and emotional outcomes. We try 

to understand single-cell transcriptomic changes that occur as a result of ELA and how these 

changes influence the development of stress-sensitive CRH-neurons in the PVN. We used 

single cell methods in this study to highlight heterogeneity within the CRH positive PVN neuron 
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population between the ELA and control condition. It is known that both genetic and 

environmental factors contribute to the growth and maturation of neurons and synapses. 

However, the mechanisms by which ELA alters epigenetic signatures within an individual CRH-

neuron, and the long-term functional consequences of these changes, remain unknown. Such 

changes in the epigenetic programs of individual stress-sensitive neurons suffice to induce long-

lasting changes within these cells, influencing gene expression. By conducting differential 

expression analysis between the ELA and control conditions we were able to determine that 

stress-sensitive neurons from the ELA condition may be maturing faster and increasing their 

energy production due to increased synaptic input. These changes seem to only affect the 

excitatory glutamatergic neurons and not neurons that express GABAergic neurotransmitters. 

Disfunction of the stress circuit following ELA can be at least partially explained by CRH positive 

PVN neurons from the ELA condition maturing faster with altered energy production compared 

to cells from the control condition. Since the population of CRH positive neurons of the PVN are 

made up of mostly glutamatergic neurons, it is not surprising that we did not find significant 

differences between the ELA and control conditions in GABAergic neurons.   

In Chapter 4, we compare Intra-individual peripheral methylation signatures of diverse 

early life experiences. We hypothesize that intra-individual methylome signatures show 

transcription-driven alterations of cellular growth and function in a spectrum of human early life 

adversity. I show that a DNA signature of ELA can be used to distinguish individual children with 

a spectrum of early life experiences. I use an intra-individual approach, using a similar 

computational method as previously done in rats, to test “delta” methylation, which is the 

change in methylation that occurs between birth and the first year of life, in each of the study 

groups of individuals over a spectrum of ELA experiences. Using this method, I found striking 

differences that correlate with age and experience. During the first year of life, in humans, the 

brain is more sensitive to influences by environmental inputs. ELA is one of the largest 
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environmental risk factors for the development of abnormal brain circuits and psychiatric 

diseases. These later pathologies are at least partially encoded by underlying neural epigenetic 

pathways established during ELA.  How these epigenetic pathways are encoded and if there are 

epigenetic signatures that can be used to predict potential adverse effects of ELA remains 

unknown. In this study, we employ a non-invasive buccal swab collection method to investigate 

systemic DNA methylation changes that occur even outside the brain to study ELA in humans 

over a diverse range of experiences. In the future, we will apply machine learning and other 

computational techniques to determine an epigenetic signature that can distinguish the risk of 

developing psychiatric disorders after adverse ELA experiences.   
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1.16 Figures 

 

Figure 1.1 Neural Progenitor Cell Differentiation in vitro 

Different stages of neural progenitor cell differentiation in both rat and human and the 

markers defining each stage. 

  



25 

 

 

Figure 1.2 Definitive Endoderm Differentiation in vitro 

Different stages of definitive endoderm differentiation in both rat and human and the 

markers defining each stage. 
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http://paperpile.com/b/eYyaMX/iiNb
http://paperpile.com/b/eYyaMX/iiNb
http://paperpile.com/b/eYyaMX/iiNb
http://paperpile.com/b/eYyaMX/iiNb
http://paperpile.com/b/eYyaMX/iiNb
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/rbP6
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/id9B
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
http://paperpile.com/b/eYyaMX/Ep1q
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Chapter 2 

Comparative Chromatin Dynamics of Stem Cell Differentiation in Human and Rat 

2.1 Abstract 

Differentiation of cell types homologous between species are controlled by conserved 

networks of regulatory elements driving gene expression. In order to identify conservation of 

gene expression and chromatin accessibility during cell differentiation in mammals we collected 

a daily time-course of gene expression and chromatin accessibility in rat and human during 

embryonic stem cell differentiation to definitive endoderm (DE) as well as to neural progenitor 

cells (NPCs). We identify shared and cell-type specific transient differentiation markers in each 

species, including key transcription factors that may regulate differentiation into each cell-type 

and their candidate cis-regulatory elements (cCREs) including genes such as GBX2, EGR1, 

and PBX1 for NPC differnetiation and ETV1, GBX2, and TGIF1 for DE differentiation. We found 

8% of candidate cis-regulatory elements with significant transcriptional overlaps are shown to be 

conserved in NPC differentiation whereas 22% of significantly overlapping candidate cis-

regulatory are shown to be conserved in DE differentiation between rat and human (Figure 2.7).. 

We provide the first global comparison of transcriptional complexity and chromatin dynamics 

between human and rat for DE and NPC differentiation.  

2.2 Introduction 

A fundamental question in biology is how lineage specification is regulated by a large 

cohort of transcription factors (TFs) and signaling molecules. Lineage specification and 

differentiation are driven, at least in part, by chromatin remodeling causing changes in the 

accessibility of TF binding sites near promoter and enhancer cis-regulatory modules (CRMs) of 

other TFs, which collectively form Gene Regulatory Networks (GRNs) 1,2. Changes in 

https://paperpile.com/c/hUi4Sg/9NLHL+hdj4l
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expression of key TFs are crucial in the regulation of differentiation. The identification of CRMs 

that are required for the regulation of gene expression are important for broadening our 

understanding of development and the conservation or divergence of gene regulation between 

species and cell lineages 3.  

Previous functional genomics studies have shown that binding of stage-specific TFs to 

cis-regulatory elements (cREs) controls precise spatiotemporal gene expression. Previous 

research on cis-regulatory element gain or loss (i.e. turnover) has historically been on specific 

TFs or histone modifications, rather than genome-wide surveys of species-specific or conserved 

TF-DNA interactions, preventing the construction of comprehensive GRNs 4. Furthermore, TF-

DNA interactions can be investigated using cRE assays such as Assay for Transposase-

Accessible Chromatin using sequencing (ATAC-seq) for TF footprints. TF occupancy near a 

gene combined with the gene’s expression reveals a regulatory connection which forms the 

basis of GRNs 5. While individual TF to gene interactions may be conserved weakly, GRNs are 

highly conserved across species, which makes the comparison of GRNs important for studying 

evolutionary differences between species 6.  

Mammalian embryonic stem cells (ESCs) are defined by their unique ability to self-renew 

and to generate all lineages of the organism. ESCs divide asymmetrically, producing a daughter 

cell with more limited differentiation properties 7. The formation of the three germ layers 

(ectoderm, mesoderm, and endoderm) during gastrulation is one of the most important 

developmental processes in the life of an organism.. This differentiation process can be 

mimicked in vitro with ESCs 7. The specification of the germ layers is accomplished through the 

activation of lineage-specific GRNs 7,8. In this study we compare the differentiation of rat and 

human ESCs into ectodermal NPCs and DE using a time-course of RNA-seq and ATAC-seq in 

https://paperpile.com/c/hUi4Sg/dA4Nr
https://paperpile.com/c/hUi4Sg/91NYk
https://paperpile.com/c/hUi4Sg/TlQPo
https://paperpile.com/c/hUi4Sg/0vhzc
https://paperpile.com/c/hUi4Sg/9UJ0d
https://paperpile.com/c/hUi4Sg/9UJ0d
https://paperpile.com/c/hUi4Sg/9UJ0d+wie9s
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order to determine shared and species-specific evolutionary and regulatory mechanisms that 

drive development of these two lineages between rodents and humans. 

In the past decade, several groups have established protocols from human ESCs to 

efficiently differentiate into pancreatic and hepatic cells in vitro and to characterize changes in 

gene expression during the differentiation process 9–11. However, these studies have primarily 

focused on later stages of differentiation and the generation of functional cells, thus leaving the 

initiation of endoderm formation understudied. Commonly used rodent models such as mouse 

and rat have proven surprisingly challenging for robust endoderm layer generation in vitro 12–14. 

There have been several temporal in vitro studies of human ESC to NPC differentiation 

assessing gene regulatory and cRE dynamics. Some of these stages include differentiation 

to postmitotic neurons 16 and early neural differentiation 17. Techniques used to study these 

processes include in-vitro methods such as cerebral organoids 15, primary cultures of 

human NPCs and the developing brain 18, and stage-specific transcriptional networks in 

iPSC neurodevelopment 19,20. Evolutionary studies have also compared gene expression 

programs between species such as chimpanzee versus human 17, or mouse versus 

chimpanzee 18, both in NPCs and in DE differentiation18. However, the temporal dynamics of 

NPC and DE differentiation lineages have not been compared in humans, and the dynamics of 

rat and human have not been compared for either lineage. Methods for in vitro monolayer 

differentiation of human ESCs into both DE 9,10,12–14,21,22, and NPCs 23–27 are available. While 

multiple protocols for mouse differentiation of ESCs to DE 9,10,12–14,21,22 and NPCs 23–27 have 

been published, the differentiation of rat ESCs into either lineage has not been previously 

studied using functional genomics. 

Our hypothesis is that a select group of conserved regulatory elements are deployed 

dynamically to regulate gene expression during the process of DE and/or NPC differentiation. In 

https://paperpile.com/c/hUi4Sg/bjgNp+azADr+ATXQw
https://paperpile.com/c/hUi4Sg/xzkCz+MR4oP+FxGUw
https://paperpile.com/c/hUi4Sg/ZenLf
https://paperpile.com/c/hUi4Sg/lST5n
https://paperpile.com/c/hUi4Sg/SrWEI
https://paperpile.com/c/hUi4Sg/Yh5zR
https://paperpile.com/c/hUi4Sg/eYAkV+dSLvc
https://paperpile.com/c/hUi4Sg/lST5n
https://paperpile.com/c/hUi4Sg/Yh5zR
https://paperpile.com/c/hUi4Sg/Yh5zR
https://paperpile.com/c/hUi4Sg/bjgNp+xzkCz+azADr+MR4oP+FxGUw+XzXdX+4HOS4
https://paperpile.com/c/hUi4Sg/mO4tp+Y1huZ+vOQq3+7Rdeb+7zJQR
https://paperpile.com/c/hUi4Sg/bjgNp+xzkCz+azADr+MR4oP+FxGUw+XzXdX+4HOS4
https://paperpile.com/c/hUi4Sg/mO4tp+Y1huZ+vOQq3+7Rdeb+7zJQR
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order to quantify the extent of conservation of GRNs between rats and humans during lineage 

specification, we differentiated ESCs into NPC and DE. In order to accomplish this, we first 

adapted mouse differentiation protocols for rat. We then collected daily time-courses of 

differentiation for each cell type and species using RNA-seq and ATAC-seq to measure gene 

expression and chromatin accessibility changes, respectively. We then compared the 

conservation level of both gene expression and chromatin accessibility in the two species. We 

compared the RNA-seq and ATAC-seq time-courses between the different lineages in rat, then 

in human to quantify the dynamics of the transient expressed genes, transcription factor motif 

enrichment, and to determine their shared function using gene ontology. We then compared 

human and rat gene modules in each cell type to identify conserved as well as species-specific 

TF-to-gene connections. Finally, we compared these modules to each other to determine the 

extent of evolutionarily conserved regulation between the species.  

2.3 Results 

2.3.1 Generation of Definitive Endoderm and Neural Progenitor Cells in Two Species 

 We induced the differentiation of rat and human embryonic stem cells (ESCs) into 

ectodermal NPCs and DE to quantify the transcriptional and candidate cis-regulatory element 

(cCRE) dynamics that drive cellular commitment. Previously developed methods for in vitro 

monolayer differentiation of human ESCs into both DE and NPCs were used (Figure 2.1A, 

Figure S2.1A) 28,29. We adapted previously published ESC mouse differentiation protocols for 

NPC to rat (Figure 2.1A, Figure S2.1A), which have not been previously described 12–14,23. For 

DE differentiation, the protocols for both rat and human rely on the activation of Nodal signaling 

to induce the expression of TFs and target genes in DE formation. Protocols add exogenous 

Activin A (Nodal analog) to mimic high concentrations of Nodal in order to produce DE cells with 

https://paperpile.com/c/hUi4Sg/EsfeH+mW095
https://paperpile.com/c/hUi4Sg/mO4tp+xzkCz+MR4oP+FxGUw
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expression of key marker genes like MIXL1, CER1, SOX17, FOXA2, and CXCR4 21,30–33. For 

NPC differentiation, the protocols for rat and human both rely on Smad2/3 inhibition or the 

inhibition of the TGF-β pathway23,28. However, in human NPC differentiation dual Smad 

inhibition was used, whereas only the ALK2 and ALK3 inhibitor LDN193189 was used in rat 

(see methods). Rat NPC differentiation also relies on Fgf2 to further differentiate the cells into a 

neuronal cell fate 23,34. Terminal NPC differentiation was reached by day 8 in both rat and 

human (Figure 2.1A and Figure S2.1A), and terminal DE differentiation was reached by day 7 in 

rat and day 5 in human (Figure 2.1B, Figure S2.1B). During each differentiation time-course, 

morphology changed from colony-like to the formation of neuro-rosettes for NPC differentiation 

(Figure S2.1B and 2.1C) 35 and pebble/cobblestone morphology for DE differentiation (Figure 

S2.1D and 2.1E) 36. We observed morphology changes as early as day 1 of differentiation for 

both cell-types (Figure S2.1B-E). Thus, the rat cells changed from their ESC morphology to the 

expected cell-type specific morphology over the course of NPC and DE differentiation. 

 Differentiation of both DE and NPC in both species requires the downregulation of key 

pluripotent genes, OCT4 and NANOG (Figure 2.1B). However, lingering expression of 

pluripotency markers has been shown in humans, but does not occur in rodents 37,38. In order to 

examine differentiation on a global level for these lineages we checked RNA-seq timepoints 

daily during differentiation and found that key endodermal markers (CXCR4, MIXL1, FOXA2, 

EOMES, GSC, GATA4, SOX17, and GATA6) are activated in both species during DE 

differentiation and key neuronal markers (NGFR 39, NEFM 40, NCAM1 41, NES, PAX6, MAP2, 

ASCL1 42, and MEIS1 43 are activated during NPC differentiation (Figure 2.1B). Interestingly, we 

found that FOXA1 and SOX7 were differentially expressed in rat but not human DE 

differentiation. Overall, the increased expression of the lineage specific markers in each species 

and the decrease in expression of ESC markers suggest successful differentiation into each of 

the lineages in both species.  

https://paperpile.com/c/hUi4Sg/C2etC+wEfWW+nkNc6+QYrOi+XzXdX
https://paperpile.com/c/hUi4Sg/EsfeH+mO4tp
https://paperpile.com/c/hUi4Sg/mO4tp+XsXoA
https://paperpile.com/c/hUi4Sg/BvZUq
https://paperpile.com/c/hUi4Sg/bVgx8
https://paperpile.com/c/hUi4Sg/gWoZW+0trNX
https://paperpile.com/c/hUi4Sg/917kP
https://paperpile.com/c/hUi4Sg/ezYa0
https://paperpile.com/c/hUi4Sg/5Rdq8
https://paperpile.com/c/hUi4Sg/QQBFI
https://paperpile.com/c/hUi4Sg/8cpv4
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2.3.2 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE 

in Rat 

We next focused on the comparison of expression and cCRE dynamics between NPC 

and DE in rat to identify candidate regulators for the differentiation of each cell type. We 

collected a daily time-course of differentiation in duplicate for RNA-seq and ATAC-seq for a total 

of 32 RNA-seq and 32 ATAC-seq datasets in rat. We detected 13,112 genes expressed over 1 

transcript per million (TPM) in two or more samples across both NPC and DE differentiation 

(Table 2.1). We used maSigPro 44 to identify 10,846 differentially expressed genes that form 18 

clusters of distinct expression profiles across time (Figure 2.2A, Table 2.2). Five clusters, 

comprising 2,859 genes (26%), decrease over time in either one or both differentiation time-

courses. Eight clusters comprising 4,323 genes (40%) increase during NPC differentiation 

(labeled in blue). Five clusters comprising 3,664 genes (34%) increase during DE differentiation 

(labeled in green). We plotted the correlation of the expression profiles over each differentiation 

time-course (Figure S2.2A) as well as plotted the samples on UMAP (Figure S2.2B). UMAP1 

separates samples by differentiation time and UMAP2 represents the difference between the 

two differentiation time-courses. There are larger changes in the differentially expressed genes 

later in each time-course (Figure S2.2A and S2.2B), suggesting a transition between early and 

late differentiation about mid-way through each time-course (Figure S2.2B and S2.2C). We then 

focused on the TFs expressed in each of the maSigPro clusters, as they may play a role in the 

regulation of differentiation into each cell type. As expected, TFs that showed increased 

expression in NPC clusters include those important in neuronal development and overall 

expression of early neurons such as Mef2a (RR8), Mef2c (RR11), and Tead2 (RR1) (Figure 

2.2A)45; 46,47; 48. Similarly, the TFs in clusters that increase during DE differentiation include 

important markers of DE development and differentiation such as Eomes (RR9), Foxa1 (RR9), 

and Lhx1 (RR9). As expected, the five tan clusters with decreased expression over the time-

https://paperpile.com/c/hUi4Sg/ARnE3
https://paperpile.com/c/hUi4Sg/qJfd7
https://paperpile.com/c/hUi4Sg/kUkId+ffHpY
https://paperpile.com/c/hUi4Sg/RYtOk
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course include important ESC TFs such as Oct4 (RR7), Nanog (RR12), and Sox2 (RR18). The 

TFs found in cell-type specific clusters in rat suggest that they are expressed in the appropriate 

pattern to regulate differentiation into NPC and DE.  

We used gene ontology (GO) to analyze clusters higher in NPCs (blue) and DE (green) 

(Figure 2.2B) to investigate functional roles of TFs which increased in expression in a cell-type 

specific manner. Cluster RR11, which sharply increases in expression after day 6 of the NPC 

time course, is enriched for GO terms such as forebrain development (p < 6x10-12) and includes 

important TFs such as Pax6 and Mef2c (Figure 2.2B). Cluster RR9, which increases in 

expression after day 3 of the DE time-course, is enriched for GO terms such as digestive tract 

morphogenesis (p < 2x10-9) and includes TFs like Pitx2, Sox17, and Gata6 (Figure 2.2B). We 

also performed a GO analysis of the five tan clusters of ESC high genes (Figure S2.3A). GO 

analysis of differentially expressed genes clustered by expression profile reveals that genes with 

shared functions are co-expressed during NPC and DE differentiation along with key TFs. 

Next, we investigated changes in chromatin accessibility in the differentiation time-

courses using ATAC-seq by clustering differential cCREs as previously described for gene 

expression (Figure 2.2C, Table 2.3). For genes with more than one associated cCRE, each 

cCRE is analyzed independently, therefore a gene can have cCREs that are in different 

clusters. We detected 51,417 accessible chromatin regions in two or more replicates across 

both NPC and DE differentiation (Table 2.1). Of these, 25,665 differential cCREs grouped into 

24 clusters of distinct patterns across time. We observe a decrease in accessibility during 

differentiation in 9,375 (37%) of cCRE comprising nine clusters (labeled in tan, Figure 2.2C). 

Clusters that increased in accessibility in the NPC time-course (labeled in blue) accounted for 

5,124 (20%) of differential cCRE. Clusters that increased in accessibility in the DE time-course 

(labeled in green) accounted for 8,383 (33%) of cCRE. Clusters with shared changes in both 
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time-courses (black) accounted for 2,762 of genes (10%) of cRE. Similar to the gene expression 

analysis, we calculated the correlation of the cCRE profiles over each differentiation time-course 

(Figure S2.2C) as well as plotted the samples on UMAP (Figure S2.2E). UMAP1 represents 

time and UMAP2 represents the difference between NPC and DE differentiation. Both the 

correlation plot and UMAP suggest there are substantial changes in accessibility during 

differentiation (Figure S2.2B).  

We then focused on the accessible regions surrounding TF genes that are also 

differentially expressed (Figure 2.2C). TFs found to be differential in both expression and 

accessibility profiles may be key in the regulation of differentiation for their respective cell types. 

Concordant cCREs have an accessibility profile that matches their gene expression profile in 

the specific cell-type. Discordant cCREs have an accessibility profile that does not match the 

gene expression profile.  Examples of TFs found with concordant differential expression and 

chromatin accessibility include Mef2a, which increases in expression in NPC (RR8) and has one 

concordant cCRE (RA18) (Fig 2C). Mef2a has been shown to regulate neuron differentiation 49. 

Another TF that shows an increase in accessibility in NPCs is bhlhe40 (RR2) (Figure 2.2C). 

There are three differential cCRE surrounding Bhele40, which is needed for proper neuronal 

function 50. Each Bhlhe40 cCRE has a different accessibility profile, one of which is concordant 

(RA7) (Figure 2.2C). A TF that shows an increase in accessibility in DE is Eomes (RR9), which 

is essential for DE specification (Figure 2.2C) 31. There are five differential cCREs surrounding 

Eomes, four of which are concordant (Figure 2.2C). Of the differentially expressed TFs, 63% 

have at least one cCRE that is concordant to its expression profile. This suggests that cell-type 

specific TF expression in rat is accompanied by differential accessibility of cCREs in a 

concordant direction, which we analyze in greater detail below.  

https://paperpile.com/c/hUi4Sg/wOQJF
https://paperpile.com/c/hUi4Sg/IIax0
https://paperpile.com/c/hUi4Sg/wEfWW
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To explore functional roles of cell-type specific TF cCREs we used GO for clusters 

increasing in NPCs (blue) and the DE (green, Figure 2.2D). Cluster RA7, which increases in 

accessibility after day 1 in NPC differentiation, is enriched for GO terms like brain development 

(p < 2x10-9) and includes regions around important TFs like Gbx2, Notch1, and Rara (Figure 

2.2D). Cluster RA17, which increases in accessibility after day 2 in NPC differentiation, is 

enriched for GO terms including brain development (p < 4x10-14). Cluster RA19, which is highest 

in accessibility at day 4 of DE differentiation, is enriched for GO terms including tube formation 

(p < 1x10-11) and includes regions near Gata3. We also analyzed GO terms from each ESC-like 

cCRE cluster (Figure S2.3B).  

We investigated which TF motifs are found in differentially accessible regions in each 

cluster using Homer (Figure S2.3C, S2.3D) (see methods). Motifs found in ESC-like clusters 

include Sox2, Pou5f1 (Oct4), and Nanog. DE cluster motif enrichments include Tead2, Foxa1, 

and Eomes (Figure S2.3C). Many motifs were enriched in both cell-types. The Eomes motif is 

enriched in eight clusters (all p < 5x10-19), three of which are in the DE group. NPC cluster motif 

enrichments include Tead4, Sox2, and Maz. As expected, we find the Sox2 motif in nine 

clusters (all p < 5x10-26), including the ESC and NPC groups, suggesting Sox2 is required for 

regulation of both ESC maintenance and NPC differentiation 51. The Tcf12 motif was enriched in 

3 clusters (all p < 2x10-18) and has been shown to be important in NPC differentiation 52,53. In 

conclusion, GO term analysis paired with de novo motif enrichment highlights TFs with binding 

sites in cell-type and time-course specific cCREs. 

To mine clusters for differential gene expression and cCRE interactions we analyzed the 

relationship between differential RNA and ATAC clusters in rat. We used the overlaps to build a 

contingency table that contains the association of each of the differentially accessible regions 

with the mRNA clusters (see methods, Table 2.10). We detected 55 sets of significantly 

https://paperpile.com/c/hUi4Sg/fEgHz
https://paperpile.com/c/hUi4Sg/LVVU2+lakTn
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enriched interactions between ATAC and RNA clusters. Of these, 22 have concordant 

significantly enriched interactions with both the expression and accessibility higher in the same 

cell-type (NPC (blue), DE (green), or ESC (tan)). 29 are discordant significantly enriched 

interactions (i.e. expression is high in NPC and accessibility is high in DE), and an additional 

four significant interactions in which the accessibility is not associated with any cell-type (black). 

We focused on cCREs surrounding TFs in each significantly overlapping cluster and found 231 

instances of cCREs for TFs (totaling 109 TFs). Some of the TFs that have a shared affiliation 

with NPC clusters include Mef2a and Bhlhe40. Some of the TFs with shared DE affiliations 

include T and Foxb1. TFs in ESC affiliated clusters are Tcf7l1, Nanog, and Foxp1. All of the TFs 

listed above have increased expression and promoter accessibility in their respective cell types 

and probably play an important role in the regulation of differentiation in rat. We investigated the 

TFs that have significant overlapping clusters from different groups (i.e. increased expression in 

NPC and increased accessibility in DE) between DE and NPC clusters such as Tgif1, Notch1, 

and Jun. Some of these genes have important roles in the regulation of differentiation into one 

or both cell-types in human 54–57, but have not been previously shown in rat. These TFs either 

have increased expression, or increased promoter accessibility, in one of the time-courses 

suggesting that these TFs are candidate regulatory genes for at least one of the differentiation 

time-courses in rat.  

We then mined the accessible regions with significant overlap (from Figure 2.2E) for TF 

footprints (see methods, Figure 2.2F). The most enriched footprints are Klf, Sp1, and Zic, which 

are found in multiple ESC, DE, and NPC sets of enriched interactions and are probably needed 

for the regulation of differentiation of both lineages as well as early differentiation and ESC 

maintenance. Footprint enrichments for Atf3 are mostly exclusive to significant NPC overlaps, 

whereas Sox17 and Eomes footprints are mainly exclusive to significant DE cluster overlaps. As 

expected, Nanog and Sox2 have significant footprint enrichment in ESC cluster overlaps. Jund 

https://paperpile.com/c/hUi4Sg/li3uL+Zb0hL+4j89L+U4H5V
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and Junb footprints are found in clusters with significant overlapping clusters with NPC and DE 

affiliations. Although we expected a higher fraction of concordant significant overlapping clusters 

with matching gene expression and chromatin accessibility for their respective cell types, we still 

have many candidate regulatory genes for each cell type.  

2.3.3 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE 

in Human 

We repeated the same analysis for human ES cell differentiation using the human H1 

ESC line to identify candidate regulators for the differentiation of each cell type. We collected 

27 RNA-seq human datasets (see methods), resulting in 17,661 genes expressed over 1 

TPM in two or more replicates across both NPC and DE time-courses (Table 2.1). We used 

maSigPro to identify 5,755 differentially expressed genes grouped into 18 distinct clusters 

(Figure 2.3A, Table 2.4). Four clusters containing 1,338 genes (23%) decrease over time. 

Seven clusters comprising 1,638 genes (29%) increase during NPC differentiation. Another 

seven clusters containing 2,779 genes (48%) increase during DE differentiation. We plotted the 

correlation of the expression profiles over each differentiation time-course (Figure S2.4A) as 

well as plotting the samples on a UMAP (Figure S2.4B). UMAP1 represents the difference 

between the two differentiation time-courses, and UMAP2 represents differentiation time with 

larger changes in the differentially expressed genes later in each time-course suggesting a 

clear difference between early and late differentiation as seen in rat (Figure S2.4A-C). Clusters 

that increased during NPC differentiation included TFs important in neurodevelopment and 

expression in early neurons such as SOX2, FOXP1, and MEF2A57–59. Clusters that increased 

during DE differentiation included TFs that are important in endoderm development and early 

differentiation including FOXA2, GSC, and EOMES 30,31,60,61. The ESC-like clusters, which 

decrease in expression in both of the time-courses, include interesting TFs involved in ESC 

https://paperpile.com/c/hUi4Sg/jm9Hl+U4H5V+ade7M
https://paperpile.com/c/hUi4Sg/C2etC+wEfWW+KiVWo+QhKVp
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maintenance including NANOG, OCT4, and TCF7L1. Many of these TFs are shared between 

rat and human; some examples are, PAX6, MEF2A, and MEIS2 for NPC differentiation and 

GATA4, LHX1, and SOX17 for DE differentiation. The TFs found in cell-type specific clusters in 

human suggest they are expressed in the appropriate pattern to regulate differentiation into 

either NPC or DE. 

We performed GO analysis of clusters increasing in NPC (blue) or DE (green) (Figure 

2.3B). Cluster HR14, which increases in expression after day 3 in the NPC time-course, is 

enriched for GO terms such as brain development (p < 4x10-9) and forebrain development (p < 

1x10-4) and includes MEIS2. Cluster HR17, which has high expression on days 2 and 3 of the 

DE time-course, is enriched for GO terms such as endoderm formation (p < 7x10-5) and 

includes EOMES and LHX1. Next, we considered clusters in the ESC group (tan, Figure S2.5A). 

For example, Cluster HR13, which decreases after day 1 in NPC differentiation and is highest in 

day 2 in DE differentiation, is enriched for GO terms such as embryonic morphogenesis (p < 

4x10-6).  

Next, we investigated changes in chromatin accessibility in the human differentiation 

time-courses using ATAC-seq (Figure 2.3C). We collected 27 ATAC-seq human datasets (see 

methods), resulting in 75,271 accessible chromatin regions in two or more replicates (Table 

S2.1). We clustered temporally differential cCRE as performed in rat. We found 19,630 

differentially accessible cCRE that grouped into 24 clusters (Figure 2.2C, Table 2.5). We 

observed a loss in accessibility in 4,636 (24%) of cCRE that form eight clusters. We observed 

six clusters that increased in chromatin accessibility in the NPC lineage (labeled in blue) 

accounting for 4,828 (25%) of differential cCRE. We found six clusters that increased in 

accessibility in the DE time-course, totaling 8,480 (42%) of the differential cCRE. Four clusters 

shared changes in accessibility in the two time-courses (black) totaling 1,686 (9%) of the 
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differential cCRE. We plotted the correlation of cCRE profiles for each cell type (Figure S2.4D) 

and plotted the differential cCRE from each sample on a UMAP (Figure S2.4E). UMAP1 

represents differentiation time and UMAP2 represents the difference between cell types. Similar 

to what we found in rat, human differential cCRE show substantial differences between early 

and late stages (Figure S2.4B). We then focused on cCREs near TFs that are also differentially 

expressed to find which cCREs show increasing or decreasing accessibility and expression in 

the same direction (concordant) or different directions (discordant) changes in both techniques 

(Figure 2.3C). TCF4, a TF that supports differentiation into neurons, expression increases  

during human NPC differentiation 62. TCF4 has 3 out of 8 associated differential cCREs and 3 of 

these cCREs with concordant increases in accessibility to the RNA expression profile. GBX2, a 

neuroectodermal marker, increases in expression over the NPC time-course and has 4 out of 9 

concordant differential cCRE 63. RXRG, which is involved in endoderm development 64, 

increases in expression over the DE time-course and has two differential cCREs, one of which 

concordant. Of the differential TF cCREs, 66% have at least one cCRE that is concordantly 

changing with its expression profile. Similar to what we found in rat, this suggests that TFs 

found in cell-type specific expression clusters show concordant differential accessibility of at 

least one associated cCRE.  

Next, to explore functional roles of cell-type specific TF cCREs we analyzed each cCRE 

cluster using GO for clusters increasing in NPC (blue) and DE (green, Figure 2.3D). Cluster 

HA18, with the greatest accessibility on day 5 of the NPC time-course, is enriched for GO terms 

such as forebrain development (p < 2x10-11) which includes GBX2, LEF1, and FOXB1. Cluster 

HA3, which increases in accessibility after day 1 of DE differentiation, is enriched for GO terms 

like gland development (p < 1x10-7) and includes PITX2, RARA and RARG.  

https://paperpile.com/c/hUi4Sg/tIOIM
https://paperpile.com/c/hUi4Sg/nW0sy
https://paperpile.com/c/hUi4Sg/wB5SM
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We single out the TFs found in both Human and Rat NPC and DE differentiation. Many 

of the TFs upregulated in both cell-types are upregulated in both rat and human, such as LHX1, 

bHLHE40, and RARA for NPC differentiation and PITX2, RARA, and CER1 for DE 

differentiation (Figure 2.2D and 2.3D) and are important for regulation of differentiation into their 

specific cell-types 50,61,65–68. We also used GO to investigate ESC specific clusters (Figure S2.5B 

Cluster HA12, which decreases in expression after day 3 in NPC differentiation and day 1 in DE 

differentiation, is enriched for GO terms like embryonic morphogenesis (p < 8x10-9).  GO 

analysis of cCRE clusters shows that sets of TFs with shared functions are increasing in 

accessibility in similar temporal patterns in human and many of these regions show similar 

patterns in rat. 

We then investigated which de novo motifs are found in each cluster using Homer 

(Figure S2.5C-D). We found POU5F1, SOX2, and NANOG motif enrichment in ESC clusters, 

whereas NPC clusters were enriched for MEIS2, MEF2A, and SP1 motifs. The MEF2A motif is 

enriched in two clusters (both p < 1x10-38), both are NPC clusters. Motifs enriched in DE clusters 

include EOMES, OTX2, and GSC (Figure S2.5C). In conclusion, de novo motif enrichment 

highlights TFs with binding sites found in differential cCRE with time-course specific 

functionality in human. 

Next, we analyzed the relationship between differential cCREs and expression clusters 

in human, similar to what we did in rat (see methods, Figure 2.3E). We detected 20 sets of 

significantly enriched interactions (Table 2.11). Of these, 13 had concordant significantly 

enriched clusters, with expression and accessibility clusters falling into the same category, NPC 

(blue), DE (green), or ESC (tan). Seven discordant significantly enriched clusters, and one 

significant interaction in which the accessibility cluster is unaffiliated with a specific cell-type 

(black). We focused on cCREs surrounding TFs in each significantly overlapping clusters 

https://paperpile.com/c/hUi4Sg/r3u8k+IGaCS+bn6TC+IIax0+QhKVp+QzCh5
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and found 93 instances of cCREs for TFs (totaling 50 unique TFs). Examples of TFs with 

shared affiliations with NPC clusters include FOXB1 and PAX8. Interestingly, these two TFs are 

in the same RNA cluster and have cCREs that are in the same ATAC clusters, which suggests 

coordinated regulation in NPC differentiation. Some of the TFs with shared DE affiliations 

include PITX2, FOXA2, and OTX2. Of note, many of the cCREs with significant overlaps in the 

DE group had multiple cCRE regions with the same cluster overlap identity, SOX17, PITX2, and 

OTX2 all had multiple regions in significant overlapping clusters with the same cCRE cluster 

affiliations. TFs in ESC affiliated clusters include POU5F1. All of the TFs listed above have 

increased expression and promoter accessibility in their respective cell types, making them 

clear candidates for regulatory activity in their respective differentiations. We investigated the 

TFs that have significant overlapping clusters from different groups (i.e. increased 

expression in NPC and increased accessibility in DE) between DE and NPC clusters such 

as RXRG. This TF has increased expression in the DE time-course and increased accessibility 

in the NPC time-course in human, suggesting it is a strong regulatory factor candidate for at 

least one of the differentiation time-courses.  

We then mined the ATAC regions with significant overlaps from Figure 2.3E for 

footprints (see methods, Figure 2.3F). The most enriched footprints include SOX2, SOX17, and 

SP5. These motifs are found in multiple ESC, DE, and NPC enriched interactions and are 

probably needed for the regulation of differentiation of both lineages and ESC maintenance. 

Footprint enrichments for E2F1 and bHLHE40 are mainly exclusive to significant NPC cluster 

overlaps. OTX2, GATA3, and GSC that are mainly exclusive to significant DE cluster overlaps. 

NANOG has motifs in ESC cluster overlaps. Whereas SMAD3 and FOXP1 motifs are found in 

clusters with significant overlapping clusters with NPC and DE affiliations. Since the majority of 

the significantly overlapping clusters are concordant, we have many cCREs for TFs for each cell 



48 

 

type. There are a few discordant cCREs, which are also interesting to investigate because they 

have differing promoter accessibility and expression in their respective cell types. The 

discordant cCREs may still be involved in the regulation of differentiation possibly via 

repression.  

2.3.4 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC Between 

Rat and Human 

We then focused on one-to-one orthologs that are expressed in at least one species and 

detected 9,898 genes expressed above 5 TPM in at least two replicates across NPC 

differentiation in either species. We computed the differential expression between rat and 

human during differentiation into NPC using maSigPro (Figure 2.4A, Table 2.6). We found 3,562 

differentially expressed orthologs grouped into 18 clusters. We separated the differentially 

expressed clusters by early, late, and species-specific expression profiles. For the early group, 

expression profiles were highest in both human and rat during the first half of the time-courses 

(roughly from days 0 to 5). We found four clusters accounting for 1,244 genes (35%) that had 

high expression in the early group (light blue). For the late group, both human and rat 

expression profiles peaked in expression later in the NPC time-course (from days 4 to 8). We 

found six clusters accounting for 1,117 genes (31%) that had increased in expression in the late 

group (dark blue). For the species-specific group, expression profiles had an opposite trend in 

each species (i.e. early group in rat, and late group in human). We determined seven clusters 

totaling 1,201 genes (34%) have species-specific expression profiles (black). Two of these 

clusters have high expression in the late group in rat and the early group in human. The other 

five clusters are in the early group in rat and the late group in human. We focused on TFs found 

in each cluster as they may play a role in the regulation of NPC differentiation in both species. 

TFs found in the early group include important ESC maintenance genes like NANOG, and 
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POU5F1, and important early neuronal differentiation genes, ZIC3, TGIF1, and GBX2 57,63. TFs 

found in the later expression clusters including, RARA, TEAD2, and PBX1 are more likely to be 

involved in the final stages of NPC differentiation or NPC maintenance 69. The TFs in the 

species-specific clusters are interesting because they might have differing regulation in each 

species. These TFs include; LEF1, MEIS2, and KLF2 70. While 66% of expressed orthologs 

show conserved changes in expression between the two species, another 34% show species-

specific behavior. The TFs found in each of the three groups are expressed in the appropriate 

temporal pattern to regulate different temporal stages of NPC differentiation in one or both 

species. 

Next, we investigated each cluster using GO and separated clusters by their group 

affiliation, starting with the early group (Figure 2.4B). Early cluster JNR1 is enriched for GO 

terms such as negative regulation of neuron apoptotic process (p < 2x10-4) and GABA 

synthesis, release, reuptake, and degradation (p < 1x10-4). We next investigated GO terms for 

clusters from the late group (Figure 2.4C). Late cluster JNR3 is enriched for GO terms such as 

neural tube development (p < 4x10-5) and includes RARG, SALL2, and TEAD2. Next we 

investigated GO terms found for the clusters found in the species-specific group (Figure 2.4D). 

Species-specific cluster JNR9, which is very highly expressed in day 0 in rat, with a sharp 

decrease on day 1 and increases after day 4 in human, is enriched for GO terms such as 

regulation of neuron death (p < 5x10-5). GO analysis of gene expression indicates species-

specific clusters with differential expression between the two species during NPC differentiation 

are enriched for a distinct subset of neuronal GO terms.  

Next, we compared the changes in chromatin accessibility in NPC differentiation 

between rat and human (Figure 2.4E) by clustering cCREs as previously described. We 

detected 25,599 uniquely alignable accessible chromatin regions in at least two replicates 

https://paperpile.com/c/hUi4Sg/nW0sy+U4H5V
https://paperpile.com/c/hUi4Sg/oDFJb
https://paperpile.com/c/hUi4Sg/XhqQh
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across NPC differentiation in each species. We found 7,400 differential cCRE that grouped into 

18 clusters (Table 2.7). We classified the cCRE clusters into three different groups: early, late, 

and species-specific. We found six clusters accounting for 2,444 cCRE (33%) that were the 

most accessible in the early group. There are seven clusters accounting for 2,708 cCRE (37%) 

in the late group. There are five clusters consisting of 2,248 cCRE (30%) in the species-specific 

group. Clusters in the early group included cCREs surrounding TFs that are a mix of ESC 

markers, including POU5F1, TCF7L1, and NRSF/REST, and early neuronal differentiation 

markers, including; MEIS2, FOXP1, and ZIC3. cCREs in the late group include TFs that are 

important in the final stages of NPC differentiation in both species; including, EGR1, GBX2, and 

TEAD4. Arguably, the most interesting are cCREs in the species-specific group, as these 

cCREs may be important in species-specific aspects of differentiation in each species. The 

cCREs in species-specific clusters include PBX1, ATF3, and KLF3. While 70% of alignable 

cCRE show conserved changes in chromatin accessibility between the two species, another 

30% show species-specific behavior. 

Next, we used GO to analyze each cCRE cluster, separating the clusters into early (light 

blue), late (dark blue) and species-specific (pink), starting with the early group (Figure 2.4F). 

Early cluster JNA9 is enriched for GO terms such as brain development (p < 9x10-11) and 

embryonic morphology (p < 5x10-7) which include cCREs for GBX2, TGIF2, and FOXP1. 

Clusters in the late group were analyzed for GO terms (Figure 2.4G). Late cluster JNA 16 is 

enriched for GO terms such as regulation of neuron differentiation (p < 2x10-12) and includes 

cCREs for SOX11, NOTCH1, and MEF2A. These cCREs are accessible in a pattern conducive 

to conserved regulation in NPC differentiation in rat and human. We then focused on species-

specific clusters (Figure 2.4H). Species-specific cluster JNA3, which increases in accessibility in 

rat after day 1 and decreases in human after day 6, is enriched for GO terms such as brain 

development (p < 2x10-8) and tissue morphogenesis (p < 2x10-14) and includes LHX1, NOTCH1, 
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and PBX1. Since these cCREs differ in their temporal accessibility in each species, they may 

play species-specific roles during NPC differentiation, while cCREs in early or late clusters may 

play a more conserved role in the same process.  

2.3.5 Distinct Transcriptional and Chromatin Accessibility Trajectories for DE Between 

Rat and Human 

We analyzed the expression one-to-one orthologs during DE differentiation in both 

species using maSigPro and detected 7,320 differentially expressed genes (Figure 2.5A). These 

genes were further classified into 12 clusters with distinct stem, mesendodermal, or definitive 

endodermal profiles (Figure 2.5A, Table 2.8). We separated the clusters by early, late, and 

species-specific expression profiles. We found 2,691 genes (37%) in five clusters that had 

increased expression in human and rat DE time-courses early in DE differentiation (light green). 

We found 2,666 (36%) genes in four clusters with increased later expression (dark green). 

Clusters with genes expressed at the late stage were highly enriched with endodermal markers 

that showed gradual activation towards the end of DE differentiation. TFs found in the late group 

included GATA4, SOX17, and GSC. Brachyury/T (JDR6), which is a mesendodermal marker 

71,72, had the highest expression level at day 2 differentiation for human and day 4 differentiation 

for rat and then maintained the expression level towards the end of time-course. Similar to what 

we observed in the NPC differentiation, we also identified species-specific expression group 

profiles between two species. The remaining 1963 (27%) genes in three clusters have more 

pronounced species-specific expression profiles (black). JDR5 and JDR12 exhibit early 

expression in rat and late expression in human while cluster JDR4 has late activation in rat and 

early activation in human. These clusters include a set of TFs associated with cell cycle 

regulation and biosynthetic processes were enriched in species-specific clusters such as ETS1, 

https://paperpile.com/c/hUi4Sg/nt4dA+HbmXN
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SALL2, and RARG. While 73% of expressed orthologs show conserved changes in expression 

between the two species, another 27% show species-specific behavior. 

In order to determine the roles of differentially expressed genes during DE 

differentiation, we ran GO analysis on each cluster and summarized the biological processes of 

these genes by their early or late expression profiles. The early groupings of genes were 

significantly associated with DNA replication (JDR1, p < 1x10-43), cellular lipid catabolic process 

(p < 1x10-8)/response to the extracellular stimulus (p < 1x10-5) (JDR2) and DNA repair (JDR9, p 

< 1x10-11) in both human and rat (Figure 2.5B). However, genes in cluster JDR3 were involved 

in basic cellular processes, such as actin cytoskeleton organization (p < 1x10-13) and cell 

projection assembly (p < 1x10-12) (Figure 2.5C). We found genes in cluster JDR6 reached to the 

highest level during the intermediate stage of DE differentiation and Brachyury T marked this 

cluster as a mesendodermal cluster (Figure 2.5A). As expected, genes in JDR6 were 

significantly associated with canonical Wnt signaling pathway (p < 1x10-8), mesenchyme 

development (p < 1x10-7) and mesoderm development (p < 1x10-7) (Figure 2.5C). We also found 

three clusters that show reverse expression patterns in two species (Figure 2.5A). Genes in 

cluster JDR4 shown increased expression in rat but decreased in human were enriched in 

ncRNA metabolic process (p < 1x10-9) while genes in cluster JDR5 and JDR12 that were down-

regulated during rat differentiation but up-regulated in human were highly involved in cellular 

protein catabolic process (p < 1x10-15), response to oxidative stress (p < 1x10-12), autophagy (p 

< 1x10-11) and neutrophil degranulation (p < 1x10-8) (Figure 2.5D). 

To further understand transcriptional control during DE differentiation in human and rat, 

we identified cCREs that showed differentially chromatin accessibility during DE differentiation 

in two species (Figure 2.5E) and found 18,942 (74% out of 25,599) regions that formed 15 

clusters with distinct accessibility patterns (Figure 2.5E, Table 2.9). We further selected clusters 
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based on their associated genes that were shared in human and rat. Corresponding to the gene 

expression patterns (Figure 2.5A), we found that stem cell specific clusters enriched with 

pluripotent markers while three clusters were enriched with endodermal markers. This resulted 

in a loss of 3,856 (20%) regions while a gain of 4,506 (24%) regions during DE differentiation 

that were shared between two species. We paired DNA accessibility data with the gene 

expression data by separating chromatin accessibility clusters into three groups: early, late, and 

species-specific. The clusters in the early group were classified by the highest accessibility in 

the first half of each time-course while the late group was classified by the highest accessibility 

in the later stages of each time-course. The species-specific group is defined by differing 

accessibility trends between the rat and human in a cluster. There are 7,689 (41%) regions in 

six early clusters. Specifically, three of these clusters showed the early expression profiles in 

both rat and human. There are 4,506 (24%) regions in three late clusters, and collectively show 

the late expression patterns in both species. In addition, we also found 6,747 (35%) regions in 

six species-specific clusters. Clusters in the early group included regions surrounding MYCN 

and TCF7L1, which marked the stemness and early differentiation processes. Regions that are 

in the late clusters include FOXA2, FOXA1, and GSC which marked the final stage of DE 

differentiation in both species. Corresponding to the gene expression profiles (Figure 2.5A), we 

found one intermediate cluster, JDA1, reached to the highest accessible level at day 2 for 

human and day 4 for rat DE differentiation and also marked by the chromatin region activity 

around Brachyury T. Therefore, we treated this cluster as the mesendodermal cluster. We also 

found a set of TFs associated with cell cycle regulation and biosynthetic processes were 

enriched in species-specific clusters. These TFs included ETS1, NRSF/REST, and ID3. 

Interestingly, we found CTCF, which is involved in gene regulation by mediating the formation of 

chromatin loops 73–75, in cluster JDA6 that had early activation in rat but late activity in human 

(Figure 2.5E). Genes within this cluster were significantly enriched in cellular response to growth 

https://paperpile.com/c/hUi4Sg/HSATZ+xTtnW+MMH0d
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factor stimulus and apoptotic signaling pathway, indicating different roles of CTCF in mediating 

the formation of transcription units in two species. While 65% of alignable cCRE show 

conserved changes in chromatin accessibility between the two species, another 35% show 

species-specific behavior. 

In order to further characterize the TF regions in each of the groups of clusters we 

analyzed the GO terms for the clusters in each group. The early grouping of accessible regions 

were significantly associated with regulation of neuron differentiation (p < 1x10-25) and 

developmental growth (p < 1x10-18)(Figure 2.5F), which indicates the regulation of early 

differentiation. Cluster JDA11,14,15 were highly enriched with endodermal markers that showed 

active chromatin accessibility at the end of DE differentiation for both species (Figure 2.5E). 

Regions in JDA15 are associated with wounding (p < 1x10-16) and muscle structure 

development (p < 1x10-10) (Figure 2.5G). As for the mesendodermal cluster, JDA1, regions are 

involved in mesenchyme development (p < 1x10-20), Wnt signaling pathway (p < 1x10-14) and 

pattern specification (p < 1x10-18), which correspond well with the intermediate cluster JDR6 in 

gene expression profiles (Figure 2.5A). Interestingly, the species-specific cluster regions are 

highly enriched in gene regulation processes in response to the external stimulus. For example, 

JDA7 is associated with mRNA processing (p < 1x10-16) and histone modification (p < 1x10-15) 

and JDA8 is associated with negative regulation of gene expression (p < 1x10-17) and Wnt 

signaling pathway (p < 1x10-9)(Figure 2.5H). 

These results indicate that there are groups of genes and regulatory elements with 

conserved transcriptional patterns across species. Chromatin accessibility is complementary 

with gene expression to identify conserved regulatory modules during DE differentiation in two 

species. However, species-specific patterns may reflect the difference in growth condition and 

following generation of transcripts during DE differentiation. 
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2.3.6 Integrative analysis of NPC Differentiation  

We then compared the relative conservation of gene expression and cCRE clusters 

between rat and human during NPC differentiation. We analyzed Early, Late, and species-

specific RNA and chromatin clusters from Figures 2.4 to identify significant enrichments of 

shared genes and cCREs (Figure 2.6A; see methods). We found that 2,309 cCRE (out of 7,400 

in Figure 2.4E) were within 20kb of 1,530 differentially expressed genes (out of 3,562 in Figure 

2.4A). We detected seven sets of significantly enriched interactions, five of which were 

conserved, three with late RNA and late ATAC, one with early RNA and early ATAC, one with 

early RNA and late ATAC (discordant; Table 2.12). Overall, we found 175 (8%) cCREs for 145 

genes in these five conserved clusters including a total 14 TF cCREs associated with 11 TFs. 

TFs in the early enriched NPC group include GBX2. TFs with shared late NPC affiliations 

include ID1 (JNR8, JNA13), JUNB (JNR8, JNA13), EGR1 (JNR8, JNA13), and KLF16 (JNR17, 

JNA12) and are very strong candidates for conserved temporal regulation of differentiation in 

both species. The remaining two enriched associations showed species-specific differences. 

TFs in species-specific affiliated clusters include PBX1 (JNR3, JNA3), ATF3 (JNR3, JNA3), and 

RARG (JNR3, JNA3). These TFs may differ in the temporal aspects of their regulation during 

NPC differentiation in the two species. 

We then mined the cCREs in the enriched clusters for footprints using Wellington and 

motifs using homer (Figure 2.6B). The most enriched footprints are SP5, KLF, SP1, and CTCF. 

These motifs are found in significant overlapping most clusters. Footprint enrichments for SOX2, 

IRF3, PBX1, and TGIF1 are mainly enriched in the Early cluster overlap and are potential 

candidate regulators for early NPC differentiation in both species. By contrast, footprint 

enrichments including EGR1, TCF4, and ZIC3 are mainly found in Late cluster overlaps, which 

suggest that these TFs are likely candidate regulators for late NPC differentiation in both 
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species. JUND and KLF10 footprint enrichments are found in the discordant cluster overlap. 

MAZ has footprint enrichment mainly in the species-specific cluster overlap, which suggests that 

MAZ may play a different role in NPC regulation in each species.  

2.3.7 Integrative analysis of DE Differentiation 

We investigated the TFs that drive DE differentiation in both species using the same 

approach that we applied to NPC differentiation. We found that 10,148 cCRE (out of 18,942 in 

Figure 2.5E) were within 20kb of 5,322 differentially expressed genes (out of 7,320 in Figure 

2.5A). We detected 41 sets of significantly enriched interactions between RNA and chromatin 

(see methods). 27 sets of interactions were conserved, including six with early RNA and early 

ATAC, seven with late RNA and late ATAC, seven with early RNA and late ATAC and seven 

with late RNA and early ATAC (Table 2.13). Overall, we found 2,214 (22%) cCREs for 1,548 

genes in these conserved clusters, including a total 166 TF cCREs associated with 90 TFs. 

Some TFs with shared affiliations in early DE clusters include SOX2 (JDR9, JDA9; JDR9, 

JDA13), ETV1 (JDR1, JDA5), IRF1 (JDR1, JDA5), SOX11 (JNR8, JNA5), FOXP1 (JDR9, 

JDA11), GBX2 (JDR9, JDA13), NANOG (JDR9,JDA13), CIR1 (JDR10, JDA5), and LEF1 

(JDR9, JDA13). Some of the TFs with shared late DE affiliations include FOXA2 (JDR11, 

JDA11), GATA4 (JDR11, JDA11), EGR1 (JDR3, JDA11), PITX2 (JDR11, JDA11), JUND (JDR3, 

JDA11), TGIF1 (JDR3, JDA11), FOXA1 (JDR6, JDA11), ATF3 (JDR3, JDA11), PRDM1 

(JDR11, JDA11), and TEAD2 (JNR6, JDA15). Some of the TFs with early RNA and late ATAC 

include MYC (JDR8, JDA11) and GBX2 (JDR9, JDA14). Some of the TFs with late RNA and 

early ATAC include TGIF1 (JDR3, JDA5), T (JDR6, JDA13), JUN (JDR3, JDA5), and ZIC3 

(JDR7, JDA9). These may be genes that are primed at different times before expression or are 

partially controlled by active repression by a repressive TF. The remaining 14 significantly 

enriched interactions are species-specific. TFs in species-specific affiliated clusters include 
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MEIS2 (JDR5, JDA8), NRSF/REST (JDR5, JDA8), RARG (JDR4, JDA2), ID3 (JDR4, JDA2), 

ETS1 (JDR5, JDA8, JDA11), E2F1 (JDR4, JDA2), TCF7L1 (JDR5, JDA15), T (JDR6, JDA1), 

and FOXP1 (JDR9, JDA2). These TFs may differ in the temporal aspects of their regulation 

during DE differentiation in the two species. 

We also mined the ATAC regions with significant overlap for footprints (Figure 2.6B). 

The most enriched footprints include SP1, MAZ, and TFE3. These motifs are found in the 

majority of clusters and are general candidate regulators for both mesendoderm and DE 

differentiation of both species. Footprint enrichments including IRF3, E2F3, and E2F7 are 

mainly enriched in the conserved early clusters, making these TFs candidate regulators for early 

DE differentiation in both species. Footprint enrichments including EGR1, bHLHE40, TCF4, and 

ZIC3 are mainly enriched in late cluster overlaps. These TFs are strong candidate regulators for 

late DE differentiation in both species. ETV1, MEF2A, TCF12, and TGIF1 are some motifs 

found in clusters with significant overlapping clusters with discordant Early and Late affiliations. 

Footprint enrichments for GATA4/6, IRF1, NANOG, and PRDM1 are enriched in species-

specific cluster overlaps, suggesting that these TFs are important candidate regulators for DE 

differentiation, but they differ in their temporal regulation in each species. The role of these TFs 

in DE differentiation are most likely not as evolutionary conserved as the TFs that share an early 

or late association between rat and human. Overall, we recovered many more significantly 

enriched interactions in DE differentiation than NPC differentiation (Figure 2.7).  

2.4 Discussion 

We used RNA and ATAC sequencing in a daily time-course to map gene and cCRE 

dynamics during differentiation into ectodermal NPCs and DE in rat and human. The 

comprehensive gene expression and chromatin accessibility changes allowed us to identify 
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conserved regulatory modules of lineage-specific regulators in both species. In particular, we 

were able to connect gene expression changes with associated changes of open chromatin 

regions during differentiation. We also found as expected that pluripotent gene expression was 

downregulated with the loss of chromatin accessibility. In addition, we identified substantial 

species-specific changes with instances of species-specific trajectories in rat and human during 

the same cell type differentiation. We found putative TF binding using open chromatin 

footprinting enriched in different sets of genes with conserved or species-specific changes. This 

is to our knowledge the first systematic comparison of in vitro differentiation from ESCs to 

ectodermal NPCs as well as to DE in rat and human. 

We find many cCRE similarities between NPC and DE in both species. For instance, the 

neuroectodermal marker, GBX2 is in significantly enriched early gene interactions in both NPC 

and DE time-courses in both species 63. EGR1 is found in significantly enriched late gene 

interactions in both NPC and DE time-courses in both species (Figures 2.2 and 2.3). Candidate 

regulators that increase in both species most likely have conserved function and temporal 

regulation. However, it is interesting to examine the genes that differed in expression over each 

time-course, as these genes may not be as conserved across rat and human. Genes like PBX1, 

ATF3, and RARG have species-specific expression and accessibility, suggesting they are 

required for different stages of NPC differentiation in the two species. Taken together, these 

candidate regulators are less evolutionarily conserved between species. Further experiments 

are required to understand the exact function and conservation of these candidate regulators in 

NPC differentiation between rat and human. 

The conserved TFs FOXA2 and SOX17 were both up-regulated during DE 

differentiation, with relatively higher expression in rat than in human. CXCR4 is another key 

marker of mammalian endoderm differentiation 9,14,21 and was upregulated in both species with 

https://paperpile.com/c/hUi4Sg/nW0sy
https://paperpile.com/c/hUi4Sg/bjgNp+FxGUw+XzXdX
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higher expression in human. We also found that both MIXL1 and EOMES expression starts 

early during DE differentiation, which has also been demonstrated in other organisms 32,76,77. We 

also found that GATA4/6 and GSC are actively expressed in our time-course. Furthermore, we 

found that T, which is a marker of mesendoderm, was expressed highly in the middle of the 

time-course. This indicates that differentiating cells experienced the proper intermediate stage 

during endoderm development in both species. However, we found that some genes showed 

unexpected expression differences between species. The first is OCT4 (POU5F1), which is one 

of the key TFs defining the pluripotent cell fate in stem cells, that stayed highly expressed in 

later DE differentiation in human but not in rat. Previous studies have also found high 

expression of OCT4 at the end of human DE differentiation and they suggested this is possibly 

the effects of culture conditions 37. We also detected human-specific expression of NANOG in 

late DE stage that agrees with studies where OCT4 and NANOG induce DE markers during 

endoderm differentiation in human 31,38. However, at least one endoderm single-cell study has 

shown the co-expression of OCT4 and endoderm markers in human DE 55. Further experiments 

are required to understand the exact function of OCT4 during DE differentiation as it may be 

one of the more important human-specific DE regulatory changes. In addition, we also detected 

expression of FOXA1 in rat but not in human during DE development. As a core member TF of 

the FOXA family, expression of FOXA1 and 2 have been detected in both mouse and Xenopus 

endoderm. Although a study showed that FOXA1 is the direct target of EOMES in human DE 

and knockdown of EOMES decreases FOXA1 expression 31, our results indicate that FOXA1 

may not be not an essential TF during human DE development as the equivalent function may 

be taken over by FOXA2. 

Of the most enriched footprints shared between both NPC and DE differentiations SP5, 

KLF, SP1, and CTCF are needed in many cell types and for a broad range of cell functions 78,79. 

SP5 has been found to interact with brachyury/T during development 80. Footprints for IRF3 are 

https://paperpile.com/c/hUi4Sg/nkNc6+9aHwW+e3HIv
https://paperpile.com/c/hUi4Sg/gWoZW
https://paperpile.com/c/hUi4Sg/wEfWW+0trNX
https://paperpile.com/c/hUi4Sg/Zb0hL
https://paperpile.com/c/hUi4Sg/wEfWW
https://paperpile.com/c/hUi4Sg/0LgMB+EHWdF
https://paperpile.com/c/hUi4Sg/RI122
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found in early significant cluster affiliations for both NPC and DE differentiations. This may be 

due to the exiting of the pluripotent state and into a more differentiated state, as pluripotent 

ESCs do not utilize IRF3 81 and it is a regulator of cell proliferation. Footprints for SOX2 are 

found in early NPC significant cluster overlaps due to its ability to regulate both pluripotent 

ESCs and multipotent NPCs 82. Footprints for TGIF1 and PBX1 were also found in early NPC 

cluster overlaps. TGIF1 83 and PKNOX, a co-factor of PBX1, regulate neural cell fate 

specification 69. Footprints for TEAD, EGR1, TCF4, and ZIC3 are found in late significant cluster 

affiliations for both NPC and DE differentiations. ZIC3 and EGR1 regulate the transition out of 

naïve pluripotency 84,85 and TCF4 has been shown to regulate cell survival and neuronal 

differentiation 86. Whereas members of the TEAD family are needed for the regulation of 

differentiation into both endoderm and neuronal lineages 87,88. Footprint enrichments for MAZ 

are also shared in NPC and DE differentiations. MAZ is part of the most enriched footprints in 

DE differentiation whereas it shows species-specific enrichment in NPC differentiation. MAZ has 

been shown to mediate promoter activity during neuronal differentiation 70 and SP1 and MAZ 

may share the same cis-regulatory elements 89. Further experiments are required to understand 

the exact function and conservation of these candidate regulators in NPC and DE differentiation. 

One of the most striking results of our comparative analysis of NPC and DE 

differentiation is that we find considerably more conservation during DE differentiation than NPC 

differentiation (Figure 2.7). This could be a product of the in vitro system or inherent biological 

differences. One possible reason is the differences between differentiation protocols for each 

species. Both NPC differentiation protocols concluded after eight days but used different 

inhibitors. For human NPC differentiation, three inhibitors were added to the media (ALK2/3, 

ALK5, and GSK3) while only one was used in rat (ALK2/3) with the addition of the growth factor 

FGF2. For DE differentiation, the 5-day human protocol was performed using an established kit 

while in rat the 7-day rat protocol used a plethora of growth factors and inhibitors such as 

https://paperpile.com/c/hUi4Sg/FofSP
https://paperpile.com/c/hUi4Sg/aUxLE
https://paperpile.com/c/hUi4Sg/L30tN
https://paperpile.com/c/hUi4Sg/oDFJb
https://paperpile.com/c/hUi4Sg/WaWSS+CJRNa
https://paperpile.com/c/hUi4Sg/CvzGB
https://paperpile.com/c/hUi4Sg/FjC7x+4U4oB
https://paperpile.com/c/hUi4Sg/XhqQh
https://paperpile.com/c/hUi4Sg/wDStJ
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Activin. The differentiation of both these cell-types took equally as long or longer in rat, which is 

a key difference from in vivo where the formation of both these cell-types occurs on a faster 

scale in rat 90,91. Variations in differentiation efficiency for each cell-type between the two 

species is also a possibility. Another class of differences could be biological. For example, 

our results could be impacted by different starting ESC states between rat and human. Human 

H1 ESCs are in a primed state (post-implantation; epiblast cells) while mouse ESCs are in a 

naive state (preimplantation blastocyst; inner cell mass) 92. The rat DAc8 ES cells are thought to 

be in-between the naive state of the mouse ESCs and primed state of the H1 ESCs. Rat ESCs 

are cultured in similar conditions to naive mouse ESCs, with medium containing two inhibitors 

(2i), but express Cdx2, which is a trophoblast marker not expressed in naive mouse ESCs 

93. Another possible explanation is the differing endpoints between DE and NPC 

differentiation. The complexity of neuroectoderm and NPC differentiation in vivo is 

extremely difficult to recapitulate in vitro. These cells could have positional identity in vivo 

such that their fate is influenced by environmental cues from neighboring cells, which can 

only be partially recapitulated in vitro. Rodents and humans have a large gestational time 

gap in neuroepithelial cell formation. In rodents these cells can be distinguished after about 

7 days gestation but are only distinguishable near the end of the third week of gestation in 

humans. Numerous NPC subtypes exist, many of which can be recapitulated in vitro 90. 

Formation of DE in vivo occurs much earlier in development than the formation of NPCs. 

DE develops from epiblast cells that transition from the most anterior region of the primitive 

streak, which marks the beginning of gastrulation 91. Previous studies have shown that there 

is a common pathway for inducing DE formation that is shared between many species 94. 

This similarity of early development of DE between species paired with the complexity of 

https://paperpile.com/c/hUi4Sg/N94OO+ykljO
https://paperpile.com/c/hUi4Sg/O0spG
https://paperpile.com/c/hUi4Sg/llSGg
https://paperpile.com/c/hUi4Sg/N94OO
https://paperpile.com/c/hUi4Sg/ykljO
https://paperpile.com/c/hUi4Sg/B3JO1
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later formation of NPCs and developmental time differences between species may account 

for the striking differences in conservation seen between NPC and DE differentiations. 

We used transcriptome and cCRE changes during the differentiation of rat and human 

ESCs to map expression changes and cCRE dynamics during differentiation into ectodermal 

NPCs and DE lineages. Our gene expression time-courses allowed us to carefully define 

temporal profiles of expression in connection with the timing of early differentiation in the two 

germ layers.  

We have discovered evolutionarily conserved and species specific cis-regulatory 

elements by comparing conserved DNA between rodents and humans whose lineages diverged 

about 91 million years ago 5. While mice are often used in comparative genomic analyses with 

human 6, rats have been less intensively studied using functional genomics for comparative 

purposes. In particular, mice and rats diverged around 12 million years ago, there are likely to 

be very interesting and novel evolutionary changes found between rat and human that are not 

found in mouse 95, 3. A comparative analysis of GRNs between the three species would be an 

important next step to understand how the changes that we see in gene expression and 

regulation during differentiation can occur while conserving the overall process of DE and NPC 

differentiation.  

  

https://paperpile.com/c/hUi4Sg/TlQPo
https://paperpile.com/c/hUi4Sg/0vhzc
https://paperpile.com/c/hUi4Sg/dwIWi
https://paperpile.com/c/hUi4Sg/dA4Nr
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Figure 2.1 Generation of Definitive Endoderm and Neural Progenitor Cells in Two 

Species 

A) Schematic representation of study design. Color indicates differentiation cell lineage. 

Letters next to differentiation days (AR) indicate RNA-seq (R) and ATAC-seq (A) timepoints. 

Red color indicates change in media composition. B) Heatmap of marker genes for each 

differentiation lineage and ESC markers. Color increasing bar on top of the heatmap shows 

progression of time course. Color indicates differentiation lineage. Colors to the left of the 
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heatmap refer to the lineage groupings. Grey: ESC markers, teal: NPC markers, and purple: DE 

markers. Transcripts per million (TPM) values were log transformed and row-mean normalized 

for all genes.  
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Figure 2.2 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC 

and DE in Rat 

A) Heatmap of differentially expressed genes in NPC and DE differentiation in rat. 

Hierarchical clustering was used where dark blue is low expression and red is high expression 

TPM values were log transformed and row-mean normalized. Colors on the far left correspond 

to NPC (Blue), DE (Green), or ESC (Tan). The second row annotations color bar are to 

delineate individual clusters named on the left. B) GO terms for NPC and DE gene expression 

regions in clusters. C) Heatmap of differential cCRE regions in NPC and DE differentiation in 

rat. Hierarchical clustering was used where purple is less accessible and yellow is more 

accessible DNA regions Colors on the far left correspond to NPC (Blue), DE (Green), ESC 
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(Tan), or undefined (Black). The second row annotations color bar are to delineate individual 

clusters named on the left. RPKM values were log transformed and row-mean normalized. D) 

GO terms for NPC and DE cCRE in clusters E) Heatmap of X2 p-values on a contingency table 

of clusters of accessible regions and expression clusters with applied P-value of 10-4. The 

significant cluster overlaps are in a black box. F) Motif enrichments in ATAC footprints for 

regions with significant overlap between clusters.  
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Figure 2.3 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC 

and DE in Human 

A) Heatmap of 5,755 differentially expressed genes (alpha = 0.05, p < 0.05) in NPC and 

DE differentiation in human. Hierarchical clustering was used where dark blue is low expression 

and red is high expression. Transcripts per million (TPM) values were log transformed and row-

mean normalized. Colors on the far left correspond to NPC (Blue), DE (Green), or ESC (Tan). 

The second row annotations color bar are to delineate individual clusters named on the left.. 

Select TFs are labeled. B) GO terms for NPC and DE related gene expression clusters. The GO 

terms for clusters that increase over the NPC time course: blue. The GO terms for clusters that 

increase over the DE time course: green. C) Heatmap of 19,630 differential cCRE in NPC and 
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DE differentiation in human. Hierarchical clustering was used where purple is less accessible 

and yellow is more accessible DNA regions Colors on the far left correspond to NPC (Blue), DE 

(Green), ESC (Tan), or undefined (Black). The second row annotations color bar are to 

delineate individual clusters named on the left. Values were log transformed and row-mean 

normalized for all regions. D) GO terms for NPC and DE related cCRE clusters. E) Heatmap of 

X2 p-values on a contingency table of clusters of accessible regions and expression clusters 

with applied P-value of 10-4 (Bonferroni corrected P-value: 0.05/[18 × 24]). The significant 

cluster overlaps are surrounded by a black box. F) ATAC footprints in regions of significant 

overlap between clusters. The color bars are the same in A, C, and E for each RNA and ATAC 

cluster.  
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Figure 2.4 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC 

Between Rat and Human 

A) Heatmap of 3,562 differentially expressed genes (alpha = 0.05, p < 0.05) in NPC 

differentiation in rat and human. Hierarchical clustering was used to generate eighteen 

expression clusters denoted by the adjacent number. Transcripts per million (TPM) values were 

log transformed and row-mean normalized for all genes. Colors on the far left correspond to the 

group (early [light blue], late [dark blue], or species-specific [black]) the cluster is associated 

with. The second row annotations color bar are to delineate individual clusters named on the 

left. Select TFs are labeled. B) GO terms for Early grouped gene expression clusters. The GO 

terms for clusters of genes that increase early in both rat and human NPC differentiation are in 
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light blue. GO terms are determined using metascape. C) GO terms for Late grouped gene 

expression clusters. The GO terms from genes that increase later in the NPC time-course for 

both rat and human are in dark blue. D) GO terms for species-specific grouped gene expression 

clusters. These genes showed different expression profiles in rat and human. GO terms were 

obtained from genes that differ during differentiation of the two species. E) Heatmap of 7,400 

differential cCRE (alpha = 0.05, FDR = 0.05, p < 0.05) in NPC differentiation in rat and human. 

Hierarchical clustering was used to generate 18 DNA region clusters denoted by the adjacent 

number. RPKM (Reads Per Kilobase Million) values were log transformed and row-mean 

normalized for all regions. Colors on the far left correspond to the group (early [light blue], late 

[dark blue], or species-specific [black]) the cluster is associated with. The second row 

annotations color bar are to delineate individual clusters named on the left. Select TFs are 

labeled. F) GO terms for cCRE that were accessible early on in NPC differentiation in both rat 

and human. The GO terms for clusters that increase over the NPC time-course are in light blue. 

G) GO terms for cCRE that were accessible later on in NPC differentiation for both rat and 

human. The GO terms for these regions are shades of dark blue. H) GO terms for cCRE that 

have species-specific accessibility in NPC differentiation between rat and human. These regions 

are shades of purple and pink.   
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Figure 2.5 Distinct Transcriptional and Chromatin Accessibility Trajectories for DE 

Between Rat and Human 

A)  Heatmap of 7,320 differentially expressed genes (alpha = 0.05, p < 0.05) in DE 

differentiation in rat and human. Hierarchical clustering was used to generate 12 expression 

clusters denoted by the adjacent number. Transcripts per million (TPM) values were log 

transformed and row-mean normalized for all genes.  Colors on the far left correspond to the 

group (early [light green], late [dark green], or species-specific [black]) the cluster is associated 

with. The second color bar is for each individual cluster. Select TFs are labeled. B) GO terms for 

Early grouped gene expression clusters. The GO terms for clusters of genes that increase early 

in both rat and human DE differentiation are in light green. GO terms are determined using 
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metascape. C) GO terms for Late grouped gene expression clusters. The GO terms from genes 

that increase later in the DE time-course for both rat and human are in dark green. D) GO terms 

for species-specific grouped gene expression clusters. These genes showed different 

expression profiles in rat and human. GO terms were obtained from genes that differ during 

differentiation of the two species. E) Heatmap of 18,942 differential cCRE (alpha = 0.05, p < 

0.05) in DE differentiation in rat and human. Hierarchical clustering was used to generate 15 

DNA region clusters denoted by the adjacent number. RPKM (Reads Per Kilobase Million) 

values were log transformed and row-mean normalized for all regions.  Colors on the far left 

correspond to the group (early [light green], late [dark green], or species-specific [black]) the 

cluster is associated with. The second-row annotations color bar are to delineate individual 

clusters named on the left. Select TFs are labeled. F) GO terms for cCRE that were accessible 

early on in DE differentiation in both rat and human. The GO terms for clusters that increase 

over the DE time-course are in light green. G) GO terms for cCRE that were accessible later on 

in DE differentiation for both rat and human. The GO terms for these regions are shades of dark 

green. H) GO terms for cCRE that have species-specific accessibility in DE differentiation 

between rat and human. These regions are shades of purple and pink.  
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Figure 2.6 Integrative analysis of NPC and DE Differentiation  
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A) Heatmap of X2 p-values on a contingency table of clusters of accessible regions and 

expression clusters with applied P-value of 10-4 (Bonferroni corrected P-value: 0.05/[18 × 18]). 

The significant cluster overlaps are surrounded by a black box. The colors next to each cluster 

match the color bar from Figure 4A and 4E, and depict the affiliation with the early NPC group 

(light blue), late NPC group (dark blue), or species-specific group (pink). B) ATAC footprints in 

regions of significant overlap between clusters. The color bars are the same in Figure 4A, C, 

and E for each RNA and ATAC cluster. C) Heatmap of X2 p-values on a contingency table of 

clusters of accessible regions and expression clusters with applied P-value of 10-4 (Bonferroni 

corrected P-value: 0.05/[12 × 15]). The significant cluster overlaps are surrounded by a black 

box. The colors next to each cluster match the color bar from Figure 5A and 5E, and depict the 

affiliation with the early DE group (light green), late DE group (dark green), or species-specific 

group (pink). D) ATAC footprints in regions of significant overlap between clusters. The color 

bars are the same in Figure 2.5A, C, and E for each RNA and ATAC cluster.  
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Figure 2.7 Summary Figure  

Genes listed under the Early and Late NPC and DE arrows are some of the conserved 

genes we found during each stage of differentiation in rat and human. Overall, we find more 

conservation in DE differentiation than NPC differentiation. 
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Figure S2.1 Related to Figure 2.1. Monolayer differentiation of embryonic stem cells 

into definitive endoderm and neural progenitor cells 

A) Schematic representation of study design.  Color indicates differentiation cell lineage.  

Human or rat symbols denote species.  Arrows indicate media composition. B) Brightfield 

images of eight day time-course of rat NPCs by using adapted protocol 23. C) Brightfield images 

of eight-day time-course of human NPCs by using adapted protocol 28. D) Brightfield images of 

seven day time-course of rat DE differentiation by using adapted protocol 14. E) Brightfield 

images during five-day time-course of human DE differentiation by using STEMdiff Definitive 

endoderm kit  

https://paperpile.com/c/hUi4Sg/mO4tp
https://paperpile.com/c/hUi4Sg/EsfeH
https://paperpile.com/c/hUi4Sg/FxGUw
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Figure S2.2 Related to Figure 2.2, correlation and visualization of differential ATAC and 

RNA profiles over rat NPC and DE differentiation time-courses 

A) Pearson correlation of expression profiles over rat NPC and DE differentiation time-

courses. The samples are separated into early and late expression profiles for each time-

course. B) UMAP representation of differential expression profiles of rat NPC and DE time-

courses annotated by cell-types. Color darkens as time-course progresses. C) Temporal staging 

of time points for each cell type was based on the clustering of RNA-seq and ATAC-seq data. 

Pearson correlation of open chromatin profiles over rat NPC and DE differentiation time-

courses. The samples are separated into early and late expression profiles for each time-

course. D) UMAP representation of differential open chromatin profiles of rat NPC and DE time-

courses annotated by cell-types  
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Figure S2.3 Related to Figure 2.2, gene ontology and motif analysis of differential open 

chromatin regions in clusters 

A) Gene ontology (GO) enrichment analyses of differentially expressed rat genes in ESC 

category. B) GO enrichment analyses of differential open chromatin rat regions in ESC category 
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Motif enrichment between differential open chromatin regions in clusters. Clusters on the 

left are in the same order as the differential heatmap in Figure 2.2C. C) Examples of four open 

chromatin elements in rat visualized in Integrative Genome Viewer (IGV) that increase in either 

NPC (orange) or DE (teal) differentiation. Mapped ATAC reads are separated into early and late 

groupings from Figure S2.2E. 

 

Figure S2.4 Related to Figure 2.3, correlation and visualization of differential ATAC and 

RNA profiles over human NPC and DE differentiation time-courses 

A) Pearson correlation of expression profiles over humanNPC and DE differentiation 

time-courses. The samples are separated into early and late expression profiles for each time-
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course. B) UMAP representation of differential expression profiles of human at NPC and DE 

time-courses annotated by cell-types. Color darkens as time-course progresses. Temporal 

staging of time points for each cell type was based on the clustering of RNA-seq and ATAC-seq 

data. C) Pearson correlation of open chromatin profiles over human NPC and DE differentiation 

time-courses. The samples are separated into early and late expression profiles for each time-

course. D) UMAP representation of differential open chromatin profiles of human NPC and DE 

time-courses annotated by cell-types 
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Figure S2.5 Related to Figure 2.3, gene ontology and motif analysis of differential open 

chromatin regions in clusters 

A) GO enrichment analyses of differentially expressed human genes in ESC category. 

B) GO enrichment analyses of differential open chromatin human regions in ESC category. C) 
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Motif enrichment between differential open chromatin regions in clusters. Clusters on the left are 

in the same order as the differential heatmap in Figure 2.3C. D) Examples of four human open 

chromatin elements visualized in Integrative Genome Viewer (IGV) that increase in either NPC 

(orange) or DE (teal) differentiation. Mapped ATAC reads are separated into early and late 

groupings from Figure S2.4E.  
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Table 2.1 Statistics for RNA and ATAC experiments  
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Table 2.2 Rat maSigPro expression clusters NPC versus DE  

Table 2.3 Rat maSigPro open chromatin clusters NPC versus DE  

Table 2.4 Human maSigPro expression clusters NPC versus DE  

Table 2.5 Human maSigPro open chromatin clusters NPC versus DE  

Table 2.6 Human and Rat maSigPro expression clusters NPC 

Table 2.7 Human and Rat maSigPro open chromatin clusters NPC 

Table 2.8 Human and Rat maSigPro expression clusters DE 

Table 2.9 Human and Rat maSigPro open chromatin clusters DE 

 

https://zenodo.org/record/4849672/files/Rat_maSigPro_expression_clusters_NPC_versus_DE.txt?download=1
https://zenodo.org/record/4849672/files/Rat_maSigPro_expression_clusters_NPC_versus_DE.txt?download=1
https://zenodo.org/record/4840970/files/Rat_maSigPro_open_chromatin_clusters_NPC_versus_DE.txt?download=1
https://zenodo.org/record/4840970/files/Human_maSigPro_expression_clusters_NPC_versus_DE.txt?download=1
https://zenodo.org/record/4840970/files/Human_maSigPro_open_chromatin_clusters_NPC_versus_DE.txt?download=1
https://zenodo.org/record/4840970/files/Human_and_Rat_maSigPro_expression_clusters_NPC.txt?download=1
https://zenodo.org/record/4840970/files/Human_and_Rat_maSigPro_open_chromatin_clusters_NPC.txt?download=1
https://zenodo.org/record/4840970/files/Human_and_Rat_maSigPro_expression_clusters_DE.txt?download=1
https://zenodo.org/record/4840970/files/Human_and_Rat_maSigPro_open_chromatin_clusters_DE.txt?download=1


85 

 

 

 

Table 2.10 Correlation of mRNA-ATAC clusters in rat NPC and DE comparison 

analysis 
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Table 2.11 Correlation of mRNA-ATAC clusters in human NPC and DE comparison 

Analysis  
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Table 2.12 Correlation of mRNA-ATAC clusters in rat and human NPC differentiation 
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Table 2.13 Correlation of mRNA-ATAC clusters in rat and human DE differentiation  
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2.7 Methods 

2.7.1 Embryonic stem cell maintenance 

H1 (male) human embryonic stem cells (ESCs) were obtained from WiCell and 

maintained in STEMCELL Technologies TeSR-E8 medium on growth factor reduced (GFR) 

Corning Matrigel. Cells were routinely passaged every 2-3 days with 0.5mM EDTA in dPBS. 

DAc8 (male) rat embryonic stem cells were purchased from Rat Resource and Research Center 

(RRRC), University of Missouri. Cells were first maintained on mouse embryonic fibroblast 

(MEF) feeders plated on 0.1% gelatin. MEF medium was made with GMEM, 10% FBS,1% 

GlutaMAX and 1% Pen/Strep. Rat ES cells were cultured in a 1:1 mixture of DMEM/F12 and 

Neurobasal medium supplemented with N2, HEPES (1M), B27, GlutaMax-I, Insulin, CHIR99021 

(3mM), PD0325901 (1mM), 2ß-ME, Y-27632 (5mM), and hLIF(10ug/ml). MEF cells were plated 

at least one day before plating rat ES cells. Rat ES cells were passaged every 4-6 days with 

Accutase.  

2.7.2 Definitive endoderm (DE) differentiation on monolayer in vitro 

Human ES cells were differentiated using the STEMdiff Definitive Endoderm Kit (TeSR-

E8 Optimized) from STEMCELL Technologies 29. Rat ES cells were differentiated following an 

optimized mouse protocol 12–14. For rat, cells were first transferred from MEFs to gelatin coated 

plate and they were seeded in rat ES medium for 4-6 hours. Then the medium was changed to 

the NDiff N2B27 basal medium supplemented with PD0325901 (1uM), CHIR99021 (3uM) and 

mLIF (100U/ml) (in 50ml, 49.939 ml of NDiff, 1ul mLIF, 10ul PD03, 50ul CHIR) on 0.1% gelatin. 

After 2-3 days, medium was changed to NDiff medium supplemented with Activin A, Fgf4, 

Heparin, kinase inhibitor (PI103), and CHIR99021 (in 50ml, 49.88ml of NDiff medium, 10ul of 

100ug/ml ActivinA, 5ul of 100ug/ml Fgf4, 50ul of 1mg/ml of Heparin, 5ul of 1mM PI103, 50ul of 

https://paperpile.com/c/hUi4Sg/mW095
https://paperpile.com/c/hUi4Sg/xzkCz+MR4oP+FxGUw
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3uM CHIR). After 2 days of differentiation, medium was changed to DMEM/F12 with N2, B27-

VA, L-glutamine, 2ß-ME, BSA, ActivinA, Fgf4, Heparin, Egf, PI103 and CHIR99021 (in 

50ml,48.8295ml of DMEM/F12,250ul of N2, 500ul of B27-VA, 250uL-glutamine, 50ul 1000x 2ß-

ME, 0.025g BSA, 10ul 100ug/ml ActivinA, 5ul 100ug/ml Fgf4, 50ul 1mg/ml Heparin, 

0.5ul100ug/ml Egf, 5ul 1mM PI103 and 50ul of 3uM CHIR) for 5 days.  

2.7.3 Neural Progenitor Cell (NPC) Differentiation on monolayer in vitro 

Human ES cells were differentiated using an adapted, previously established protocol 28. 

Briefly, cells were passaged and plated on matrigel and allowed to reach 30-40% confluence. 

After which media was changed to NPC medium (1:1 IMDM/F12 supplemented with NEAA, N2, 

B27, PSA, ALK2 and ALK3 inhibitor [0.2uM LDN193189], ALK5 inhibitor [10uM SB431542], and 

GSK3 Inhibitor [3uM CHIR99021]) for 8 days. Rat ESCs were also differentiated using a 

modified, previously published protocol 23. For rat, cells were first transferred from MEFs to 

gelatin coated plate and they were seeded in rat ESC medium for 4-6 hours before changing to 

1:1 IMDM/F12 differentiation medium supplemented with NEAA, PSA, N2, B27, LDN193189 

(200 nM, Sigma-Aldrich), with FGF2 (20 ng/ml, Sigma-Aldrich) added to the media from day 2-5.  

2.7.4 RNA-seq library construction 

Total RNA was extracted once a day during differentiation using the RNeasy kit 

(QIAGEN). RNA was converted to cDNA using the SmartSeq2 protocol 96. Libraries were 

constructed by using the Nextera DNA Flex Library Prep or Illumina DNA Prep kit (Illumina). 

Libraries were quality-controlled prior to sequencing using Agilent 2100 Bioanalyzer profiles and 

normalized using the KAPA Library Quantification Kit (Illumina). The libraries were sequenced 

using Illumina NextSeq500 platform and sequenced to a depth of around 10 million reads per 

sample.  

https://paperpile.com/c/hUi4Sg/EsfeH
https://paperpile.com/c/hUi4Sg/mO4tp
https://paperpile.com/c/hUi4Sg/q3sBy
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2.7.5 ATAC-seq library construction  

ATAC-seq samples were collected from the same pool of cells collected daily for RNA-

seq and flash frozen based on the omni-ATAC protocol 97. Around 75,000 cells were used per 

replicate and libraries were size-selected between 150-500bp using electrophoresis as done 

previously 98. In short, gels were viewed and cut between 150-500bp and DNA was extracted 

from gel pieces using QIAquick Gel Extraction Kit (QIAGEN). Libraries were normalized using 

the KAPA Library Quantification Kit (Illumina). The libraries were sequenced using Illumina 

NextSeq500 platform and sequenced to a depth of around 60-100million reads per sample.  

2.7.6 Gene expression analysis  

Raw reads were mapped to hg38 (human), and rn6 (rat) using STAR (version2.5.1b) 99 

using defaults except with a maximum of 10 mismatches per pair, a ratio of mismatches to read 

length of 0.07, and a maximum of 10 multiple alignments. Quantitation was performed using 

RSEM (version1.2.31) 100 with the defaults, and results were output in transcripts per million 

(TPM) and counts. Batch effects between species were corrected by using limma 

removebatcheffect 101. Clustering of differentially expressed genes across the time-course was 

done by using maSigPro 44 with alpha of 0.05 for multiple hypothesis testing and a false 

discovery rate of 0.05%. Gene ontology analysis was done by using Metascape 102.  

2.7.7 ATAC-seq data processing and analysis 

Raw reads were mapped to hg38 (human) and rn6 (rat) using bowtie2 100,103.Reads 

mapped to ChrM were discarded and PCR duplicates were removed by using Picard 104. 

HOMER/4.7 105 was used to call candidate regulatory elements (cRE). It was first used for 

calling 150 bp narrow peaks and then 500 bp broad peaks. Then narrow and broad peaks were 

https://paperpile.com/c/hUi4Sg/g1rZb
https://paperpile.com/c/hUi4Sg/muOJn
https://paperpile.com/c/hUi4Sg/iwR5b
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merged into a single peak list and they were further filtered by overlapping with ENCODE 

“blacklist” regions. Peaks that were shown in both replicates were considered as reproducible 

cRE. Reads coverage was calculated using bedtools 106 for each region and they were further 

normalized by the size of the library and the size of peaks. Normalized coverages in inter-

species comparisons were further batch corrected for the technical batch effects by using limma 

removebatcheffect 101. The differential cCRE regions through differentiation time-course were 

identified by using maSigPro 44 with alpha=0.05 and FDR<0.05.4.6.7 de novo motif enrichment 

analysis denovo motif calling was performed using HOMER/4.7 105 using masked genomes for 

each species. The size of motif was set as “-len 6, 8, 10, 12, 15, 120” with at most 3 

mismatches.  

2.7.8 Contingency Tables and X2 test 

RNA and ATAC gene overlaps were counted for each cluster pair and a χ2 test was 

used to determine significance for each cluster overlap. To study the enrichment of accessibility 

regions in different mRNA clusters for Figure 2E and Figure 3E an applied P-value of 10-4 

(Bonferroni corrected P-value: 0.05/[18 × 24]) was used (Table S4 and S7). Figure 6A overlaps 

had an applied P-value of 10-4 (Bonferroni corrected P-value: 0.05/[18 × 18]; Table S12) and 

Figure 6C overlaps had an applied P-value of 10-4 (Bonferroni corrected P-value: 0.05/[12 × 15]; 

Table S13).  

2.7.9 Footprint Calling and GRN Construction 

ATAC-seq reads from duplicates were merged to achieve at least 100-120 million reads 

for footprints calling. Footprints were called in chromatin regions from clusters with significant 

overlap with mRNA clusters by using Wellington algorithm from pyDNase 107 with parameters “-

https://paperpile.com/c/hUi4Sg/7tiVg
https://paperpile.com/c/hUi4Sg/ZJlfW
https://paperpile.com/c/hUi4Sg/ARnE3
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A -fp 6, 31, 1 -sh 7, 36, 4 -fdr limit -2”, 1%FDR. Then motifs were scanned within footprints 

regions by using homer 105. 

2.6.10 Inter-species analysis  

Inter-species pairwise comparisons were performed by aligned identified cCRE between 

species in a reciprocal manner using UCSC liftOver 108 on genomic assemblies in two species. 

Each of the species was used as an anchor species and the cCRE were mapped to the other 2 

species with 50% minimum map ratio. Regions failing to be mapped in any of the other 

genomes were considered as unaligned regions. To identify conserved regions between two 

species, regions having orthologous regions overlapped in the second species with at least 1 bp 

were collected. Final pair wise conserved regions were confirmed by doing this comparison 

reciprocally between species. 
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Chapter 3 

Single-Cell Transcriptomics of hypothalamic CRH-expressing neurons informs 

mechanisms by which Early-Life Adversity sculpts stress-responses enduringly 

3.1 Abstract 

Mental and cognitive health, as well as vulnerability to neuropsychiatric disorders, 

involve the interplay of genes with the environment during sensitive developmental periods. 

Genetic and environmental factors contribute to the development and maturation of neurons, 

synapses, and the resulting brain circuits. Within the hypothalamus, early-life experiences cause 

changes in the number of excitatory synapses onto corticotropin-releasing hormone (CRH)-

expressing neurons in the paraventricular nucleus (PVN). Further, such synaptic changes 

suffice to induce enduring epigenomic changes within these cells, influencing programs of gene 

expression. However, the epigenetic mechanisms by which early-life experiences orchestrate 

transcriptional programs within individual CRH-expressing neurons, with enduring functional 

consequences, remain unknown. We utilize animal models of an impoverished environment and 

unpredictable maternal care (in a limited bedding and nesting [LBN] paradigm), which provokes 

major alterations in cognitive and emotional outcomes. We are focused on the change in gene 

expression profiles of stress-sensitive CRH-neurons in the PVN following early-life adversity 

(ELA). Because of the known heterogeneity of CRH-expressing neuronal populations, we are 

using single-cell RNA sequencing (RNA-seq) to determine differential gene expression 

associated with early-life adversity and establish the upstream mechanisms and downstream 

consequences. We found that CRH-expressing populations of neurons in the PVN can be 

clustered by both their gene expression profiles as well as by their neurotransmitter phenotype. 

ELA significantly modified gene expression programs in some neuronal clusters more than 

others, reducing programs of neuronal development and differentiation and enhancing gene 
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families involved in responses to stress and inflammation. The use of single-cell transcriptomics 

revealed that ELA impacts gene expression profiles in a cell-type specific manner, with 

distinctive influences on different clusters and subpopulations of CRH neurons.   

3.2 Introduction 

Development of the postnatal brain and brain circuits are regulated by both genetics and 

environmental stimuli through epigenetic mechanisms 1. During the critical period of brain 

development, environmental stimuli have increased impact on brain and circuit development 2,3. 

In humans, ELA such as poverty, parental loss, abuse, and neglect, is associated with enduring 

consequences including impairments in cognition and emotional regulation 4–9. ELA has been 

associated with adverse long-term changes in the regulation of the stress response 3,10,11, 

however, the mechanistic underpinnings of how these experiences are encoded are yet to be 

elucidated.  

Stress-sensitive corticotropin-releasing hormone (CRH)-expressing neurons residing in 

the hypothalamus are candidate mediators of the long-lasting effects of ELA, because they 

contribute to both behavioral and hormonal responses to stress 12. CRH is the key central 

regulator of the hormonal stress response, which is quickly secreted by neurons of the 

hypothalamic paraventricular nucleus (PVN), causing subsequent secretion of 

adrenocorticotropic hormone (ACTH) and glucocorticoids 12–15. During development, the stress 

sensitive CRH neurons of the PVN are particularly sensitive to changes in the environment. 

First, CRH expression levels themselves are modulated by experiences including stress 16,17 

and augmented maternal care, which causes a repression in CRH expression. Environment, 

such as augmented sensory signals from the mother also leads to a reduction in excitatory 

synapses to the CRH cells within the hypothalamus 18,19, while an unpredictable early-life 

https://paperpile.com/c/ENL1sS/FGNb+1j3j
https://paperpile.com/c/ENL1sS/jKWp+grPk+EgOy+Fzu6+jJmX+ZgHH
https://paperpile.com/c/ENL1sS/mOdH+1j3j+jS4C
https://paperpile.com/c/ENL1sS/HJWa
https://paperpile.com/c/ENL1sS/HMgw+HJWa+pMQs+V4qu
https://paperpile.com/c/ENL1sS/bfbZ+LcQV
https://paperpile.com/c/ENL1sS/R2tj+wzty
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environment causes enhanced excitatory glutamatergic transmission in the same cell population 

20,21.  

The regulation of the stress response pathway is critical during development to ensure 

proper levels of glucocorticoids. High levels of glucocorticoids during critical periods may 

adversely affect brain development 12,22,23.  ELA alters gene expression in the brain, resulting in 

abnormal responses to stress that persist into adulthood, including altered CRH synthesis and 

secretion 12,24–34. However, the mechanisms by which ELA orchestrates transcriptional programs 

within individual CRH-expressing neurons, with enduring functional consequences, remain 

unknown. Specifically, it is unknown whether ELA influences gene expression programs in the 

cells, whether these are specific to sub-populations of CRH-expressing neurons and whether 

the transcriptional changes are associated with a stress-sensitive phenotype. 

The population of CRH positive PVN neurons has traditionally been divided into three 

major subpopulations; parvocellular cells, magnocellular neurons expressing vasopressin and 

oxytocin neurons, and autonomic CRH neurons. The parvocellular neurons have axons 

projecting to the median eminence. In response to stress, parvocellular CRH neurons secrete 

Crh into the pituitary portal circulation 35,36. The vasopressinergic and oxytocinergic neurons 

send projections to the posterior pituitary and release these peptides to the peripheral 

circulation 35,37. The autonomic neurons have projections to the brainstem and spinal cord 38,39. 

These neurons are involved in regulating the connection between the sympathetic nervous 

system and the adrenal medulla 35. CRH positive neurons in the PVN express different genes 

and neurotransmitters based on their location and function 40–43. By investigating the 

transcriptome of individual neurons we can start to understand the complexity of the 

fundamental building blocks of neural networks and how they might be influenced by ELA. We 

https://paperpile.com/c/ENL1sS/3wRk+WdfI
https://paperpile.com/c/ENL1sS/HJWa+mgGO+5pNk
https://paperpile.com/c/ENL1sS/gHQt+Ujab+37Tw+6OcB+Mjid+DpYZ+FNu1+FyVX+xMNr+gxOH+3jvW+HJWa
https://paperpile.com/c/ENL1sS/7K6T+OvM7
https://paperpile.com/c/ENL1sS/7K6T+APHF
https://paperpile.com/c/ENL1sS/cdDe+mE5i4
https://paperpile.com/c/ENL1sS/7K6T
https://paperpile.com/c/ENL1sS/180K+UxzA+6xAa+oBSt
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further gain a deeper understanding of how this complex system is impacted by early-life stress, 

contributing to enduring phenotypic changes. 

Here we employed a model of ELA in mice, the limited bedding/nesting (LBN) model, 

which recapitulates the effects of adverse environments on brain development 44,45. The LBN 

model is a well-characterized, preclinical model of ELA  46 that mimics an impoverished 

environment, inducing unpredictable maternal care, during a critical period of brain development 

45,47,48. This induces enduring long-term consequences 45 including reduced reward seeking 49–52, 

impairments in hippocampal memory 46,53–57, and development of fear inhibition pathways 58,59. 

We focused on the change in gene expression profile of CRH-neurons in the hypothalamic PVN 

following ELA. Due to the known heterogeneity of CRH-expressing neuronal populations, we 

employed single cell RNA sequencing (scRNA-seq) to determine differential gene expression 

associated with ELA and establish the upstream mechanisms and downstream consequences. 

3.3 Results 

3.3.1 CRH-expressing neurons in the developing mouse hypothalamus belong to 

distinct populations with unique gene-expression profiles  

To profile changes between an early life stress model and Control CRH+ neurons from 

the hypothalamic paraventricular nucleus (PVN) we used the Limited Bedding and Nesting 

(LBN) model (Fig. 3.1A). We collected PVN cells from male mice between Postnatal Day 

(PND)10-12 for fluorescence activated cell sorting (FACS) for both Control (CTL) (Fig. 3.1-A) 

and LBN (Fig. 3.1-A2) mice to capture gene expression changes that occur in response to ELA. 

Briefly, single cell suspensions of a heterogenous cell population were generated from PVN 

punches were FACS sorted and SmartSeq2 60 was performed on single cells (Fig. 3.1B; 

Methods) to achieve deep sequencing.  In total, 602 cells were profiled from 88 animals (Table 

https://paperpile.com/c/ENL1sS/RVGDG+a7pYm
https://paperpile.com/c/ENL1sS/YuR5k
https://paperpile.com/c/ENL1sS/buwmF+7gUYz+a7pYm
https://paperpile.com/c/ENL1sS/a7pYm
https://paperpile.com/c/ENL1sS/ysKBh+zr1NL+6Kji3+rkltm
https://paperpile.com/c/ENL1sS/QvOOZ+wlsOX+kcvQ7+YuR5k+iLxkK+OwAE
https://paperpile.com/c/ENL1sS/oDPh+GRyW
https://paperpile.com/c/ENL1sS/9p3P
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3.1). This low yield may result some biases in cell heterogeneity but these biases should be 

similar for both CTL and ELA conditions, so we do not expect it to significantly influence the 

results of this study.  We used the Uniform Manifold Approximation and Projection (UMAP) 

using the number of nearest neighbors dimensional reduction technique to cluster cells based 

on their cellular identity  511 cells expressed at least 1000 genes expressed in at least 4 CTL 

cells or 4 LBN cells (Fig. 3.2A-D). Age, weight, or batch effects do not drive the clusters (Fig. 

3.2A-C). Since our dissociation method included small margins of cells outside the PVN, we 

looked at the expression of Pgr15l, which is not normally expressed in the PVN (Fig. 3.2D) 42 

and excluded 81 cells based on Pgr15l expression. From the remaining 430 cells, we classified 

cell types by cell type specific markers; C1qa and Csf1r (microglia, Fig. 3.3A), Olig1 and Olig2 

(oligodendrocyte, Fig. 3.3B), Apoe and Vim astrocyte, Fig. 3.3C), Flt1 and Cldn5 (endothelial 

cells, Fig. 3.3D), and Snap25 (neurons, Fig. 3.3E). We chose to move forward with clusters 2-5 

due to their expression of Snap25, a neuronal marker, and Crh (Fig. 3.4). A subset of 254 cells 

from clusters 2-5 was sub-clustered to identify sub-types of Crh positive PVN neurons (Fig. 

3.5A). The Crh positive neurons were split into 5 sub-populations or clusters (Fig. 3.5B).  The 

PVN is known to contain many distinct subdivisions 39,61. Cells from both ELA condition and CTL 

condition are equally distributed between the 5 clusters (X2
(4, N=254) =7.42, p=0.11) (Fig. 3.6A).  In 

cluster 1 there are 53 cells from the ELA condition and 27 cells from the CTL condition, in 

cluster 2 there are 23 cells from the ELA condition and 25 cells from the CTL condition, in 

cluster 3 there are 26 cells from the ELA condition and 21 cells from the CTL condition, in 

cluster 4 there are 32 cells from the ELA condition and 13 cells from the CTL condition, in 

cluster 5 there are 19 cells from the ELA  condition and 16 cells from the CTL condition (Fig. 

3.6A). Cells do not cluster based on mouse weight (Fig. 3.6B), batch (Fig. 3.6C), or age (Fig. 

3.6D). 

https://paperpile.com/c/ENL1sS/6xAa
https://paperpile.com/c/ENL1sS/mE5i4+Z7u5G
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As neuronal subtypes can be distinguished by their major neurotransmitter, we further 

analyzed the data based on the expression of glutamate and GABA markers. Cells expressing 

Slc17a6 (above 1 transcripts per million [TPM]), which encodes the glutamate transporter 

VGLUT2, were classified as glutamatergic (Fig. 3.7A), and the presence of Gad2 (Fig. 3.7B) 

and/or Slc32a1 (Fig. 3.7C), the GABA synthetic enzyme Glutamate decarboxylase 2 (GAD2) 

and transporter (VAGT) respectively, was used to identify GABAergic cells. As reported 

previously 62,63, the majority of cells are glutamatergic, however, there is a small subset of cells 

which express GABAergic markers, GAD2 and VGAT (Fig. 3.7D). There is some overlap of 

clustering based on neurotransmitter expression and the clustering, as seen on the UMAP. 

Cells in clusters 2 and 5 have the majority of the GABAergic marker expression whereas the 

majority of cells in other clusters have expression of the glutamatergic marker, Slc17a6 (Fig. 

3.7F).The expression of GABAergic markers may be transient in the cells which also express 

the glutamate marker, Slc17a6 64, so we classified the cells with both glutamatergic markers and 

GABAergic markers as glutamatergic (light green, Fig. 3.7D).  

To determine if neuronal subtypes were altered by adverse early-life experiences, we 

compared the number of ELA and CTL cells within each neurotransmitter sub-cluster. Cells from 

both Glutamatergic and GABAergic categories are equally distributed between ELA and CTL 

cells (X2
(1, N=254) = 2.10, p = 0.15) (Fig. 3.7E).  Clusters were at least somewhat biased by 

whether the cells expressed Glutamatergic and GABAergic markers, as cells in clusters 2 and 5 

have the majority of the GABAergic marker expression whereas the majority of cells in other 

clusters have expression of the glutamatergic marker, Vglut2 (X2
(4, N=254) = 52, p < 0.00001) (Fig. 

3.7F). 

The glutamatergic cells of the PVN can be further defined into neuronal subtypes based 

on neuropeptide or other marker expression 42. As described previously 40, we noticed that the 

https://paperpile.com/c/ENL1sS/5fTzL+yWxsV
https://paperpile.com/c/ENL1sS/GV5m
https://paperpile.com/c/ENL1sS/6xAa
https://paperpile.com/c/ENL1sS/180K
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glutamatergic expressing cells could be further sub-clustered by expression of Ntng1 (Fig. 3.8A) 

or Avp (Fig. 3.8B).  Arginine vasopressin (AVP) is secreted by parvocellular and magnocellular 

neurons of hypothalamus, and acts to control ACTH secretion from the pituitary.  Like CRH, 

AVP is a key regulator of the HPA axis and these hormones work together to stimulate the 

secretion of ACTH during times of stress 65.  Netrin G1 (Ntng1) is associated with fear and 

anxiety-like behaviors, as knockout Ntng1 mice display less fear and anxiety-like behaviors than 

CTL mice 66.  Ntng1 has also been shown to be expressed in specific CRH positive neurons in 

the PVN 40. We further sub-clustered the glutamatergic, CRH neurons into Avp positive (dark 

green), Ntng1 positive (light green), or Avp negative and Ntng1 negative (turquoise) 

glutamatergic neurons, GABAergic neurons are in blue and cells with no expression of 

glutamatergic or GABAergic markers are shown in grey (Fig 3.8C).  Seurat cluster identities are 

shown by the colored boundaries of each cell cluster (Fig 3.8C). The data suggests that Crh 

positive neurons of the PVN can be clustered based on expression of specific neurotransmitters 

and peptides.  

3.3.2 Early-life adversity significantly impacts gene expression programs in 

hypothalamic CRH cells  

Clustering did not separate ELA from CTL conditions; therefore, we first measured the 

global differential expression of the 153 ELA and 101 CTL cells. This analysis revealed marked 

differences in transcriptomic profiles between CTL and ELA cells. We found 28 genes with 

increased expression in CTL cells, or downregulated in ELA, passing a FDR filter of less than 

0.1, including; Cbx3, Tatdn1, Gnl3l, Irf2bp3, Rbm47, and Cox7c (Fig. 3.9B, Table 3.2). Genes 

upregulated in neurons from ELA mice include; Stmn1, Rpl10, Hsp90ab1, Vamp2, and Actg1 

(Fig. 3.9B, Table 3.2).   

https://paperpile.com/c/ENL1sS/0yKY
https://paperpile.com/c/ENL1sS/ylAT
https://paperpile.com/c/ENL1sS/180K
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All the genes passing the FDR<0.1 filter for differential expression are shown on the 

heatmap in Fig. 3.10. The heatmap is quantile and row normalized so the expression values are 

between -1 and 1, which highlights which cells have the highest expression and which cells 

have the lowest expression of a gene, respectively. CTL expression and ELA expression of 

each gene are separated. The top 10 genes on the heatmap have noticeably higher expression 

in the ELA condition.  Whereas the next 14 genes have higher expression in cells from CTL 

mice. The heatmap highlights that these genes are clearly upregulated in the majority of cells in 

their respective condition. The data further demonstrates that the genes found to be 

differentially expressed in the ELA condition are downregulated in CTL cells and the genes that 

are upregulated in the CTL condition are downregulated in the ELA condition. 

In order to further classify the genes that were upregulated in each condition we looked 

at pathway analysis for all genes passing the FDR<0.1 filter (Fig 11A and 11B). The pathway 

analysis for genes higher in the CTL condition suggest that these cells are undergoing normal 

cell development and function (Fig. 3.11A). For example, the Chl1 interactions pathway where 

Chl1 promotes neuron survival and includes genes including Itga1. The processing of Smdt1 

pathway is involved in regulation of mitochondrial calcium uniporter (MCU) complex and 

includes the gene Micu3.  

The pathways found for genes higher in the ELA condition suggest significant 

perturbations following adversity during a sensitive developmental period. Compellingly, many 

neuronal type pathways are highlighted, the top highlighted pathway is axon guidance which 

includes genes including Scn3b, Rpl39, Hsp90ab1, and Rpl10 (Fig. 3.11B).  Other interesting 

pathways are Translocation of Glut4 to the plasma membrane with genes including Actg1 and 

Vamp2.  This pathway is interesting because it further suggests increased neuronal activity 

when compared to the CTL condition. Glut4 is a major transporter that mediates glucose 
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uptake. Glut4 may provide a mechanism through which neurons rapidly increase their glucose 

utilization during increases in neuronal activity or under conditions of cell stress.  The genes 

found to be differentially expressed in a global analysis of all PVN neurons from either the ELA 

or CTL condition, as well as the pathways these genes are involved in, suggest that neurons in 

the CTL condition are undergoing normal neuronal development, whereas neurons from the 

ELA condition have either accelerated their maturation or otherwise have abnormal neuronal 

development and maturation. To investigate this further we classified neurons into sub-clusters 

by their expression.  

3.3.3 Enrichment of genes in expression defined clusters suggest differing 

subpopulations of CRH cells 

As there are specific neuronal subtypes of CRH positive neurons in the PVN that are 

also functionally different 40,61,63, we identified genes that were specific to each cluster (Table 

3.3). The top 12 differentially expressed genes from each cluster are shown in a heatmap (Fig. 

3.12). The columns are cells split by their cluster affiliation, and labeled with whether the cells 

are from the ELA or CTL conditions, and the age of the mice at collection.  The rows are the top 

12 genes that are split by the genes enriched in each cluster.   

The top genes enriched in cluster 1 include Nnat, Npm1, but the majority of the top 

enriched genes in cluster 1 are Rps and Rpl genes including Rps3a1, Rps27, Rps27a, Rps20, 

Rpl10, Rpl27a, Rpl13a, and Rpl7 (Fig.12).  Ribosomes, which are RNA and protein structures 

that organize and catalyze translation, have two subunits: a ribosomal protein large subunit 

(Rpl) and a ribosomal protein small subunit (Rps) 67.   

Cluster 2 has enriched genes including; Dusp3, Gsk3b, Slc39a1, Sec23ip, Inpp4a, and 

Actb (Fig.12). These genes are involved in many neuronal and cellular functions, including; 

https://paperpile.com/c/ENL1sS/180K+Z7u5G+yWxsV
https://paperpile.com/c/ENL1sS/WtvR
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glutamate excitotoxicity and cell death, glycogen synthesis activation, activation of neuronal 

mitochondrial, axon guidance, and redox pathways, and protection of neurons from 

degeneration 68–71.  

Cluster 3 has enriched genes including; Junb, Npff, Dlk1, Snhg11, Snd1, and Ece1 (Fig. 

3.12).  Genes found to be associated with cellular functions like cell proliferation, differentiation, 

and neuronal cell death, synaptic drive, postnatal development of hypothalamus, and cell 

proliferation and angiogenesis 72–74.  

Ddah1, Tcf7l2, Zic2, Wnt3, Ntng1, and Prox1 are among the genes enriched in cluster 4 

(Fig. 3.12).   These genes are known to be involved in neuronal identity and circuitry, axonal 

navigation, neuronal migration, and neurogenesis 75–77.  

Cluster 5 has enriched genes such as; Tubb2a, Tubb2b, Vamp1, Rgs10, and Nefl (Fig. 

3.12).  Genes enriched in this cluster were representative of axon development, microtubule 

development, and synaptic transmission 78–80. 

Taken together, the genes enriched in each cluster suggest that each cluster may have 

a slightly different function, consistent with the notion that these clusters may be different sub-

populations of PVN CRH neurons. To investigate the effect that the ELA condition has on these 

potential sub-populations of PVN CRH neurons we performed differential expression analysis 

on ELA and CTL mice within each cluster. 

3.3.4 ELA impacts gene expression programs differentially in distinct expression 

defined subpopulations of CRH cells 

Using the expression defined clustering in Fig. 3.5B we determined the differential 

expression between ELA and CTL conditions within each cluster of cells (Fig. 3.13A-E). 

https://paperpile.com/c/ENL1sS/D8FV+XpkM+EJXu+U2CT
https://paperpile.com/c/ENL1sS/E5Ly+E7vJ+LDfN
https://paperpile.com/c/ENL1sS/UqOD+o8so+LWsJ
https://paperpile.com/c/ENL1sS/JpR3+Lahg+kf1C
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Interestingly, when using an FDR<0.1 cut-off for significant enrichment, we find enriched genes 

in clusters 1 (Fig. 3.13A), 2 (Fig. 3.13B), and 4 (Fig. 3.13D), but not in clusters 3 (Fig. 3.13C) 

and 5 (Fig. 3.13E). Because the number of cells in each cluster did not correlate with the 

number of differentially expressed genes, we concluded that the differential expression was not 

based on the number of cells in each cluster (Fig. 3.6A).    

In cluster 1, we found 7 genes enriched in the ELA condition, including; Stmn1, Nnat, 

Rpl10, Vamp2, Hsbp1, Sez6l2, and Calr. Only 1 gene was differentially upregulated in the CTL 

condition, Igf2bp3, for the same cluster (Fig. 3.13A).  For cluster 2, there were 3 enriched genes 

in the CTL condition (Dctn4, Cds1, Wwc2) and none in the ELA condition (Fig. 3.13B). These 

genes did not show up in the global analysis, demonstrating the increased sensitivity provided 

by the single-cell and cluster approaches. Cluster 4 has 2 enriched genes in the CTL condition 

(Cbx3 and Ndufa8), and none in the ELA condition (Fig. 3.13D).  In addition to genes that were 

shared with the differential analysis of ELA with all cells, there were genes that were specifically 

enriched in cluster 1 following ELA Nnat, Hsbp1, Sez6l2, and Calr. The enriched genes from 

cluster 1 suggest cells from the ELA condition in cluster 1 may be undergoing neuronal ER 

stress and are trying to mitigate neural damage caused by stress 81–85. 

3.3.5 ELA impacts gene expression programs differentially in distinct neurotransmitter 

expression defined subpopulations of CRH cells 

As described above, we sub-clustered the cells based on whether or not they expressed 

Slc17a6 (VGLUT2), a glutamatergic marker, or Slc32a1 (VGAT) and/or Gad2 without VGLUT2, 

and are GABAergic (Fig. 3.7D).  In order to determine the effect of early life experiences on the 

neurotransmitter defined sub-clusters, we performed differential expression between neurons 

from the ELA and CTL conditions within each cluster (Fig. 3.14A). Differentially expressed 

https://paperpile.com/c/ENL1sS/vYWU+2wlW+kVZt+Yrff+jOHw
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genes (that pass an FDR<0.1 filter) between CTL and ELA were found to be neuronal subtype 

specific (Fig. 3.14A-D, Table 3.4).  There were no differentially expressed genes that passed the 

FDR<0.1 filter in the GABAergic sub-cluster or the sub-cluster composed of cells expressing 

neither neurotransmitter marker (Fig. 3.14C-D).  

We found 23 differentially expressed genes enriched in the CTL condition passing the 

FDR<0.1 filter in glutamatergic cells (Fig.14B). 14 of these genes also were differentially 

expressed in the global CTL condition from section 3.3.2. Some of these shared genes include 

Cbx3, Cox7c, Gnl3l, Gabra2, Inpp4a, and Tatdn1.  It is interesting that these genes are enriched 

in the CTL condition (and downregulated in the ELA condition) which since these genes are 

involved in differentiation, maturation, and possibly normal cellular function of CRH positive PVN 

neurons 86–89. 

Some genes that did not show up in the global analysis enriched in the CTL condition 

but were apparent in the neurotransmitter-defined cluster analyses are Nrxn2, Cycs, Sec23ip, 

Sap18b, Pin1, and Ndufa8. Overall, since these genes are downregulated in the ELA condition, 

suggests that neurons in the ELA condition may have altered energy production or are not able 

to properly maintain excitability or synaptic transmission 90–92. The majority of the genes 

upregulated in the CTL condition suggest that these cells are undergoing normal development 

and maturation. 

We found 16 differentially expressed genes enriched in the ELA condition passing the 

FDR<0.1 filter in glutamatergic cells (Fig. 3.14B). We found 9 of these genes also were 

differentially expressed in the global ELA condition from section 3.3.2. Some of these shared 

genes include; Actg1, Eif1, Hsp90ab1, Psma6, Rps13, Rpl10, and Stmn1. Taken together, the 

genes with shared enrichment in PVN neurons and the glutamatergic PVN neurons of the ELA 

https://paperpile.com/c/ENL1sS/cxu9+jxYN+D2je+6b3x
https://paperpile.com/c/ENL1sS/Aaxj+bPKQ+ABbf
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condition suggest the cells have increased protein synthesis as well as removal of damaged 

proteins 89,93, suggesting that these neurons may be undergoing stress. 

There are also some unique genes found enriched in the glutamatergic sub-clusters in 

the ELA condition that were not found to be significant in the global differential expression, 

including; Dynll1 and Sec24b.  These genes suggest the glutamatergic specific ELA neurons 

may have dysfunctional transcription and translation mechanisms 94–96. 

To further investigate the differentially expressed genes in both ELA and CTL conditions 

in the glutamatergic sub-cluster, GO analysis using metascape 97 and pathway analysis with 

Reactome 98 were performed (Fig. 3.15A-D). The genes enriched in the CTL condition (Fig. 

3.15A) includes GO terms including mitochondrial ATP synthesis coupled electron transport, 

which include Cox7c, Cycs, Ndufa8, Ubb, and Pin1. Positive regulation of intrinsic apoptotic 

signaling pathway includes the genes Skil, Ubb, and Gsdme. Finally, regulation of protein 

binding which includes the genes Gnl3l and Hypk. The CTL condition pathways (Fig. 3.15B) 

include RHO GTPases Activate NADPH Oxidases which includes Pin1. The citric acid (TCA) 

cycle and respiratory electron transport including genes Ndufa8 and Cox7c.  These GO terms 

and pathways further suggest that the neurons in the CTL condition are functioning well, with 

normal cell functions highlighted.   

The GO terms (Fig. 3.15C) and pathway analysis (Fig. 3.15D) of the genes enriched in 

the ELA condition suggest that these cells are maturing faster than the cells in the CTL 

condition.  GO terms include positive regulation of cellular component movement which include 

the genes Actg1, Atp5a1, and Stmn1 (Fig. 3.15C).  This GO term is a parent term of regulation 

of axon guidance and regulation of actin filament-based movement. Another interesting GO 

term is cell morphogenesis involved in neuron differentiation which includes Hsp90ab1, Stmn1, 

and Sec24b.  The pathways (Fig. 3.15D) include Regulation of expression of SLITs and ROBOs 

https://paperpile.com/c/ENL1sS/crlP+6b3x
https://paperpile.com/c/ENL1sS/J9ep+7IXe+C8Th
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which has been shown to be involved in neuronal axon guidance 99.  Genes involved in this 

pathway include Rsp24, Rpl36a, Rpl10, Rps13, and Psma6. Other interesting pathways are 

Nervous system development which includes the genes Actg1, Rpl39, Hsp90ab1, and Rpl27a. 

These genes, GO terms, and pathways suggest that neurons from the ELA condition are 

actively maturing and migrating, possibly at a faster rate than the CTL cells.  

3.3.6 ELA impacts gene expression programs differentially in distinct neurotransmitter 

and marker expression defined subpopulations of CRH cells 

Given the significant changes observed in the glutamatergic cells, we analyzed the Avp 

or Ntng1 sub-clusters of these cells (Fig. 3.8C) and examined the differential expression 

between neurons from the ELA and CTL conditions (Fig. 3.16A-B). Enriched genes that passed 

the FDR<0.1 filter were found in the CTL condition but not the ELA condition in the 

glutamatergic Avp positive sub-cluster.  These 5 genes enriched in the CTL cluster included; 

Tatdn1, Ndufa8, Cbx3, Rap2b, and Bc1.  All of these genes are also found in either the enriched 

global CTL condition or glutamatergic CTL condition except for Rap2b.   Rap2B is a pro-survival 

p53 target gene following DNA damage 100.  Enrichment of this gene in glutamatergic cells in the 

CTL condition suggests that even in the CTL condition there are some cellular stressors during 

the sensitive developmental period.  

There were 4 enriched genes that passed the FDR<0.1 filter in the CTL condition in the 

glutamatergic Ntng positive sub-cluster (Fig. 3.16B).  These genes included Ubb, Ndufa8, 

Cox7c, and Pold4.  Pold4 is a novel gene that was not discovered in any of the previous sub-

cluster analyses.  Pold4 encodes a subunit of DNA polymerase delta which has polymerase 

activity, exonuclease activity, and plays a critical role in DNA replication and repair. The 

upregulation of this gene suggests that these cells are undergoing processes requiring DNA 

https://paperpile.com/c/ENL1sS/meKZ
https://paperpile.com/c/ENL1sS/VkqI
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repair. A more likely explanation is that the ELA condition represses DNA repair, thus leading to 

enrichment of this gene in CTL cells. 

Next, we investigated differentially expressed ELA genes in the glutamatergic Ntng1 

positive sub-cluster Stmn1, Rpl10, and Actg1 were found enriched in the ELA condition (Fig. 

3.16B) in the Ntng1 positive sub-cluster and were also enriched in the other sub-clusters 

(Global, Glutamatergic, and Glutamatergic Ntng1 positive sub-clusters).  By investigating the 

differential expression of individual sub-clusters we can start to understand that cells that 

express different neurotransmitters are also functionally different from each other and may be 

involved in different functions in the PVN during ELA. 

All the genes passing the FDR<0.1 filter for differential expression are shown on all the 

CRH positive PVN neurons in the heatmap in Fig. 3.17 and all the glutamatergic cells in Fig. 

3.18. The heatmap is quantile and row normalized so the expression values are between -1 and 

1. CTL expression and ELA expression of each gene are separated. The top 12 genes on the 

heatmap have enrichment in the ELA condition.  Whereas the following 19 genes have higher 

expression in cells from the CTL condition. The heatmap shows the clear enrichment of 

differentially expressed genes from the two conditions.   

3.4 Discussion 

In this study we provide the first comparison of single cell transcriptomics analysis of 

CRH positive PVN neurons between ELA and CTL conditions. We found multiple sub-types of 

CRH neurons within the PVN that were differentially affected by ELA and differing transcriptomic 

profiles with varied experience during sensitive developmental periods. Genes altered with 

experience are associated with neuronal differentiation and activation in response to the 

environment.  Although the heterogeneity of the CRH positive PVN neuron population is known, 
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to date40, little is known about the changes in gene expression that occur in this population of 

neurons in response to ELA.   

3.4.1 Adversity during sensitive periods enriches genes associated with neuronal 

maturation, differentiation, and stress 

Based on a comparison of gene expression profiles of PVN CRH positive neurons from 

the ELA condition and the CTL condition as well as pathway analysis of all enriched genes, our 

results suggest that ELA leads to accelerated neuronal differentiation. Control cells are engaged 

in growth and express high levels of Cbx3, possibly involved in promoting early neural 

differentiation and inhibiting other fates 101. Cbx3, a gene important for neural differentiation, 

was also significantly upregulated in CTL cells.  Cbx3 increases expression of neuronal genes 

and inhibits expression of genes specific to other fates 101. This upregulation of Cbx3 in CTL 

cells and the concurrent downregulation in ELA cells, suggests altered neuronal maturation of 

CRH cells in the PVN following ELA. The Tatdn1 long non coding RNA (lncRNA) plays a role in 

cell proliferation, adhesion, and migration 102, and its downregulation in ELA cells suggests that 

neurons from the ELA condition may be inhibited in these processes.  Gnl3l is expressed in 

developing neurons, increasing in expression as maturation occurs and is involved in 

proliferation 103,104.  Cbx3, Tatdn1, and Gnl3l are upregulated in CTL conditions when compared 

to the ELA condition, which suggests that ELA alters maturation of these Crh positive PVN 

neurons. These results are comparable with previous studies, where long term stress has been 

shown to cause dendritic simplification, cell death, and decreased neurogenesis in 

adults105,106,107,108. ELA shortens the process of neural development, thought to manifest as 

developmental delay 109. 

https://paperpile.com/c/ENL1sS/Zp76
https://paperpile.com/c/ENL1sS/Zp76
https://paperpile.com/c/ENL1sS/OONF
https://paperpile.com/c/ENL1sS/NlLg+UEWw
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Additionally, cells from the ELA condition are enriched for genes that play a role in 

neuronal maturation, differentiation, and mitigating neuronal stress. Suggesting that neurons 

from the ELA condition are undergoing more stress due to increases in neuronal activity which 

may be causing a faster rate of neuronal maturation. Stmn1, part of the Stathmin family of 

neurotubule regulators, has been implicated in controlling HPA-axis activation 110,111.  Variations 

in this gene can also cause changes in microtubule stability, synaptic plasticity and memory 

110,111. Hsp90ab1 functions as a heat shock gene which suggests that these cells are 

undergoing more stress than the  CTL cells 112. Vesicle-associated membrane protein 2 (Vamp2 

or Syb2), is one of the most common synaptic vesicle proteins in the brain and is very important 

in Ca2+-triggered vesicle exocytosis 80. Actin gamma 1 (Actg1) is involved in axon elongation 

and plasticity 113. Genes involved in synaptic vesicles, axon elongation, and microtubule stability 

are increased in cells in the ELA condition compared to CTL, suggesting that these cells may be 

maturing faster than in the CTL condition.  Previous studies have shown that, in the 

hippocampus, ELA led to earlier expression of genes associated with neural maturation and 

decreased expression of markers of cell proliferation109. Changes of expression of these 

markers suggests that ELA, in the hippocampus, causing neurons to prematurely switch from 

growth to neural maturation.3.4.2 Clustering of neurons identified sub-populations of neurons 

Clustering using Seurat identified interesting differences in gene expression profiles of 

CRH positive PVN neurons, suggesting different neuronal populations.  This is consistent with 

the literature suggesting that there are different sub-populations of PVN neurons in the 

hypothalamus, many of which express CRH 40–43. To identify these populations, we examined 

changes in gene expression between the different clusters of neurons.  

https://paperpile.com/c/ENL1sS/kf1C
https://paperpile.com/c/ENL1sS/180K+UxzA+6xAa+oBSt
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Cluster 1 was characterized by genes encoding ribosomal proteins. The process of 

translation is heavily controlled and regulated, and many Rpl genes also control cell 

proliferation, cell cycle arrest, and cell death 67.   

Genes enriched in cluster 2 were representative of glutamate excitotoxicity and cell 

death, glycogen synthesis activation, activation of neuronal mitochondrial, axon guidance, and 

redox pathways, and protection of neurons from neuronal degeneration. Genes in this cluster 

included Dusp3, or Vhr, increases in Dusp3 phosphatase activity leads to glutamate 

excitotoxicity and cell death caused by decreases in ERK activation 68. Gsk3b was originally 

known to be insulin sensitive and involved in glycogen synthesis activation, but more recently it 

has been shown to regulate the activation of neuronal mitochondrial and redox pathways 71. 

Slc39a1 expression protects neurons from neuronal degeneration due to Zinc entry, excessive 

Zinc entry can cause apoptosis 70. Actb encodes beta-actin, which plays an important role in 

growth cone mediated axon guidance in neuronal development 69.  

Cluster 3 included expression of genes associated with cell proliferation, differentiation, 

and neuronal cell death, as well as genes associated with synaptic drive, postnatal development 

of hypothalamus, and cell proliferation and angiogenesis. Expression of genes in this cluster 

include Junb which is essential for neuronal differentiation, and the Jun transcription factor 

family is important in cell proliferation, differentiation, and neuronal cell death 72. Npff has been 

shown to decrease synaptic dive to magnocellular vasopressin-secreting PVN neurons, as 

vasopressin release is blunted by Npff.  In parvocellular PVN neurons, Npff presynaptically 

increases the excitability of these neurons 73.  Dlk1 has been shown to play a role in postnatal 

development of hypothalamus. It is expressed in PVN dendrites and neuronal cell bodies of 

vasopressin and oxytocin PVN neurons in both adult and postnatal mice 74. Snhg11 and Snd1 

both are oncogenes and play a role in cell proliferation and angiogenesis 114,115.   

https://paperpile.com/c/ENL1sS/WtvR
https://paperpile.com/c/ENL1sS/D8FV
https://paperpile.com/c/ENL1sS/U2CT
https://paperpile.com/c/ENL1sS/EJXu
https://paperpile.com/c/ENL1sS/XpkM
https://paperpile.com/c/ENL1sS/E5Ly
https://paperpile.com/c/ENL1sS/E7vJ
https://paperpile.com/c/ENL1sS/LDfN
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Genes upregulated in Cluster 4 were primarily transcription factors. With genes involved 

in neuronal identity and circuitry, axonal navigation, neuronal migration, and neurogenesis. 

Tcf7l2, is a transcription factor in the Tcf/Lef family, which activates Wnt target genes and plays 

key roles in development. More recently, Tcf7l2 has been shown to mediate establishment of 

neuronal identity and circuitry in the developing brain 76. In later neuron maturation, Zic2 

controls the axonal navigation, but is also important for neuronal migration during earlier stages 

of neuro-development and the dorsal neural tube 77. Prox1, a homeobox transcription repressor, 

promotes neurogenesis and has shown to regulate the transition of NPCs from a self-renewal 

state into neuronal differentiation 75.  

Cluster 5 genes were representative of axon development, microtubule development, 

and synaptic transmission. Genes enriched in this cluster include the tubulin family of genes, 

including Tubb2a and Tubb2b, these are required for  microtubule development which is 

essential for many cellular processes, especially during neural development 78. Vamp1 is 

involved in the presynaptic docking of vesicles, and is required for Ca2+-triggered synaptic 

transmission 80. Nefl, neurofilament light, is involved in axon formation, Nefl mutants fail to 

develop proper axons during development, which leads to myelination and conduction defects 

79. The genes enriched in each cluster or potential sub-population of PVN neurons suggest that 

the cells in each cluster may have a slightly different function within the PVN. Further 

suggesting that these clusters may represent different sub-populations of PVN neurons.  

3.4.3 ELA differentially affects neuronal subtypes of CRH expressing cells in the PVN 

To investigate differences between the clusters, and sub-populations, we used 

differential expression analysis between the ELA and CTL conditions within each cluster.  

https://paperpile.com/c/ENL1sS/o8so
https://paperpile.com/c/ENL1sS/LWsJ
https://paperpile.com/c/ENL1sS/UqOD
https://paperpile.com/c/ENL1sS/JpR3
https://paperpile.com/c/ENL1sS/kf1C
https://paperpile.com/c/ENL1sS/Lahg
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Cluster 1, 2 and 4 were the only clusters that had differentially expressed enriched genes in 

either the ELA or CTL conditions.  

Cluster 1 had some very interesting genes enriched in the ELA condition which 

suggested that these cells may be undergoing neuronal ER stress and are trying to mitigate 

neural damage caused by stress. For example, Nnat is normally expressed in the embryo 

during neurogenesis, but it is also expressed in the dendritic endoplasmic reticulum (ER) to 

regulate modulation of intracellular Calcium 116. Hsbp1 is a small heat shock protein which is 

neuroprotective in various neuronal diseases and after injury 82. Hsbp1 mutations have been 

shown to affect the stability and remodeling of microtubules, and disrupt cytoskeletal transport 

leading to neurodegeneration 83. Seizure 6-like protein, Sez6l2, is part of the Sez6 family of 

proteins which, in mice, control synaptic connectivity and motor coordination 81,85.  Alzheimer’s 

disease linked APP cleaving enzyme 1 (BACE1) has been shown to regulate members of the 

Sez6 family 81. Calreticulin, Calr, is an ER chaperone, and in neurons, is located in axons in 

response to ER stress and calcium release.  Calr has been shown to increase its expression in 

response to axonal injury in order to regulate axonal retraction and promote axonal regeneration 

84. 

Only three genes were enriched in the CTL condition in cluster 2 so it is hard to draw 

any robust conclusions. Dctn4, encodes Dynactin Subunit 4, the multi-subunit complex, 

Dynactin, is required for most cellular processes powered by the microtubule-based motor, 

dynein 117. The protein family, Ww-and-C2-domain-containing (Wwc) is involved in cell 

differentiation, proliferation, regulation of organ growth, and are upstream of the hippo signaling 

pathway.  More specifically, Wwc2 is involved in embryogenesis and angiogenesis 118. These 

two genes are consistent with augmented cell growth, including neurite extension and 

connectivity in the CTL condition. By contrast, Cds1 is involved in the DNA damage checkpoint 

https://paperpile.com/c/ENL1sS/2wlW
https://paperpile.com/c/ENL1sS/kVZt
https://paperpile.com/c/ENL1sS/vYWU+jOHw
https://paperpile.com/c/ENL1sS/vYWU
https://paperpile.com/c/ENL1sS/Yrff
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in the cell cycle and is activated in p53-dependent response to DNA damage and cell cycle 

arrest 119. 

3.4.4 ELA differentially affects cells which express different neurotransmitters 

As the clusters were not representative of early-life experience, we further investigated 

differences between ELA and CTL conditions within cells that were expressing glutamatergic 

markers and GABAergic markers.  We found many interesting differentially expressed genes 

between the ELA and CTL conditions in glutamatergic cells.   

Upregulated in the control condition are genes including Cox7c, or cytochrome c oxidase 

(COX) catalyzes the electron transfer from reduced cytochrome c to oxygen and is a component 

of the mitochondrial respiratory chain 86. Also upregulated is NADH dehydrogenase ubiquinone 

1 α subcomplex (Ndufa8). Ndufa8 is heavily involved in mitochondrial oxidative phosphorylation, 

and is found to be expressed in the hypothalamus 90. Cycs is the somatic isoform of cytochrome 

C, which has been shown to have expression responsiveness to changes in neural activity. 

Together these genes support the notion of the use of this energetic pathway which is efficient 

and promotes growth, in the CTL condition. Gabra2 is the alpha-2 subunit of the GABAA 

receptor (GABAAR), which in the brain regulates the fast inhibitory actions of GABA 87,88. Inpp4a 

protects neurons from excitotoxic cell death, which is the process of apoptosis or neuronal 

damage by over activation of glutamate receptors 89.   

Upregulated in the ELA condition of glutamatergic cells, Eif1 function is involved in the 

initiation of translation, and is very important in all cells 89. Psma6 helps to form an essential 

component of the 20S core proteasome complex. This complex is involved in the degradation of 

proteins. Psma6 also is involved in the formation of the 26S proteasome and thus ATP-

dependent degradation of proteins and removes misfolded or damaged proteins 93. Rbs13 

https://paperpile.com/c/ENL1sS/cxu9
https://paperpile.com/c/ENL1sS/Aaxj
https://paperpile.com/c/ENL1sS/jxYN+D2je
https://paperpile.com/c/ENL1sS/6b3x
https://paperpile.com/c/ENL1sS/6b3x
https://paperpile.com/c/ENL1sS/crlP
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encodes a ribosomal protein component of the 40S subunit which plays an important role in 

translation 93. Also upregulated in the ELA condition is Dynll1 is a regulator of axonal 

mitochondria anchorage 94, and play a role in complexes involving; myosin, neuronal nitric oxide 

synthase (nNOS), apoptotic factors, and transcription.  Mutations in the Dynll1 gene have been 

known to cause abnormal neurogenesis and apoptosis 95.  Sec24b is involved in protein 

transport from the ER to the Golgi apparatus. Mice with mutations in Sec24b exhibit neural tube 

closure defects resulting from decreased ER trafficking 96. Rpl10, which is enriched in the ELA 

condition in glutamatergic cells, is a component of the 60S ribosomal subunit and is required for 

joining the 60S and 40S subunits in translation initiation.  Mutations in Rpl10 decrease a cells 

ability to perform translation, and mutations in this gene have been implicated in autism, 

suggesting Rpl10 plays a role in brain development 120. Ttc3 is a novel gene that is not found to 

be enriched in the overall populations of cells from the ELA condition.  Ttc3 promotes neuronal 

actin polymerization through signaling pathways including RhoA among others. During neuronal 

differentiation, overexpression of Ttc3 can prevent neurite extension and disrupt Golgi 

compactness 121.  

In these cells, individual enriched genes as well as pathway and GO analysis suggests 

that neurons in the ELA condition may have altered energy production or are not able to 

properly maintain excitability or synaptic transmission. Whereas, the majority of genes enriched 

in the CTL condition point to normal development and maturation, and the use of the 

mitochondrial redox and TCA cycle for efficient energy.   

3.4.5 Conclusion 

In conclusion, ELA causes altered gene expression patterns in CRH expressing PVN 

neurons, which are associated with cellular processes such as ER stress, altered energy 

https://paperpile.com/c/ENL1sS/crlP
https://paperpile.com/c/ENL1sS/J9ep
https://paperpile.com/c/ENL1sS/7IXe
https://paperpile.com/c/ENL1sS/C8Th
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production, and protection from injury. This may be an indication of abnormal increased number 

of excitatory synapses observed neuroanatomical in these cells after ELA. It is unclear whether 

these consequences will be sustained long term or if they are transient. It would be interesting 

to determine whether these changes are robust and sustained. Interestingly, enduring changes 

in the transcriptome of neurons in the hippocampus after ELA have been reported 24. Further 

studies need to be conducted in order to answer these questions.  In addition to sub-clusters of 

PVN CRH neurons, we also found populations of cells without CRH expression, and with 

markers for other non-neuronal cell types that might be interesting to investigate in the future. 

This work highlights the known heterogeneity of the CRH cells within PVN, and we have 

discovered that sub-clusters of these cells are particularly sensitive to adversity early in life. 

Understanding which cell types undergo transcriptional programming in response to early 

environmental signals, and how these experiences are encoded transcriptionally, is vital for 

identifying novel interventions to mitigate the enduring effects on brain development.   

 

  

https://paperpile.com/c/ENL1sS/gHQt
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3.5 Figures 

 

Figure 3.1 Limited bedding and nesting (LBN) model for ELA and experimental 

timeline. 

 A) A1 is the CTL model and A2 is the LBN model for ELA.  Below A1 and A2 is the 

postnatal day timeline for ELA exposure and subsequent preparation of single cell suspension 

of PVN cells for FACS. B) Schematic of CRH positive PVN cells, in red, are isolated and FACS 

sorted into 96 well plates.  
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Figure 3.2 Characterization of batch, age, weight, and non-PVN marker Pgr15l 

expression of 511 cells  

A) UMAP characterization of 24 batches across 511 cells to determine little or no batch 

effect between sorts. B) UMAP characterization of age the cells were harvested between 

postnatal day 10 - 12. C) UMAP characterization of weight in grams of mice on the day cells 

were harvested. D) Heatmap overlay of non-PVN Pgr15l expression over the UMAP of 511 cells 

to determine cell filter for Pgr15l expression. All UMAPs were generated using Seurat v3.  
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Figure 3.3 Classification of cell types in 430 cells by cell-type specific markers  

A) UMAP heatmap of microglia markers, C1qa and Csf1r. B) UMAP heatmap of 

oligodendrocyte markers Olig1 and Olig2. C) UMAP heatmap of astrocyte markers Apoe and 

Vim. D) UMAP heatmap of the endothelial marker Flt1. D) UMAP heatmap of the neuronal 

marker Snap25. All UMAPs were generated using Seurat v3. 
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Figure 3.4 Summary of marker gene expression and Crh positive PVN neurons in 430 

cells.  

The marker gene expression from Figure 3.3 summarized on one UMAP. The Crh 

positive Snap25 positive will be sub-clustered and further analyzed in the following figures. All 

UMAPs were generated using Seurat v3. 
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Figure 3.5 Crh expression in 430 cells and sub-clustering of 254 Crh positive PVN 

neurons.  

A) UMAP heatmap of Crh expression in 430 cells. The circled area are the 254 cells to 

be sub-clustered for further analysis. B) Sub-clustering of 254 Crh positive, Snap25 positive 

PVN neurons. Cells clustered into 5 distinct clusters using Seurat v3. 
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Figure 3.6 Percentage of cells from ELA condition and CTL condition in each cluster 

and characterization of weight, batch, and age over 254 Crh positive PVN 

neuronal cells.  

A) Stacked bar plot of percentage of cells from the ELA condition and CTL condition in 

each cluster. Numbers on the bar represent the number of genes in each condition. B) UMAP 

characterization of weight in grams of mice on the day cells were harvested. C) UMAP 

characterization of batches across 254 cells. D) UMAP characterization of age at time of 

harvest.  
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Figure 3.7 Characterization of glutamatergic and GABAergic neurotransmitters.  

A) UMAP heatmap of glutamatergic marker, Vglut2. B) UMAP heatmap of GABAergic 

marker, GAD2. C) UMAP heatmap GABAergic marker, VGAT. D) Classification of 

neurotransmitter clusters based on expression profiles from Fig. 3.7A-C. E) Percentage of 

Glutamatergic and GABAergic cells in the ELA and CTL conditions. The numbers in each 

category are the numbers of cells in each category. F) Percentage of Glutamatergic and 

GABAergic cells in each expression defined Seurat cluster. The numbers in each category are 

the numbers of cells in each category. 
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Figure 3.8 Further classification of glutamatergic, Vglut2 expressing, cells based on 

Avp expression or Ntng1 expression.  

A) UMAP heatmap of Ntng1 expression in 254 Crh positive PVN neurons. B) UMAP 

heatmap of Avp expression in 254 Crh positive PVN neurons. C) Further Classification of 

glutamatergic cells based on expression profiles of Ntng1 and Avp. Seurat custer borders are 

drawn out to distinguish the difference between seurat clusters and neurotransmitter and 

marker-based clusters.  
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Figure 3.9 Global differential expression analysis of 254 Crh positive PVN neurons 

between the ELA and CTL condition.  

A)  Distribution of cells from the ELA and CTL condition represented via UMAP. The 

numbers are Seurat cluster numbers from Fig. 3.5B. B) Volcano plot of differential expression 

between the ELA and CTL conditions. There were 18 differentially expressed genes enriched in 

the ELA condition and 28 in the CTL condition passing an FDR<0.1 filter.  Some of the top 

enriched genes are listed for both the CTL and ELA conditions. 
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Figure 3.10 Heatmap of all 46 globally differentially expressed genes between the ELA 

and CTL conditions.  

Row normalized expression values (TPMs) are shown on the color bar at the bottom of 

the heatmap. Cells are columns and rows are genes. Cells are split by whether they are from 

the CTL or ELA conditions. Cluster and age identities are also displayed in color bars at the top 

of the heatmap.  
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Figure 3.11 Pathway analysis of differentially expressed genes in the ELA and CTL 

conditions using Reactome.  

A) Genes enriched in the CTL condition were analyzed using Reactome. B) Genes 

enriched in the ELA condition were analyzed using Reactome. Only pathways passing an 

FDR<0.05 filter were considered. 
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Figure 3.12 Heatmap of top 12 enriched genes from each Seurat cluster using 

differential expression analysis.   

The top 12 differentially expressed genes from each cluster are listed. The columns are 

cells split by their cluster affiliation, and labeled with whether the cells are from the ELA or CTL 

conditions, and the age of the mice at collection.  The rows are the top 12 genes that are split by 

the genes enriched in each cluster.  The expression of each gene is row normalized TPMs. 
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Figure 3.13 Differential expression analysis in each Seurat cluster between the ELA 

and CTL condition.  

A) Volcano plot showing differential expression between the ELA and CTL conditions 

from cells in cluster 1. There were 7 differentially expressed genes enriched in the ELA 

condition and 1 in the CTL condition. B) Volcano plot showing differential expression between 

the ELA and CTL conditions from cells in cluster 2. There were 0 differentially expressed genes 

enriched in the ELA condition and 3 in the CTL condition. C) Volcano plot showing differential 

expression between the ELA and CTL conditions from cells in cluster 3. No differentially 

expressed genes were found. D) Volcano plot showing differential expression between the ELA 
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and CTL conditions from cells in cluster 4.  There were 0 differentially expressed genes 

enriched in the ELA condition and 2 in the CTL condition. E) Volcano plot showing differential 

expression between the ELA and CTLconditions from cells in cluster 5. No differentially 

expressed genes were found. All enriched genes had to pass an FDR<0.1 filter.  The enriched 

genes are listed for both the CTL and ELA conditions on each Volcano plot. 
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Figure 3.14 Differential expression of distinct neurotransmitter expression defined 

subpopulations of CRH cells.  

A) Characterization of glutamatergic and GABAergic neurotransmitters. B) Volcano plot 

representing differential expression between the ELA and CTL conditions from cells in the 

glutamatergic cluster. There were 16 differentially expressed genes enriched in the ELA 

condition and 23 in the CTL condition. C) Volcano plot of differential expression between the 

ELA and CTL conditions from cells in the GABAergic cluster. No differentially expressed genes 

were found. D) Volcano plot of differential expression between the ELA and CTL conditions from 

cells in the cluster with cells expressing neither neurotransmitter. No differentially expressed 

genes were found. All enriched genes had to pass an FDR<0.1 filter.  Some of the top enriched 

genes are listed for both the CTL and ELA conditions on each Volcano plot. 
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Figure 3.15 Gene ontology (GO) and pathway analysis of differentially expressed genes 

between the glutamatergic ELA and CTL conditions. 

 A) GO analysis on genes enriched in the glutamatergic CTL condition were analyzed 

using metascape. B) Pathway analysis on genes enriched in the glutamatergic CTL condition 

were analyzed using Reactome. C) GO analysis on genes enriched in the glutamatergic ELA 

condition were analyzed using metascape. D) Pathway analysis on genes enriched in the 

glutamatergic ELA condition were analyzed using Reactome. Only GO terms passing a p-

value<0.05 and pathways passing an FDR<0.05 filter were considered. 
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Figure 3.16 Differential expression of distinct glutamatergic marker expression defined 

subpopulations of CRH cells.  

A) Volcano plot of differential expression between the ELA and CTL conditions from cells 

in the glutamatergic Avp+ cluster. There were 0 differentially expressed genes enriched in the 

ELA condition and 5 in the CTL condition. B) Volcano plot of differential expression between the 

ELA and CTL conditions from cells in the glutamatergic Ntng1+ cluster. There were 4 

differentially expressed genes enriched in the ELA condition and 4 in the CTL condition. All 

enriched genes had to pass an FDR<0.1 filter.  The enriched genes are listed for both the CTL 

and ELA conditions on each Volcano plot. 
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Figure 3.17 Heatmap of all 41 glutamatergic and biomarker differentially expressed 

genes between the ELA and CTL conditions.   

Row normalized expression values (TPMs) are shown on the color bar at the bottom of 

the heatmap. Cells are columns and rows are genes. Cells are split by whether they are from 

the CTL or ELA conditions. Cluster and bio-cluster identities are also displayed in color bars at 

the top of the heatmap.  
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Figure 3.18 Heatmap of all 41 glutamatergic and biomarker differentially 

expressed genes between the ELA and CTL conditions in glutamatergic cells.  Row normalized 

expression values (TPMs) are shown on the color bar at the bottom of the heatmap. Cells are 

columns and rows are genes. Cells are split by whether they are from the CTL or ELA 

conditions. Cluster identities are also displayed in color bars at the top of the heatmap.  
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3.6 Tables 

 

Table 3.1 FACS Stats, 602 cells were profiled from 88 animals 
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Table 3.2 Top differentially expressed genes between ELA and CTL   
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Table 3.3 Top differentially expressed genes between Seurat clusters 
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Table 3.4 Top differentially expressed genes in glutamatergic cells between ELA and 

CTL  
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3.7 Methods 

3.7.1 Animals 

Dams were Crh-IRES-Cre +/+ and were paired with Ai14 tdTomato males both on a 

C57Bl6 background. The resulting offspring were Crh-IRES-Cre; Ai14 tdTomato and were used 

for all experiments. Animals were housed in a 12-hour light cycle and provided ad libitum food 

and water. All experiments were carried out in accordance with the Institutional Animal Care and 

Use Committee at the University of California, Irvine, and were consistent with Federal 

guidelines. 

3.7.2 Limited Bedding and Nesting (LBN).  

The simulated poverty limited bedding and nesting paradigm (LBN) consisted of limiting 

nesting and bedding materials in cages between P2-P9 as described previously. For the LBN 

group, a plastic-coated mesh platform was placed ~2.5cm above the floor of a standard cage. 

Cobb bedding was reduced to cover the cage floor sparsely, and one-half of a single nestlet 

was provided for nesting material on the platform. CTL dams and litters resided in standard 

cages containing ample cob bedding and one whole nestlet for nesting. This paradigm causes 

maternal care to be fragmented and unpredictable 48,52, provoking chronic stress in the pups 55. 

CTL and experimental cages were undisturbed during P2–P9, housed in temperature-controlled 

rooms (22°C). For RNA sequencing pups remained on the LBN paradigm until tissue was 

collected P10-P12. For experiments in adulthood, experimental groups were transferred to 

standard cages on P10 and were weaned on P21. Animals were housed by sex with littermates. 

https://paperpile.com/c/ENL1sS/7gUYz+rkltm
https://paperpile.com/c/ENL1sS/kcvQ7
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3.7.3 Single cell preparation 

Dissection. P10-P12 pups were killed via decapitation and brains were removed 

immediately on ice. The brain was trimmed to a smaller block containing hypothalamus and was 

placed into a slush of EBSS. The block was then sliced on a vibratome to obtain at 1.5mm slice 

posterior of the anterior commissure. The slice was then trimmed under a dissection microscope 

to remove thalamus and cortex. 

Dissociation. The trimmed slices were placed immediately into papain and gently 

triturated ~15 times with a pipette to break up tissue before being placed on a heated (37C) 

orbital shaker for 30 minutes. Digested tissue was then homogenized by triturating with pipette 

~ 50 times until there were no visible tissue chunks. Homogenate was spun at 500 x g for 15 

minutes at room temperature. Supernatant was removed and cells were resuspended in 500uL 

2% FBS in PBS. 

FACS. Samples were run on the aria fusion. Immediately prior to sort, cell suspension 

was run through a 70uM filter and washed with 500uL 2% FBS in PBS.  Cells were sorted into 8 

well strip tubes and immediately spun down at 4C and frozen on dry ice. 

3.7.4 RNAseq pipeline 

Tdtomato positive hypothalamic cells from both ELA and CTL animals that are Crh 

positive are processed using the SmartSeq2 RNA sequencing protocol 60, Illumina Library prep 

and sequenced using the Illumina NextSeq500 sequencer.  FASTQ files were mapped and 

quantified using kallisto 122. The resulting TPM matrix was quantile normalized before using the 

R package Seurat to cluster and run non-linear dimensional reduction 123. ComplexHeatmap 

https://paperpile.com/c/ENL1sS/9p3P
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was used for heatmap generation 124. Metascape 97 was used to determine gene ontology, and 

reactome 98 was used to determine pathways. 

  

https://paperpile.com/c/ENL1sS/gk3W
https://paperpile.com/c/ENL1sS/35wX
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Chapter 4 

Methylation signatures of diverse early life experiences in Human Infants: a novel, within-

subject approach 

4.1 Abstract 

Early life adversity (ELA) is one of the largest environmental risk factors for abnormal 

brain circuit development and the development of psychiatric diseases. The brain is particularly 

sensitive to environmental stimuli during early brain development which, in humans, probably 

centers around the first two years of life 1. The development and maturation of neurons and 

neural connections depend on both genetic and environmental inputs. Mechanisms encoded by 

underlying neural epigenetic pathways established during ELA contribute to later pathologies 

found in adults 2,3. It is largely unknown how much epigenetic mechanisms such as DNA 

methylation contribute and whether there are epigenetic markers that can be used as a 

predictor of adverse effects due to ELA.  

The overall goal of this study is to establish a marker for the impact of diverse 

experiences on the developing human infant. We use an intra-individual approach to test DNA 

methylation changes that occur between birth and the first year of life in humans over a 

spectrum of experiences. We employed a non-invasive buccal swab collection method on 77 

individuals to investigate intra-individual DNA methylation changes as measured using reduced 

representation bisulfite sequencing (RRBS) in human babies in the same individuals at birth and 

after 1 year. We compare these changes in methylation to a signature of ELA called 

unpredictability and found that samples may have changes in methylation within an individual 

that correlate with this score. These preliminary results will need to be validated using the 

methylene of more individuals along with their unpredictability scores.  

https://paperpile.com/c/jyWc79/YEhT
https://paperpile.com/c/jyWc79/t95e+kh0i
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4.2 Introduction 

Early life adversity (ELA) is a blanket term that includes adverse experiences in early life 

that includes abuse, neglect, malnourishment, poverty, and inconsistent maternal and caregiver 

inputs 3–5. ELA experiences pose a major threat to an individual’s mental development with 

potential long-term consequences for both mental and overall health throughout life 6,7.  

Although ELA is present in all societies and social classes, the epigenetic encoding and 

consequences of ELA as well as its long-term effects are largely unknown and understudied 4. 

There are many reasons for this, including the complexity of early brain development and the 

moral implications of studying human children undergoing adversity without intervention. For 

this reason, many ELA studies are conducted in model organisms such as rodents and non-

human primates 8–10. Animal models have allowed many advancements in the field, but there 

are some drawbacks to using animal models. Brain development occurs on a vastly different 

timescale in humans when compared to rodents 11,12. Non-human primate brain development 

also differs in developmental time scale compared to humans 10,12. It is possible to use specific 

milestones of brain development that can be compared between species. However, due to 

species-specific differences in brain development, it can be challenging to study global brain 

development across species 11. Furthermore, studies using model organisms typically use two 

very distinct groups of individuals: an ELA group with typically identical genotypes that is 

exposed to a substantial amount of ELA in an otherwise completely controlled environment, and 

a normal development, or control, group with the same genotype and environment. However, 

human experiences usually occur over a spectrum of experiences, some of which contribute to 

ELA with many confounding environmental and genetic factors. It is important to study the 

epigenetic effects of ELA in humans to better understand the interaction between the spectrum 

of experiences with genetics and the environment.  

https://paperpile.com/c/jyWc79/C7gZ+kh0i+Safo
https://paperpile.com/c/jyWc79/QCDX+Rspb
https://paperpile.com/c/jyWc79/C7gZ
https://paperpile.com/c/jyWc79/XFsD+GUcn+gT0E
https://paperpile.com/c/jyWc79/0OYX+GTxp
https://paperpile.com/c/jyWc79/gT0E+GTxp
https://paperpile.com/c/jyWc79/0OYX
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 Chromatin modifications have been shown to be dynamically regulated in the 

developing brain 7,13–15. DNA methylation changes provided epigenetic markers of ELA in rats 

between a baseline control of normal maternal nurturing and an ELA model of adverse life 

experiences 16. In rats, the ELA experiences showed increased methylation in genes associated 

with growth and metabolism, suggesting decreased expression of these genes. The authors 

also found a decrease in DNA methylation, which suggests increased expression, in genes 

associated with development, inflammation, and apoptosis. These changes suggest that 

peripheral cells in rats experiencing ELA have abnormal development and differentiation 

timelines, and they are experiencing more cellular stressors 16. With differential methylation in 

so many interesting gene families in a model system, we hypothesize that similar predictive 

epigenetic markers could be found in humans.  

Early life parental sensory signals can shape the epigenetic programming of brain 

development, which can promote vulnerability or resilience to disorders presenting later in life 17.  

In rodent models of ELA, strong ELA paradigms combined with identical genotypes, and 

controlled environments allow for comparisons to typical maternal inputs under similar controlled 

conditions. However, in humans, genetic variability, diverse environments, and quality of the 

infant-caregiver relationship add many variables to studying ELA 17. The unpredictability 

measurement, or entropy score, is based on defined mathematical characteristics of patterns of 

behavior to provide a prediction of developmental outcomes 17–19. An individual’s behavior can 

be characterized by observing and recording the actions of the individual interacting with their 

environment. Entropy measures the predictability of a single random variable having a random 

probability distribution with some uncertainty, and the behavioral entropy rate is an expansion of 

this concept to a group of random variables defined on a common probability space over time 18.  

This allows the degree of predictability of maternal sensory signals (or caregivers) for each 

individual to be quantified and scored 18,19.   

https://paperpile.com/c/jyWc79/Rspb+q0Ck+YfUH+9ruP
https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/SD45
https://paperpile.com/c/jyWc79/SD45
https://paperpile.com/c/jyWc79/SD45+PFTb+254G
https://paperpile.com/c/jyWc79/PFTb
https://paperpile.com/c/jyWc79/PFTb+254G
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The overall goal of this study is to determine if ELA during a sensitive period of brain 

development in humans would lead to a detectable DNA methylation signature between a 

spectrum of ELA experiences. Here, we employ a preliminary analysis of a novel method of 

investigating intra-individual DNA methylation differences between human early life 

experiences, or unpredictability. We aim to determine a robust, cost effective method of 

obtaining and analyzing DNA methylation data from human buccal swab samples. We used the 

same reduced representation bisulfite sequencing (RRBS) method previously used in a rat 

study of ELA16 to process 154 buccal-swab samples from 77 individuals obtained after birth 

(newborn, sample A) and after one year of life (one-year-old, sample B).  While this is a 

preliminary analysis that will need to be expanded, we have found evidence of a similar 

epigenetic signature in a spectrum of human early life experiences as previously seen in rats 

with controlled genetic, environmental, and ELA conditions 16. 

4.3 Results 

4.3.1 Experimental set-up and analysis of RRBS samples between 77 individuals 

We used non-invasive buccal swabs to obtain a mix of epithelial and white blood cell 

(WBC) DNA from individual human babies twice, once as a newborn (A) and once after one 

year of life (B) (Fig. 4.1). We used a non-invasive method to collect the samples because it is 

less stressful than a needle prick used to obtain a blood sample, and a buccal swab is a routine 

procedure 20. Using a non-invasive method of sample collection is especially important since the 

stress caused due to the sample collection may influence the methylation profile of the sample 

16,20,21.  We used intra-individual methylation signatures between newborn and one-year-old 

samples from the same individual within a spectrum of early life experiences 16.   

https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/j1q4
https://paperpile.com/c/jyWc79/j1q4+sKar+saqx
https://paperpile.com/c/jyWc79/saqx
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We used RRBS to assess DNA methylation (Fig. 4.1, and Fig. 4.2). RRBS uses bisulfite 

conversion to differentiate unmethylated cytosines (Cs) from methylated Cs 16,22.   The 

unmethylated Cs are converted to uracils (Us), which are then converted to thymines (Ts) in 

PCR amplification. These converted Cs allow the accurate differentiation of methylated and 

unmethylated Cs 22 (Fig. 4.2). RRBS samples were sequenced using either the NextSeq500 

(NextSeq) and NovaSeq6000 (NovaSeq) Illumina sequencing platforms with libraries 

sequenced to at depth of at least 10 million mapped reads (Fig. 4.1).  

 After sequencing, Illumina adapters were trimmed from reads using TrimGalore! 23 and 

mapped to a bisulfite-converted reference genome using Bismark and bowtie2 (Fig. 4.3) 24. We 

detected an average of 1,632,737 CpGs in both samples of the same individual. We performed 

differential methylation analysis (using methylKit) on sites with a minimum coverage (methylated 

+ unmethylated samples) of 10 reads in the newborn (A) and one-year-old (B) samples for each 

individual.  

4.3.2 Inter-individual analysis separated samples based on age in 34 individuals (68 

samples) sequenced on the NextSeq platform  

First, we analyzed the samples sequenced using the NextSeq platform and identified a 

total of 21,748 significantly differentially methylated sites (DMSs) in at least one individual (Fig. 

4.4).  We concatenated DMSs shared in at least 1 individual into 100 base pair (bp) regions, a 

process called tiling (Fig. 4.3).  These sites were then tiled into 13,503 differentially methylated 

regions (DMRs) (Fig. 4.4).   

DNA methylation levels of DMRs in newborn (A) and one-year-old (B) samples were 

analyzed across individuals, some of which have unpredictability scores (Table 4.1), using 

dimensional reduction methods.  Similar to what was observed in rats between high and low 

https://paperpile.com/c/jyWc79/saqx+SeTs
https://paperpile.com/c/jyWc79/SeTs
https://paperpile.com/c/jyWc79/66Tt
https://paperpile.com/c/jyWc79/s3Zh
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unpredictability groups 16, inter-individual principal component analysis (PCA) on the percentage 

of DNA methylation of 13,503 DMRs in both the A and B samples from each individual showed 

clear differences between age groups using the first two principal components (PCs) (Fig. 4.5) 

(21.9% of the variances explained). We then colored the samples on the same PCA plot by their 

unpredictability scores (Table 4.1) and found that the samples did not separate by their 

unpredictability scores (Fig. 4.6) in the first two PCs. This suggests that buccal swab methods 

between individual A and B samples indicate the epigenetic signature of age, but not life 

experience. 

4.3.3 Intra-individual changes in methylation may be able to distinguish early-life 

experience in individuals sequenced on the NextSeq platform 

In order to determine the epigenetic changes occurring during different experiences we 

wanted to compare intra-individual (or within an individual) differences in the dataset.  In order 

to accomplish this, we compared the delta methylation occurring within an individual between 

the newborn and one-year-old time-points. Similar to Jiang et al, we calculated intra-individual 

fold changes in the epigenetic signature within the same individual, or delta methylation 16. To 

calculate this, the A and B samples for each individual were used to determine the delta-

methylation within an individual (log 2(B/A)).  

We analyzed the intra-individual changes for each individual using PCA and determined 

that individuals could be separated by unpredictability score.  PC1 and 2 include up to 21.1% of 

the variances. PC2 could be separating the samples by their unpredictability score (Fig. 4.7), 

although imperfectly. however, since we do not have scores for every individual, we can only 

predict which PC is able to separate the samples based on their life experience.  Taken 

https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/saqx
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together, more samples are needed to determine if delta-methylation can truly separate 

individuals based on their unpredictability scores. 

4.3.4 Inter-individual analysis separated samples based on age in all 77 individuals (154 

samples)   

Using the NextSeq platform we had to sequence the samples on average 2.6 times 

before we achieved the mapping read depth of 10 million mapped reads (Table 4.2). Due to this 

we decided to use a newer sequencing platform, the NovaSeq6000, to sequence additional 

samples from 43 individuals and reduce the number of times each sample needs to be 

sequenced.  

The samples sequenced on the NextSeq platform were sequenced with a length of 

43bps and the samples sequenced on the NovaSeq platform were sequenced to a length of 

100bps. The NextSeq platform is the first benchtop sequencing platform from Illumina and can 

generate up to 500 million reads per sequencing run and the NovaSeq platform is the most 

powerful Illumina platform on the market and can generate up to 20 billion reads per sequencing 

run 25,26.   

A total of 77 individuals, or 154 samples, were sequenced on either the NextSeq or 

NovaSeq platforms. We Identified a total of 44,542 significant DMSs in at least one individual.  

We tiled 9,726 DMSs shared in at least 2 individuals into 4,821 DMRs (Figure 4.8). When 

combining two different sample preparation methods, we need to take batch effects into 

consideration. We analyzed A and B samples for each individual by PCA. We found that 

samples separate by age in PC1 (Fig. 4.9A) and by sequencing method on PC2 with 34.1% of 

the variance explained by both PCs (Fig. 4.9B). As in the individual analysis of samples 

https://paperpile.com/c/jyWc79/ai0p+5YFu
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sequenced exclusively on the NextSeq platform, the individual A and B samples did not 

separate by unpredictability scores (Fig. 4.10). 

4.3.5 Intra-individual methylation may be able to distinguish early-life experience in all 

individuals 

The age and sequencing method effects vanished after investigating the fold change 

within an individual (delta-methylation). Intra-individual analysis does not show differences 

between the two sequencing platforms, as individuals sequenced from each platform are 

intermixed (Fig. 4.11). PC1 seems to reasonably separate the samples by their unpredictability 

score, illustrated by the green line (Fig 4.12). Most of the high unpredictability scored samples 

are on the right side of 0 on PC1, and most of the individuals with low unpredictability scores are 

on the left of 0 on PC1 (14.7% explained variance). 

Now that we have determined that PC1 can separate levels of delta-methylation 

between individuals based on their early life experiences.  We set the cutoff threshold for 

significance at 0.015 and -0.015 (Fig. 4.13). We determined that the highest weights that pass 

the significant threshold included 1,129 DMRs which are associated with 918 genes.  The most 

negative weights accounted for 555 DMRs which are associated with 417 genes (Fig. 4.13). We 

found that the top weighted DMRs were more methylated in the B samples with a higher 

unpredictability score and the lowest weighted DMRs were less methylated in B samples with 

higher unpredictability scores. Genes that have increased DNA methylation generally have 

decreased gene expression.   

We next wanted to investigate the genes with the most positive and most negative PC1 

weights.  Genes found to be associated with DMRs with the most positive weights (suggesting 

they have decreased expression) are enriched in GO terms such as cell junction organization 
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(which included 48/918 annotated, or 5.3%, of genes such as CTNNA1, KIFC3, SMAD3, and 

ACTN4), actin filament-based process (which included  82/918 annotated, or 9%, of genes 

including SMAD6, EGFR, PLXNB1, and WNT3), cell morphogenesis involved in differentiation 

(which included 125/918 annotated, or 13.6%, of genes such as NOTCH3, KLF4, CARM1, 

SEPTIN9, PBX1, and TCF3), and positive regulation of GTPase activity (which included 48/918 

annotated, or 5.3%, of genes such as LIMS1, FGFR3, TNNT3, and MTCH1) (Fig. 4.14A).   

We analyzed the significant GO terms with genes associated with DMRs from the most 

negative PC1 weights (suggesting increased expression) (Fig. 4.14B). Enriched GO terms 

included negative regulation of cell proliferation (which included  28/417 annotated, or 6.7%, of 

genes such as ALOX5, NOTCH1, OSM, SOX9, and NKX2-8), cellular response to growth factor 

stimulus (which included  25/417 annotated, or 6%, of genes including PAX9, TB1, WNT10A, 

and PRDM14), positive regulation of cell motility (which included  26/417 annotated, or 6.2%, of 

genes such as RHOB, NOS3, PECAM1, and S100P), and regulation of system process (which 

included  26/417 annotated, or 6.2%, of genes such as GRK2, P2RX1, PDGFB, TBX2, and 

CUX2).  

Taken together, early life experiences cause decreases in methylation (or increases in 

expression) in genes associated with cell proliferation, energy regulation, as well as growth and 

increases in methylation (decreases in expression) in genes associated with differentiation, 

neuronal projection, actin filament processes, and cell junction organization. The genes 

associated with decreased methylation are involved in neuronal differentiation and growth, 

suggesting that neuronal-associated genes have increased expression in individuals with high 

unpredictability scores  
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4.4 Discussion 

In summary, we sequenced RRBS samples collected using buccal swabs from 77 

individuals, 18 of which have known unpredictability scores. We used two different sequencing 

methods; 34 individuals were sequenced using the NextSeq500 platform, 43 individuals were 

sequenced using the NovaSeq6000 platform.    

Previous studies investigating genome-wide DNA methylation over time have found that 

there is a large variability in methylation between subjects, this is especially true in human 

studies with a lot of genetic and environmental variability 27,28. However, this effect has also 

been seen in genetically similar, environmentally controlled animal models 16, suggesting that an 

individual’s DNA methylation profile may be highly sensitive to the individual’s age at collection. 

Epigenetic changes due to age and the high level of variability between individuals, make it 

difficult to assess changes that occur due to environmental paradigms and caregiver-child 

interactions.  

In order to investigate changes due to environmental stressors it is important to remove 

inter-individual differences and focus on changes that occur within an individual over time. To 

overcome these hurdles, we investigated a novel method of investigating the epigenetic change 

that occurs within an individual between two time points during a very sensitive developmental 

time period. The delta-methylation between birth and the first year of life covers a very sensitive 

developmental time in human development 3,7,29. By investigating the intra-individual differences 

in DNA methylation between timepoints taken at the newborn stage and after the first year of 

life, we exclude inter-individual differences, including age and sequencing method, and focus on 

the differences that occur within an individual during this very sensitive time in brain 

development.  

https://paperpile.com/c/jyWc79/KUZF+mJKz
https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/hBoT+kh0i+Rspb
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As expected 16,30,31, when the samples are analyzed together, from all 77 individuals, 

individual A and B samples are separated by age, and not unpredictability score. Samples are 

also separated by sequencing method on PC2 (Fig. 4.9B). Using delta-methylation analysis of 

intra-individual differences mitigate the effects of age. Delta-methylation also mitigates the effect 

of sequencing method (Fig. 4.11), because an individual's samples were sequenced using the 

same platform. We found that the individuals could be separated by their unpredictability scores 

by using delta-methylation (the change between the two samples obtained from the same 

individual)16. These mitigations remove large inter-individual variances. More samples are 

needed to determine if the samples can be robustly separated in this manner. Taken together, 

the data suggests that individuals sequenced using either of these two sequencing platforms 

can be separated by unpredictability scores using delta-methylation and intra-individual 

analysis. However, the NovaSeq platform is much more efficient at sequencing samples to the 

required read depth. 

PCA analysis of intra-individual methylation separated individuals classified by high and 

low unpredictability groups via PC1 (Fig. 4.12). PC1 identified the highest and lowest weighted 

genes associated with an individual’s unpredictability score that were differentially methylated in 

the one-year-old stage compared with the same individuals in the newborn stage. These genes 

may be important in predicting genes involved in early life experiences and their possible long-

term consequences. GO analyses of the top contributing PC1 genes for individuals in the high 

unpredictability group found a striking enrichment of increased methylation (suggesting reduced 

expression) in genes involved in cell junction organization, actin filament-based process, and 

differentiation.  Decreased methylation, suggesting overexpression, of gene families associated 

with cell proliferation, growth factor stimulus, and cell motility. How an individual's experiences 

affect these changes remains unclear. 

https://paperpile.com/c/jyWc79/mDXr+EI8q+saqx
https://paperpile.com/c/jyWc79/saqx
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In conclusion, when comparing inter-individual differences between both A and B 

samples in each individual the epigenetic signatures in each sample separate by age.  In order 

to separate individuals by their early life experiences, we determined the fold change between 

the A and B samples in each individual using delta-methylation.  Using delta-methylation we 

were able to separate the individuals by experience and found that there were distinct 

epigenetic changes between experiences.  These changes in an individual's epigenetic 

signatures may be able to predict future outcomes in mental health. However, more data and 

analysis are needed to solidify these results. 
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4.5 Figures 

 

Figure 4.1 Sample collection and experimental timeline 

Buccal swab samples were taken as a newborn, sample A, and 12 months later, sample 

B. A spectrum of ELA conditions measured via an unpredictability score which is calculated 

using surveys and in-lab observations.  Buccal swabs were then processed using the RRBS 

pipeline and sequenced. 
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Figure 4.2 Bisulfite conversion and PCR amplification in RRBS  

Unmethylated C’s are converted to U’s during bisulfite conversion after which the 

converted DNA was amplified via PCR, converting Us to Ts. The converted DNA sequences 

were then sequenced using Illumina technology. 
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Figure 4.3 Computational pipeline for analyzing RRBS data 

Sequencing reads were adapter trimmed using TrimGalore! Samples sequenced using 

the NovaSeq6000 platform were also trimmed to a bp length of 43 to match sequencing reads 

from the NextSeq500.  After trimming the reads were mapped to a bisulfite-converted reference 

genome using Bismark.  Differential methylation was determined using methylKit between an 

individual’s A and B samples. These differentially methylated sites (DMSs) are then compared 

between individuals. Only sites that were found in over 5 individuals were tiled into 100bp 

regions. These regions were used for downstream analysis. 
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Figure 4.4 Number of shared DMSs found in 34 individuals with samples sequenced 

using the NextSeq500 platform 

A total of 21,748 DMSs were found in at least one individual in a total of 34 individuals. 

These DMSs were then tiled into 13,503 regions of 100 base pairs.  The regions were then used 

to combine the samples into a matrix. 
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Figure 4.5 Separation by age when using methylation levels of 13,503 significant 

DMRs. 

Focusing on these 13,503 DMRs in 68 samples separate by age on a PCA of 

methylation profiles. Individual samples are labeled by age; dark pink: A, or newborn samples 

and, light pink: B, or one-year-old samples. 
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Figure 4.6 PCA of samples focusing on the same 13,503 DMRs used previously, 

colored by high and low unpredictability. 

PCA of 68 samples labeled by unpredictability scores. Samples do not separate by 

unpredictability. 
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Figure 4.7 PCA of delta methylation between B (one-year-old) and A (newborn) 

(log2(B/A)) 

PCA of delta methylation focusing on the same 13,503 DMRs.  Samples are labeled by 

high or low unpredictability scores. 
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Figure 4.8 Number of shared DMSs found in 77 individuals with samples sequenced 

using the NextSeq500 and NovaSeq6000 platforms 

A histogram of 44,542 DMSs was found in at least one individual in a total of 77 

individuals. We consolidated 9,726 DMSs found in at least 2 individuals into 4,821 DMRs tiled 

into 100 base pairs.  The regions were then used to combine the samples into a matrix. 
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Figure 4.9 Separation by age and sequencing method when using methylation levels 

of 4,821 significant DMRs. 

A) PCA of methylation profiles focusing on these 4,821 DMRs in 154 samples separate 

by age. Individual samples are labeled by age; dark pink: A, or newborn samples and, light pink: 

B, or one-year-old samples. B) PCA of the same profiles labeled by sequencing method. Blue 

(NextSeq500). Green (NovaSeq6000).  
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Figure 4.10 PCA of samples focusing on the same 4,821 DMRs used previously, 

colored by high and low unpredictability.  

PCA of 154 samples labeled by unpredictability scores. Samples do not separate by 

unpredictability. 
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Figure 4.11 PCA of delta methylation between B and A samples colored by sequencing 

method 

PCA of delta methylation focusing on 4,821 DMRs. Samples are labeled by whether the 

individuals were sequenced using the NextSeq500 (blue) or NovaSeq6000 (green) platforms..  
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Figure 4.12 PCA of delta methylation between B and A samples colored by 

unpredictability score  

PCA of delta methylation focusing on the same 4,821 DMRs. Samples are labeled by 

high or low unpredictability scores. Green line separates unpredictability scores in PC1. 



187 

 

Figure 4.13 Expected consequences of unpredictability-related DMRs 

PC1 weight analysis that separates individuals that scored in the high unpredictability 

group and the low unpredictability group.  Out of the 918 most positive weights, we found 24 

genes overlapping with the rat ELA methylation paper 16. Out of 417 most negative weights, we 

found 29 genes overlapping with the rat ELA paper 16. Labeled genes are some of the 

overlapping one-to-one orthologs found in both rat and human PCs separating ELA. 

  

https://paperpile.com/c/jyWc79/saqx
https://paperpile.com/c/jyWc79/saqx
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Figure 4.14 GO analysis of top and bottom PC1 weights 

A) GO terms of 918 genes associated with most positively weighted DMRs (green). B) 

GO terms of 417 genes associated with most negatively weighted DMRs (purple). 
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4.6 Tables 

 

Table 4.1 Unpredictability scores, categories and sequencing methods for each 

individual 
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Table 4.2 Number of times each sample was sequenced 
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4.7 Methods 

4.7.1 Collection of buccal swabs 

The buccal swab/saliva was collected using saliva sponges with OG-250 (DNA Genotek. 

Inc.) from each human baby on one week (newborn) and one year after birth following the 

manufacturer’s recommendation. The institutional IRB approved the study protocol, and the 

written informed consent was obtained from mothers. 

4.7.2 Isolation and quantification of DNA for making RRBS libraries from human buccal 

swab samples 

Each buccal swab/saliva sample in OG-250 was incubated in a 50 °C water bath for 1 

hour.  Then all liquid was collected from each sample.  We added reagent prepIT•L2P (DNA 

Genotek, Inc.) at 1/25 of the sample volume.  Each sample was then incubated for 10 min on 

ice, and centrifuged at max for 10 min, to isolate crude solution containing DNA and eliminate all 

precipitate.  DNA was prepared using the Quick-gDNA™ MiniPrep kit (Zymo Research) 

following the manufacturer’s protocol. The quantity of double-stranded DNA was analyzed using 

Qubit, and RRBS Libraries were prepared from 200 ng of genomic DNA digested with Msp I, 

and then extracted with DNA Clean & Concentrator™-5 kit (Zymo Research). Fragments were 

ligated to pre-annealed adapters containing 5’-methylcytosine instead of cytosine according to 

Illumina’s specified guidelines (www.illumina.com). Adaptor-ligated fragments were then 

bisulfite-treated using the EZ DNA Methylation-Lightning™ Kit (Zymo Research). Preparative-

scale PCR was performed, and the resulting products were purified with DNA Clean &amp; 

Concentrator for sequencing. Amplified RRBS libraries were quantified and qualified by Qubit, 

Bioanalyzer (Agilent), and Kapa library quant (Kapa systems), and then sequenced on the 

Illumina NextSeq 500 as well as NovaSeq 6000 platforms. 
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4.7.3 RRBS data processing and detection of differentially methylated regions (DMRs) 

The Illumina adapters were trimmed using Trim Galore v0.6.6 23 with Cutadapt v2.10 32 

and FastQC v0.11.9 33 to apply quality and adapter trimming to Fastq files for RRBS-type 

libraries using the parameters ‘--fastqc --stringency 5 --rrbs --length 30 --non_directional’. Reads 

were mapped to the human genome (hg38) we used Bismark v0.22.3 24 in ‘--non_directional’ 

mode. Each read is aligned to a pre-converted form of the reference genome using Bowtie2 

v8.4.0 34.  CpG sites were called using Bismark methylation extractor to extract methylation 

information from the Bismark alignment output 24. Single CpG sites with more than ten reads 

coverage were kept for DMS calling. Differential methylation sites (DMSs) were first called using 

MethyKit (R version 4.0.2) with a false discovery rate (FDR) less than 0.05. Python v3.8.0 was 

used to ‘tile’ DMSs falling within 100 base pairs. Sites were merged as differentially methylated 

regions (DMRs). 

4.7.4 DNA methylation percentage calculation and Delta methylation 

The methylation percentage was calculated as the ratio of the methylated read counts 

over the sum of both methylated and unmethylated read counts for a single DMS or DMR. Delta 

methylation was calculated by the log2 transformation of the ratio of methylation level in the 

one-year-old sample (B) and the methylation level in the newborn sample (A). Increased 

methylation in B is shown as a positive value while decreased methylation in B is shown as a 

negative value. 

https://paperpile.com/c/jyWc79/66Tt
https://paperpile.com/c/jyWc79/rm7y
https://paperpile.com/c/jyWc79/sxPq
https://paperpile.com/c/jyWc79/s3Zh
https://paperpile.com/c/jyWc79/POaL
https://paperpile.com/c/jyWc79/s3Zh
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4.7.5 PCA and K-Means clustering 

Principle component analysis (PCA) was performed by using the prcomp function using 

R version 4.0.2. PCA figures were made using ggplot2 in R 4.0.2 35. A DNA methylation 

heatmap was generated with the ComplexHeatmap function in R 4.0.2 36. 

4.7.6 Gene association analysis 

Genes associated with DMRs were identified using Homer v4.11 37. For subsequent 

analyses, annotations were kept if DMRs were located within 20kb of transcription start site 

(TSS) and DMRs were located in gene exons or introns. Gene ontology analysis was performed 

using metascape 38 with p-value less than 0.05. 

  

https://paperpile.com/c/jyWc79/Myow
https://paperpile.com/c/jyWc79/SkFA
https://paperpile.com/c/jyWc79/79D6
https://paperpile.com/c/jyWc79/BRRo
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Chapter 5 

Explanations/Hypotheses and Future Directions 

5.1 Advancements in ATAC-mRNA integrative analysis for inter-species comparison 

In Chapter 2, we used a daily time-course of RNA and ATAC sequencing to map gene 

expression and open chromatin dynamics during differentiation into both neural progenitor cells 

(NPCs) and definitive endoderm (DE) in rat and human. We identify conserved regulatory 

modules using gene expression and chromatin accessibility changes of lineage-specific 

regulators in both species. Using this method, we were able to connect gene expression 

changes with associated changes of open chromatin regions during differentiation.  

We correlate clusters of mRNAs with mean expression and ATAC clusters with similar 

mean open chromatin dynamics to identify potential candidate cis-regulatory elements (cCRMs). 

One assumption for the correlation analysis is that the changes in the expression of mRNA 

clusters in respective lineages are mainly driven by chromatin dynamics. Changes in 

transcription factor (TF) binding site accessibility near the promoter and enhancer cis-regulatory 

modules (CRMs) of other TFs collectively form gene regulatory networks (GRNs) 1,2.  

We can predict potential binding sites of TFs to CRMs using the deeply sequenced 

ATAC data to determine footprints to build GRNs, which we investigated in Chapter 2.We 

investigated differentially expressed genes that also have differential open chromatin 

accessibility surrounding a TFs transcriptional start site (TSS). We investigated whether 

differentially expressed TFs may be regulated by motifs (TF binding sites) within open chromatin 

regions or, even better, footprints within open chromatin regions. This study concluded that 8% 

of candidate cis-regulatory elements with significant transcriptional overlaps are shown to be 

https://paperpile.com/c/XPbOCR/TSJm+1988
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conserved in NPC differentiation whereas 22% of significantly overlapping candidate cis-

regulatory are shown to be conserved in DE differentiation between rat and human 

There is a lack of software or packages that can determine links between footprinting 

data and TF expression data in bulk data. There are software packages that have been 

developed for single-cell (sc)RNA and scATAC-seq methods, but they have not been 

investigated using bulk data with much smaller sample sizes 3.  Developing software for 

predicting GRN links from time-course bulk RNA and ATAC data with data from multiple time 

points may be a way to get around the smaller sample sizes normally associated with bulk 

experiments.  

Predictions are not enough on their own, so the interesting interactions which are found 

in Chapter sections 2.3.6 and 2.3.7, including genes such as GBX2, EGR1, and PBX1 for NPC 

differentiation and ETV1, GBX2, and TGIF1 for DE differentiation, can be investigated further 

using either perturbations or other sequencing methods such as ChIP-seq to determine higher 

resolution relationships between TFs, cREs, and gene expression. Changes in gene expression 

are also regulated by other transcriptional regulatory mechanisms such as methylation.  We can 

use perturbation, ChIP-seq, and methylation data, or a combination of the listed methods to find 

regulators of expression during differentiation. We can use the collective data to build GRNs or 

to validate GRN interactions we obtained from RNA and ATAC data.  

As mentioned previously, integrating scRNA-seq and scATAC-seq data can be used to 

build predictive GRNs. By conducting time course experiments similar to what we did in Chapter 

2, we can collect scRNA and scATAC daily time points in order to further increase the sample 

size and the ability to predict GRN regulatory links. Since scRNA and scATAC-seq software 

packages have already been built 3–5, we can use single-cell data and single-cell GRNs to 

validate the predictive GRN models from bulk data. 

https://paperpile.com/c/XPbOCR/2VVT
https://paperpile.com/c/XPbOCR/2VVT+gdBA+J24v
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Rodents, especially rats and mice, are the most utilized model organisms for biomedical 

research, particularly in neuroscience 6,7.  Until recently mice were predominantly used for 

research, however, rats are becoming increasingly popular, 7–9. Rats are genetically different 

from mice, and using rats as a model organism can have clear advantages over mice 6. 

Because of this recent shift to using rat as a model it is becoming increasingly important to 

determine the differences between humans and rats. However, it is also important to determine 

the differences between rats and mice.  In Chapter 2, we used modified mouse differentiation 

protocols to differentiate ESCs into NPCs or DE in rat. Since differentiation protocols have 

already been validated in mice, it is important to also prove similar protocols in rat. By building 

GRN models in all three species we can determine the similarities and differences between the 

species. By comparing GRNs in rat to mouse and human we can further validate rat as a good 

model organism to be used in conjunction with mice to use as human analogs for research. 

5.2 Improvements to comparisons between early life adversity and control conditions 

using single-cell transcriptomics  

In Chapter 3, we set out to determine the effect of early life adversity (ELA) relative to a 

well nurtured control (CTL) on the transcriptome of Crh positive neurons in the paraventricular 

nucleus (PVN). We used the LBN model in Crh-IRES-Cre; Ai14 tdTomato mice to visualize and 

fluorescence-activated cell sort (FACS) Crh positive neurons from the PVN. We found that CRH 

expressing PVN neurons from the ELA condition have altered gene expression. The genes with 

altered expression are associated with cellular processes such as ER stress, altered energy 

production, and protection from injury. This may be an indication of abnormal increased number 

of excitatory synapses in these cells after ELA.  Although the cells were FACS sorted for Crh 

expression, we found cells with little to no Crh expression that also had markers for other non-

https://paperpile.com/c/XPbOCR/wJ3E+Qb4F
https://paperpile.com/c/XPbOCR/XgCN+OmDg+Qb4F
https://paperpile.com/c/XPbOCR/wJ3E
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neuronal cell types. These cells would be interesting to investigate in the future to determine 

their role in the PVN.    

We decided to use SmartSeq2 as the method of scRNA-seq to achieve deep full-length 

sequencing of transcripts each cell. There are numerous benefits and drawbacks to using this 

method. Some benefits include recovery of full-length cDNAs.  Cells are also sequenced deeper 

since each cell is built manually or with an automated liquid handling platform, and multiplexing 

is relatively limited as SmartSeq2 uses a dual-indexing method with only 96 combinations of 

barcodes 10,11. Deeper sequencing allows for TF and low abundance transcript expression to be 

assessed with greater accuracy, but the drawback is the manual labor needed to build RNA 

from each cell into cDNA libraries individually and a relatively low multiplexing ability does not 

allow screening of large numbers of cells at a time 10,11. This method makes it easy to pair with 

cell collection methods that are more difficult, especially in the case of sequencing primary 

single cells, including neurons.   

However, since this method has the major drawback of increased manual labor and low 

multiplexing it is much harder to get a lot of cells using this method.  To combat this we could 

FACS the cells from both ELA and control conditions for Crh expression and then use one of the 

scRNA-seq methods that allow for higher throughput, such as SPLiT-seq 12, 10x, or drop-seq 13. 

By having cells from multiple methods, we can take advantage of the deeper sequencing we 

achieved using SmartSeq2, and the higher throughput of combinatorial barcoding methods.  We 

would be able to determine how sub-populations of Crh positive PVN neurons differ between 

ELA and CTL in a larger population of cells. Having more cells from each condition would 

hopefully allow us to evaluate a larger number of differences between these two conditions. 

Models of ELA induce enduring long-term behavioral consequences 14. Some of these 

consequences include diminished reward seeking 15–18, hippocampal memory deficits 19–23, and 

https://paperpile.com/c/XPbOCR/OkKz+y0Kk
https://paperpile.com/c/XPbOCR/OkKz+y0Kk
https://paperpile.com/c/XPbOCR/T3DT
https://paperpile.com/c/XPbOCR/ZGPu
https://paperpile.com/c/XPbOCR/3rUa
https://paperpile.com/c/XPbOCR/teFs+ICZz+kvOp+BV9c
https://paperpile.com/c/XPbOCR/bnlu+hOQ4+VNuo+e687+V8MM
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augmented fear inhibition pathways 24 in adult rats and mice. One of the cellular functions that 

has been shown to be impaired as a result of ELA is the increase in excitatory drive on Crh 

positive PVN neurons 25. It is still unclear how this process are encoded in these Crh positive 

neurons and if these transcriptional changes have a functional output. However, past literature 

has found that Crh expression has a significant role in the dysfunction of this neural circuit. 

Learning and memory was shown to be impaired by adding Crh directly into immature rat 

brains, and when the Crh pathway was inhibited these learning deficits were prevented 26.  To 

investigate the transcriptional change and how these transcriptional changes affect cellular 

activity and behavior we can use an unlearned advancing threat experiment to test if ELA 

affects escape behavior and anticipation of an advancing threat in adult mice 27. We 

hypothesize that ELA will affect the response to the unlearned advancing threat and anticipation 

of a threat. If this turns out to be the case we can test if optogenetic silencing of Crh positive 

PVN neurons, rescues the phenotype. 

5.3 Expanding on comparisons between a spectrum of early life adversity using 

methylomics in humans 

In Chapter 4, we used buccal swab collections soon after birth and after one year of life 

in a spectrum of ELA experiences in 128 human individuals.  We determined intra-individual 

differences instead of focusing on inter-individual differences that distinguish age and 

developmental differences between the samples 28. By using the intra-individual differences, 

which investigate the differences between paired samples from the same individual before and 

after experiences they endured during their first year of life, we were able to distinguish between 

a spectrum of ELA experiences. Because of the complexity of inputs determining ELA in 

humans (such as living conditions, siblings, food intake, and parent involvement, etc.) a scoring 

system was used to evaluate each environmental factor. We were able to distinguish 

https://paperpile.com/c/XPbOCR/1l4i
https://paperpile.com/c/XPbOCR/6Ehk
https://paperpile.com/c/XPbOCR/ZvG8
https://paperpile.com/c/XPbOCR/RIRo
https://paperpile.com/c/XPbOCR/GFAH
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differences between individuals (intra-individual analysis) over a spectrum using principal 

component analysis (PCA).  

PCA is a dimensionality-reduction method used with large data sets.  PCA tries to 

capture most of the information in the data set by transforming a large set of variables into 

smaller ones. Correlations found using PCA can be used to develop the formula to generate 

ELA scores from the multitude of quality-of-life events and experiences. Unfortunately, in the 

quest for simplicity, reducing the data set comes at the expense of accuracy, especially when 

using large data sets with many input variables. With a data set as complex as the one in 

Chapter 4, applying machine learning algorithms, such as support vector networks and logistic 

regression, may be a better way to determine the differences in the data set and ELA scores. 

Methods such as support vector machines and logistic regression may deliver more accurate 

results and will be able to predict possible methylation markers with more accuracy than using a 

simple linear dimensional reduction method such as PCA. It is important to be able to determine 

possible methylation changes between a diverse set of ELA experiences that could influence 

downstream gene expression and affect brain development in humans, as changes in 

methylation of DNA regions may be able to be used to predict if ELA will have lasting effects on 

an individual.  Models can be refined using principal component regression (PCR), where 

results are fed back into the model training set.   

Once a set of possible predictive methylation changes in specific DNA regions have 

been identified, it would be important to understand how these changes affect gene expression 

of target genes.  For any future collections, we could collect samples for RNA sequencing and 

DNA methylation at the same time to examine how DNA methylation regulates gene expression. 

We could collect both RNA sequencing samples and DNA methylation samples from a buccal 

swab.  This method may prove slightly more challenging, as RNA is unstable and should be 
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further processed to preserve RNA integrity. However, RNA can be preserved using methods 

such as fixation of cells, or cells frozen on dry ice. Using the buccal swab method to collect 

peripheral RNA may also not be as informative as the collection site is removed from the brain 

or any other tissue that would be affected by ELA. To combat this, it may be interesting to 

investigate single cell methylation and transcriptome changes that occur in the brains of a 

rodent model of ELA, using similar collection methods as Chapter 3, but collecting DNA 

methylation and RNA-sequencing data from the same pool of cells. We can then compare the 

DNA methylation changes we see in humans to changes we see in rodent brains, specifically 

the PVN Crh expressing neurons.  

By following the individuals throughout multiple stages of their life, data from later stages 

of life can eventually be added to the models.  There is hope that the research will lead to 

prediction and, ultimately, treatment of negative long term adverse effects that result from ELA. 

In conclusion, epigenetic changes are often seen at the level of individual genes, but 

conservation seems to be at a higher level.  For example, networks of genes and neural circuits 

respond to differentiation and/or environmental cues. 
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	Chapter 1
	Introduction: Neurodevelopment in Model Organisms and Humans
	1.1 Introduction
	How cells differentiate and respond to their environment is a vast question. In this thesis we explore two very different areas of research addressing this question. In the first part, I investigate the GRNs that control cell fate using time-courses o...
	My three projects include the conservation of the transcriptome and chromatin dynamics of transcription factors involved in neural progenitor cells (Fig. 1.1) and definitive endoderm (Fig. 1.2) differentiation in human and rat, early life adversity an...
	Understanding developmental biology, or how an organism develops from a single cell at fertilization, to a complex, multi-cellular organism, gives great insights into the mechanisms of nominal processes and manifestations of diseases 1. Mammalian deve...
	To understand the processes that occur during development, it is important to utilize both in vivo and in vitro models of development. For instance, rodents and other mammalian model organisms have been used to study in vivo development of the human c...
	Brain development and more specifically neurogenesis, which is the formation and development of neurons in the brain, remains poorly understood 7.  One reason for this is its vast complexity. For example, the human brain contains approximately 100 bil...
	The complexity of neurogenesis during brain development and the possible environmental influences make the study of neurogenesis a challenging process. The lack of access to human brain samples for research is another reason why there is still a lot t...
	1.2 Mammalian Early Development and the Formation of the Neural Tube
	Some of the first key events in early development are axis formation and gastrulation. In mice, cells need to determine positional information along the body axes, which may be initiated before gastrulation 13. The formation of a structure called the ...
	The formation of the three germ layers (ectoderm, mesoderm, and endoderm) in gastrulation is one of the most important developmental processes in the life of an organism as these cells lose the indefinite self-renewal capacity and become more differen...
	The formation of ME progenitors is rigorously controlled by a group of signaling molecules and transcription factors (TF) of the Nodal, Wnt, BMP, FGF, GATA, Sox, and Fox families among others 15,17.  The formation of NE progenitors is controlled by So...
	While the neural plate folds into the neural tube, the resulting neuroectodermal cells pattern themselves to create distinct categories of neural progenitor cells (NPCs) that will further differentiate to form either the forebrain, midbrain, hindbrain...
	1.3 in vitro Methods for Studying Neurodevelopment
	The differentiation of ESCs into NPCs and mature neurons is a powerful in vitro method for studying the development and differentiation of neurons 23,30. In vitro models of neurodevelopment recapitulate morphology changes and signaling pathways that o...
	Another complication of studying early neural development in vitro is that numerous neural progenitor cell subtypes exist, many of which can be recapitulated in vitro 23,32,33.  Comparative studies need to take into account the difference between NPC ...
	1.4 Rodents as a genetically accessible mammalian model of Brain Development
	Since in vitro methods have been established for the study of neural development we can start to compare model organisms to humans to determine the conservation and accuracy of using model organisms to study development. Rodents are the most utilized ...
	1.5 Rat as a Model Organism for Human Brain Development
	One of the most prominent developmental differences between rat and human is the gestational time.  Rodents have a gestational period of 18-24 days depending on the species, mice are at the beginning of this range (18-19 days) and rats are in the midd...
	1.6 Comparison of Human and Rat Embryonic Stem Cells
	For developmental studies, a commonly used in vitro system is ESC differentiation. Before starting a developmental in vitro comparison study, it is important to understand the differences between rat and human ESCs as well as differing culturing metho...
	1.7 Transcription Factor and Chromatin Dynamics in ESC Differentiation into Neuronal Lineages
	At its core, neuronal lineage specification and differentiation are driven by chromatin remodeling causing accessibility changes around TF binding sites near promoter and enhancer regions called cis-regulatory modules (CRMs) along with downstream sign...
	One way to study CRMs is through a method termed chromatin footprinting, which requires deep sequencing of DNA in chromatin to investigate where TFs might be bound to the DNA. One method commonly used in footprinting analysis is Assay for Transposase-...
	A key area of research that has been understudied in rats is the regulation of lineage specification in neural development via transcription factors and signaling molecules. One way to study this is through the use of ESC differentiation. Comparative ...
	1.8 Brain and Circuit Development
	A circuit refers to a set of interconnected components that work together and perform a particular function.  The definition of a brain circuit is slightly more complicated.  A brain circuit can consist of a group of neurons that receives electrochem...
	In the prenatal brain, as developing neurons mature into post-mitotic neurons, they migrate via a diverse set of signaling gradients, neighboring neuronal cells, and structural glial cells. As these developing neurons reach their destination, they for...
	1.9 Formation and Function of the Hypothalamus, PVN, and Stress Pathway in the Brain
	The hypothalamus is located in the ventral forebrain and regulates energy homeostasis, fluid balance, stress, growth, reproductive behavior, emotion, and circadian rhythms 53. The telencephalon and diencephalon forms from the anterior-ventral part of ...
	The PVN contains heterogeneous parvocellular neurons, magnocellular neurons, and long-projecting neurons. Parvocellular neurons project to the median eminence and in response to environmental stress secrete corticotropin-releasing hormone (CRH) to ini...
	The HPA axis is mediated by various hormonal signals and distinct neuronal inputs. Glucocorticoids, as well as being a target of HPA axis activation, provide negative feedback on the HPA axis. This negative feedback limits HPA axis activation by inhib...
	1.10 Cellular and Molecular Diversity of CRH Positive Neurons of the PVN
	There are three different subdivisions of the PVN, each marked with a unique pattern of gene expression. Gad2 and Ntng1 expression is highly enriched in anterior PVN. Vglut2, Crh, and Avp expression has been found in the middle PVN, and Vglut2, Gad2, ...
	The PVN has the highest concentration of CRH positive neurons in the brain, and this population can be further divided into three major subclasses. The first is parvocellular, termed for their small size, CRH neurons found in the anterior and medial–d...
	1.11 Early Life Stress and its Effect on Brain Development
	Postnatal brain and brain circuit development as well as maturation are regulated by genetics and environmental inputs via epigenetic mechanisms 58,59.  DNA methylation, histone acetylation, and noncoding RNAs such as microRNAs are all examples of epi...
	1.12 Common Model Organisms and Techniques used to Study Early Life Adversity
	Methods for studying ELA using animal models have been developed to mimic the effect of adverse environments on human brain development 61,62.  There are two common mammalian model organisms used to study the consequences of ELA on adult outcomes; non...
	Some examples of ELA models in non-human primates include peer-rearing versus maternal rearing, where infants are either raised in a nursery until postnatal day (PND) 30, then placed with similar aged peers for 6 months or raised in their mothers’ car...
	A well-characterized preclinical rodent model of ELA is the limited bedding and nesting (LBN) model 65. The LBN model mimics an impoverished environment, inducing unpredictable maternal care, during a critical period of brain development 61,66,67. It ...
	The ELA model environment is typically given between PND 2 and PND 9-10 for rodents because this has been shown to be the sensitive period 61. The timing and duration of when the stress is applied to have the greatest impact on brain development has b...
	Models of ELA induce enduring long-term consequences 61 including reduced reward seeking 68–71, impairments in hippocampal memory 65,72–75, and altered development of fear inhibition pathways 76. Combined, these data suggest that there are complex and...
	1.13 Methods and Techniques used for Studying ELA in Humans
	Studies surrounding ELA in humans are typically observational, with no treatment and control groups due to moral implications. However, because of this the ELA is assessed on a spectrum of adversity, and not specifically in one group or another.  Some...
	Environmental signals that generate stress in the adult such as restraint are not stressful to a newborn.  This is due to the immaturity of both the developing stress circuit and the brain. The developing processes in the brain during this period incl...
	1.14 Investigating Epigenetic Changes via DNA Methylation
	Recent studies have started to look at molecular changes in CRH neurons such as alterations in CRH expression caused by stress 80,81. However, depending on the timing and duration of the stress, CRH levels can either increase or decrease 77,78. These ...
	On the same note, gene expression responses to stress later in life can be predicted by maternal interactions with offspring during sensitive periods of brain development. Augmented maternal care, i.e. high rates of maternal licking and grooming in ro...
	Although it is already known that DNA methylation changes correlate with gene expression changes that occur as a result of ELA, it would be interesting to determine whether these DNA methylation changes could provide a useful epigenetic signature of E...
	1.15 Thesis Overview
	The central theme of my thesis is to understand developmental conservation of gene regulation during mammalian evolution as well as the developmental plasticity of epigenetic regulation. Using a combination of both experimental and computational metho...
	In Chapter 2, I investigate integrative analysis of mRNA expression and open chromatin dynamics during lineage specification. We asked the question: how conserved are the transcriptome and chromatin dynamics of transcription factors involved in NPC an...
	In Chapter 3, we study single-cell transcriptomics of hypothalamic CRH-expressing neurons. We asked the question: how does early life adversity effect the transcriptome of the Crh positive PVN neurons in the hypothalamus?  I use single-cell RNA sequen...
	In Chapter 4, we compare Intra-individual peripheral methylation signatures of diverse early life experiences. We hypothesize that intra-individual methylome signatures show transcription-driven alterations of cellular growth and function in a spectru...
	1.16 Figures
	Figure 1.1 Neural Progenitor Cell Differentiation in vitro
	Different stages of neural progenitor cell differentiation in both rat and human and the markers defining each stage.
	Figure 1.2 Definitive Endoderm Differentiation in vitro
	Different stages of definitive endoderm differentiation in both rat and human and the markers defining each stage.
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	Comparative Chromatin Dynamics of Stem Cell Differentiation in Human and Rat
	2.1 Abstract
	Differentiation of cell types homologous between species are controlled by conserved networks of regulatory elements driving gene expression. In order to identify conservation of gene expression and chromatin accessibility during cell differentiation ...
	2.2 Introduction
	A fundamental question in biology is how lineage specification is regulated by a large cohort of transcription factors (TFs) and signaling molecules. Lineage specification and differentiation are driven, at least in part, by chromatin remodeling causi...
	Previous functional genomics studies have shown that binding of stage-specific TFs to cis-regulatory elements (cREs) controls precise spatiotemporal gene expression. Previous research on cis-regulatory element gain or loss (i.e. turnover) has historic...
	Mammalian embryonic stem cells (ESCs) are defined by their unique ability to self-renew and to generate all lineages of the organism. ESCs divide asymmetrically, producing a daughter cell with more limited differentiation properties 7. The formation o...
	In the past decade, several groups have established protocols from human ESCs to efficiently differentiate into pancreatic and hepatic cells in vitro and to characterize changes in gene expression during the differentiation process 9–11. However, thes...
	Our hypothesis is that a select group of conserved regulatory elements are deployed dynamically to regulate gene expression during the process of DE and/or NPC differentiation. In order to quantify the extent of conservation of GRNs between rats and h...
	2.3 Results
	2.3.1 Generation of Definitive Endoderm and Neural Progenitor Cells in Two Species

	We induced the differentiation of rat and human embryonic stem cells (ESCs) into ectodermal NPCs and DE to quantify the transcriptional and candidate cis-regulatory element (cCRE) dynamics that drive cellular commitment. Previously developed methods ...
	Differentiation of both DE and NPC in both species requires the downregulation of key pluripotent genes, OCT4 and NANOG (Figure 2.1B). However, lingering expression of pluripotency markers has been shown in humans, but does not occur in rodents 37,38...
	2.3.2 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE in Rat

	We next focused on the comparison of expression and cCRE dynamics between NPC and DE in rat to identify candidate regulators for the differentiation of each cell type. We collected a daily time-course of differentiation in duplicate for RNA-seq and AT...
	We used gene ontology (GO) to analyze clusters higher in NPCs (blue) and DE (green) (Figure 2.2B) to investigate functional roles of TFs which increased in expression in a cell-type specific manner. Cluster RR11, which sharply increases in expression ...
	Next, we investigated changes in chromatin accessibility in the differentiation time-courses using ATAC-seq by clustering differential cCREs as previously described for gene expression (Figure 2.2C, Table 2.3). For genes with more than one associated ...
	We then focused on the accessible regions surrounding TF genes that are also differentially expressed (Figure 2.2C). TFs found to be differential in both expression and accessibility profiles may be key in the regulation of differentiation for their r...
	To explore functional roles of cell-type specific TF cCREs we used GO for clusters increasing in NPCs (blue) and the DE (green, Figure 2.2D). Cluster RA7, which increases in accessibility after day 1 in NPC differentiation, is enriched for GO terms li...
	We investigated which TF motifs are found in differentially accessible regions in each cluster using Homer (Figure S2.3C, S2.3D) (see methods). Motifs found in ESC-like clusters include Sox2, Pou5f1 (Oct4), and Nanog. DE cluster motif enrichments incl...
	To mine clusters for differential gene expression and cCRE interactions we analyzed the relationship between differential RNA and ATAC clusters in rat. We used the overlaps to build a contingency table that contains the association of each of the diff...
	We then mined the accessible regions with significant overlap (from Figure 2.2E) for TF footprints (see methods, Figure 2.2F). The most enriched footprints are Klf, Sp1, and Zic, which are found in multiple ESC, DE, and NPC sets of enriched interactio...
	2.3.3 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE in Human

	We repeated the same analysis for human ES cell differentiation using the human H1 ESC line to identify candidate regulators for the differentiation of each cell type. We collected 27 RNA-seq human datasets (see methods), resulting in 17,661 genes exp...
	We performed GO analysis of clusters increasing in NPC (blue) or DE (green) (Figure 2.3B). Cluster HR14, which increases in expression after day 3 in the NPC time-course, is enriched for GO terms such as brain development (p < 4x10-9) and forebrain de...
	Next, we investigated changes in chromatin accessibility in the human differentiation time-courses using ATAC-seq (Figure 2.3C). We collected 27 ATAC-seq human datasets (see methods), resulting in 75,271 accessible chromatin regions in two or more rep...
	Next, to explore functional roles of cell-type specific TF cCREs we analyzed each cCRE cluster using GO for clusters increasing in NPC (blue) and DE (green, Figure 2.3D). Cluster HA18, with the greatest accessibility on day 5 of the NPC time-course, i...
	We single out the TFs found in both Human and Rat NPC and DE differentiation. Many of the TFs upregulated in both cell-types are upregulated in both rat and human, such as LHX1, bHLHE40, and RARA for NPC differentiation and PITX2, RARA, and CER1 for D...
	We then investigated which de novo motifs are found in each cluster using Homer (Figure S2.5C-D). We found POU5F1, SOX2, and NANOG motif enrichment in ESC clusters, whereas NPC clusters were enriched for MEIS2, MEF2A, and SP1 motifs. The MEF2A motif i...
	We then investigated which de novo motifs are found in each cluster using Homer (Figure S2.5C-D). We found POU5F1, SOX2, and NANOG motif enrichment in ESC clusters, whereas NPC clusters were enriched for MEIS2, MEF2A, and SP1 motifs. The MEF2A motif i...
	Next, we analyzed the relationship between differential cCREs and expression clusters in human, similar to what we did in rat (see methods, Figure 2.3E). We detected 20 sets of significantly enriched interactions (Table 2.11). Of these, 13 had concord...
	We then mined the ATAC regions with significant overlaps from Figure 2.3E for footprints (see methods, Figure 2.3F). The most enriched footprints include SOX2, SOX17, and SP5. These motifs are found in multiple ESC, DE, and NPC enriched interactions a...
	2.3.4 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC Between Rat and Human

	We then focused on one-to-one orthologs that are expressed in at least one species and detected 9,898 genes expressed above 5 TPM in at least two replicates across NPC differentiation in either species. We computed the differential expression between ...
	Next, we investigated each cluster using GO and separated clusters by their group affiliation, starting with the early group (Figure 2.4B). Early cluster JNR1 is enriched for GO terms such as negative regulation of neuron apoptotic process (p < 2x10-4...
	Next, we compared the changes in chromatin accessibility in NPC differentiation between rat and human (Figure 2.4E) by clustering cCREs as previously described. We detected 25,599 uniquely alignable accessible chromatin regions in at least two replica...
	Next, we used GO to analyze each cCRE cluster, separating the clusters into early (light blue), late (dark blue) and species-specific (pink), starting with the early group (Figure 2.4F). Early cluster JNA9 is enriched for GO terms such as brain develo...
	2.3.5 Distinct Transcriptional and Chromatin Accessibility Trajectories for DE Between Rat and Human

	We analyzed the expression one-to-one orthologs during DE differentiation in both species using maSigPro and detected 7,320 differentially expressed genes (Figure 2.5A). These genes were further classified into 12 clusters with distinct stem, mesendod...
	In order to determine the roles of differentially expressed genes during DE differentiation, we ran GO analysis on each cluster and summarized the biological processes of these genes by their early or late expression profiles. The early groupings of g...
	To further understand transcriptional control during DE differentiation in human and rat, we identified cCREs that showed differentially chromatin accessibility during DE differentiation in two species (Figure 2.5E) and found 18,942 (74% out of 25,599...
	In order to further characterize the TF regions in each of the groups of clusters we analyzed the GO terms for the clusters in each group. The early grouping of accessible regions were significantly associated with regulation of neuron differentiation...
	These results indicate that there are groups of genes and regulatory elements with conserved transcriptional patterns across species. Chromatin accessibility is complementary with gene expression to identify conserved regulatory modules during DE diff...
	2.3.6 Integrative analysis of NPC Differentiation

	We then compared the relative conservation of gene expression and cCRE clusters between rat and human during NPC differentiation. We analyzed Early, Late, and species-specific RNA and chromatin clusters from Figures 2.4 to identify significant enrichm...
	We then mined the cCREs in the enriched clusters for footprints using Wellington and motifs using homer (Figure 2.6B). The most enriched footprints are SP5, KLF, SP1, and CTCF. These motifs are found in significant overlapping most clusters. Footprint...
	2.3.7 Integrative analysis of DE Differentiation

	We investigated the TFs that drive DE differentiation in both species using the same approach that we applied to NPC differentiation. We found that 10,148 cCRE (out of 18,942 in Figure 2.5E) were within 20kb of 5,322 differentially expressed genes (ou...
	We also mined the ATAC regions with significant overlap for footprints (Figure 2.6B). The most enriched footprints include SP1, MAZ, and TFE3. These motifs are found in the majority of clusters and are general candidate regulators for both mesendoderm...
	2.4 Discussion
	We used RNA and ATAC sequencing in a daily time-course to map gene and cCRE dynamics during differentiation into ectodermal NPCs and DE in rat and human. The comprehensive gene expression and chromatin accessibility changes allowed us to identify cons...
	We find many cCRE similarities between NPC and DE in both species. For instance, the neuroectodermal marker, GBX2 is in significantly enriched early gene interactions in both NPC and DE time-courses in both species 63. EGR1 is found in significantly e...
	The conserved TFs FOXA2 and SOX17 were both up-regulated during DE differentiation, with relatively higher expression in rat than in human. CXCR4 is another key marker of mammalian endoderm differentiation 9,14,21 and was upregulated in both species w...
	Of the most enriched footprints shared between both NPC and DE differentiations SP5, KLF, SP1, and CTCF are needed in many cell types and for a broad range of cell functions 78,79. SP5 has been found to interact with brachyury/T during development 80....
	One of the most striking results of our comparative analysis of NPC and DE differentiation is that we find considerably more conservation during DE differentiation than NPC differentiation (Figure 2.7). This could be a product of the in vitro system o...
	We used transcriptome and cCRE changes during the differentiation of rat and human ESCs to map expression changes and cCRE dynamics during differentiation into ectodermal NPCs and DE lineages. Our gene expression time-courses allowed us to carefully d...
	We have discovered evolutionarily conserved and species specific cis-regulatory elements by comparing conserved DNA between rodents and humans whose lineages diverged about 91 million years ago 5. While mice are often used in comparative genomic analy...
	Figure 2.1 Generation of Definitive Endoderm and Neural Progenitor Cells in Two Species
	A) Schematic representation of study design. Color indicates differentiation cell lineage. Letters next to differentiation days (AR) indicate RNA-seq (R) and ATAC-seq (A) timepoints. Red color indicates change in media composition. B) Heatmap of marke...
	Figure 2.2 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE in Rat
	A) Heatmap of differentially expressed genes in NPC and DE differentiation in rat. Hierarchical clustering was used where dark blue is low expression and red is high expression TPM values were log transformed and row-mean normalized. Colors on the far...
	Figure 2.3 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC and DE in Human
	A) Heatmap of 5,755 differentially expressed genes (alpha = 0.05, p < 0.05) in NPC and DE differentiation in human. Hierarchical clustering was used where dark blue is low expression and red is high expression. Transcripts per million (TPM) values wer...
	Figure 2.4 Distinct Transcriptional and Chromatin Accessibility Trajectories for NPC Between Rat and Human
	A) Heatmap of 3,562 differentially expressed genes (alpha = 0.05, p < 0.05) in NPC differentiation in rat and human. Hierarchical clustering was used to generate eighteen expression clusters denoted by the adjacent number. Transcripts per million (TPM...
	Figure 2.5 Distinct Transcriptional and Chromatin Accessibility Trajectories for DE Between Rat and Human
	A)  Heatmap of 7,320 differentially expressed genes (alpha = 0.05, p < 0.05) in DE differentiation in rat and human. Hierarchical clustering was used to generate 12 expression clusters denoted by the adjacent number. Transcripts per million (TPM) valu...
	Figure 2.6 Integrative analysis of NPC and DE Differentiation
	A) Heatmap of X2 p-values on a contingency table of clusters of accessible regions and expression clusters with applied P-value of 10-4 (Bonferroni corrected P-value: 0.05/[18 × 18]). The significant cluster overlaps are surrounded by a black box. The...
	Figure 2.7 Summary Figure
	Genes listed under the Early and Late NPC and DE arrows are some of the conserved genes we found during each stage of differentiation in rat and human. Overall, we find more conservation in DE differentiation than NPC differentiation.
	Figure S2.1 Related to Figure 2.1. Monolayer differentiation of embryonic stem cells into definitive endoderm and neural progenitor cells
	A) Schematic representation of study design.  Color indicates differentiation cell lineage.  Human or rat symbols denote species.  Arrows indicate media composition. B) Brightfield images of eight day time-course of rat NPCs by using adapted protocol ...
	Figure S2.2 Related to Figure 2.2, correlation and visualization of differential ATAC and RNA profiles over rat NPC and DE differentiation time-courses
	A) Pearson correlation of expression profiles over rat NPC and DE differentiation time-courses. The samples are separated into early and late expression profiles for each time-course. B) UMAP representation of differential expression profiles of rat N...
	Pearson correlation of open chromatin profiles over rat NPC and DE differentiation time-courses. The samples are separated into early and late expression profiles for each time-course. D) UMAP representation of differential open chromatin profiles of ...
	Figure S2.3 Related to Figure 2.2, gene ontology and motif analysis of differential open chromatin regions in clusters
	A) Gene ontology (GO) enrichment analyses of differentially expressed rat genes in ESC category. B) GO enrichment analyses of differential open chromatin rat regions in ESC category
	Motif enrichment between differential open chromatin regions in clusters. Clusters on the left are in the same order as the differential heatmap in Figure 2.2C. C) Examples of four open chromatin elements in rat visualized in Integrative Genome Viewer...
	Figure S2.4 Related to Figure 2.3, correlation and visualization of differential ATAC and RNA profiles over human NPC and DE differentiation time-courses
	A) Pearson correlation of expression profiles over humanNPC and DE differentiation time-courses. The samples are separated into early and late expression profiles for each time-course. B) UMAP representation of differential expression profiles of huma...
	Figure S2.5 Related to Figure 2.3, gene ontology and motif analysis of differential open chromatin regions in clusters
	A) GO enrichment analyses of differentially expressed human genes in ESC category. B) GO enrichment analyses of differential open chromatin human regions in ESC category. C) Motif enrichment between differential open chromatin regions in clusters. Clu...
	Table 2.1 Statistics for RNA and ATAC experiments
	Table 2.2 Rat maSigPro expression clusters NPC versus DE
	Table 2.3 Rat maSigPro open chromatin clusters NPC versus DE
	Table 2.4 Human maSigPro expression clusters NPC versus DE
	Table 2.5 Human maSigPro open chromatin clusters NPC versus DE
	Table 2.6 Human and Rat maSigPro expression clusters NPC
	Table 2.7 Human and Rat maSigPro open chromatin clusters NPC
	Table 2.8 Human and Rat maSigPro expression clusters DE
	Table 2.9 Human and Rat maSigPro open chromatin clusters DE
	Table 2.10 Correlation of mRNA-ATAC clusters in rat NPC and DE comparison analysis
	Table 2.11 Correlation of mRNA-ATAC clusters in human NPC and DE comparison Analysis
	Table 2.12 Correlation of mRNA-ATAC clusters in rat and human NPC differentiation
	Table 2.13 Correlation of mRNA-ATAC clusters in rat and human DE differentiation
	2.7 Methods
	2.7.1 Embryonic stem cell maintenance

	H1 (male) human embryonic stem cells (ESCs) were obtained from WiCell and maintained in STEMCELL Technologies TeSR-E8 medium on growth factor reduced (GFR) Corning Matrigel. Cells were routinely passaged every 2-3 days with 0.5mM EDTA in dPBS. DAc8 (m...
	2.7.2 Definitive endoderm (DE) differentiation on monolayer in vitro

	Human ES cells were differentiated using the STEMdiff Definitive Endoderm Kit (TeSR-E8 Optimized) from STEMCELL Technologies 29. Rat ES cells were differentiated following an optimized mouse protocol 12–14. For rat, cells were first transferred from M...
	2.7.3 Neural Progenitor Cell (NPC) Differentiation on monolayer in vitro

	Human ES cells were differentiated using an adapted, previously established protocol 28. Briefly, cells were passaged and plated on matrigel and allowed to reach 30-40% confluence. After which media was changed to NPC medium (1:1 IMDM/F12 supplemented...
	2.7.4 RNA-seq library construction

	Total RNA was extracted once a day during differentiation using the RNeasy kit (QIAGEN). RNA was converted to cDNA using the SmartSeq2 protocol 96. Libraries were constructed by using the Nextera DNA Flex Library Prep or Illumina DNA Prep kit (Illumin...
	2.7.5 ATAC-seq library construction

	ATAC-seq samples were collected from the same pool of cells collected daily for RNA-seq and flash frozen based on the omni-ATAC protocol 97. Around 75,000 cells were used per replicate and libraries were size-selected between 150-500bp using electroph...
	2.7.6 Gene expression analysis

	Raw reads were mapped to hg38 (human), and rn6 (rat) using STAR (version2.5.1b) 99 using defaults except with a maximum of 10 mismatches per pair, a ratio of mismatches to read length of 0.07, and a maximum of 10 multiple alignments. Quantitation was ...
	2.7.7 ATAC-seq data processing and analysis

	Raw reads were mapped to hg38 (human) and rn6 (rat) using bowtie2 100,103.Reads mapped to ChrM were discarded and PCR duplicates were removed by using Picard 104. HOMER/4.7 105 was used to call candidate regulatory elements (cRE). It was first used fo...
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	All the genes passing the FDR<0.1 filter for differential expression are shown on all the CRH positive PVN neurons in the heatmap in Fig. 3.17 and all the glutamatergic cells in Fig. 3.18. The heatmap is quantile and row normalized so the expression v...
	3.4 Discussion
	In this study we provide the first comparison of single cell transcriptomics analysis of CRH positive PVN neurons between ELA and CTL conditions. We found multiple sub-types of CRH neurons within the PVN that were differentially affected by ELA and di...
	3.4.1 Adversity during sensitive periods enriches genes associated with neuronal maturation, differentiation, and stress

	Based on a comparison of gene expression profiles of PVN CRH positive neurons from the ELA condition and the CTL condition as well as pathway analysis of all enriched genes, our results suggest that ELA leads to accelerated neuronal differentiation. C...
	Additionally, cells from the ELA condition are enriched for genes that play a role in neuronal maturation, differentiation, and mitigating neuronal stress. Suggesting that neurons from the ELA condition are undergoing more stress due to increases in n...
	Clustering using Seurat identified interesting differences in gene expression profiles of CRH positive PVN neurons, suggesting different neuronal populations.  This is consistent with the literature suggesting that there are different sub-populations ...
	Cluster 1 was characterized by genes encoding ribosomal proteins. The process of translation is heavily controlled and regulated, and many Rpl genes also control cell proliferation, cell cycle arrest, and cell death 67.
	Genes enriched in cluster 2 were representative of glutamate excitotoxicity and cell death, glycogen synthesis activation, activation of neuronal mitochondrial, axon guidance, and redox pathways, and protection of neurons from neuronal degeneration. G...
	Cluster 3 included expression of genes associated with cell proliferation, differentiation, and neuronal cell death, as well as genes associated with synaptic drive, postnatal development of hypothalamus, and cell proliferation and angiogenesis. Expre...
	Genes upregulated in Cluster 4 were primarily transcription factors. With genes involved in neuronal identity and circuitry, axonal navigation, neuronal migration, and neurogenesis. Tcf7l2, is a transcription factor in the Tcf/Lef family, which activa...
	Cluster 5 genes were representative of axon development, microtubule development, and synaptic transmission. Genes enriched in this cluster include the tubulin family of genes, including Tubb2a and Tubb2b, these are required for  microtubule developme...
	3.4.3 ELA differentially affects neuronal subtypes of CRH expressing cells in the PVN

	To investigate differences between the clusters, and sub-populations, we used differential expression analysis between the ELA and CTL conditions within each cluster.  Cluster 1, 2 and 4 were the only clusters that had differentially expressed enriche...
	Cluster 1 had some very interesting genes enriched in the ELA condition which suggested that these cells may be undergoing neuronal ER stress and are trying to mitigate neural damage caused by stress. For example, Nnat is normally expressed in the emb...
	Only three genes were enriched in the CTL condition in cluster 2 so it is hard to draw any robust conclusions. Dctn4, encodes Dynactin Subunit 4, the multi-subunit complex, Dynactin, is required for most cellular processes powered by the microtubule-b...
	3.4.4 ELA differentially affects cells which express different neurotransmitters

	As the clusters were not representative of early-life experience, we further investigated differences between ELA and CTL conditions within cells that were expressing glutamatergic markers and GABAergic markers.  We found many interesting differential...
	Upregulated in the control condition are genes including Cox7c, or cytochrome c oxidase (COX) catalyzes the electron transfer from reduced cytochrome c to oxygen and is a component of the mitochondrial respiratory chain 86. Also upregulated is NADH de...
	Upregulated in the ELA condition of glutamatergic cells, Eif1 function is involved in the initiation of translation, and is very important in all cells 89. Psma6 helps to form an essential component of the 20S core proteasome complex. This complex is ...
	In these cells, individual enriched genes as well as pathway and GO analysis suggests that neurons in the ELA condition may have altered energy production or are not able to properly maintain excitability or synaptic transmission. Whereas, the majorit...
	3.4.5 Conclusion

	In conclusion, ELA causes altered gene expression patterns in CRH expressing PVN neurons, which are associated with cellular processes such as ER stress, altered energy production, and protection from injury. This may be an indication of abnormal incr...
	3.5 Figures
	Figure 3.1 Limited bedding and nesting (LBN) model for ELA and experimental timeline.
	A) A1 is the CTL model and A2 is the LBN model for ELA.  Below A1 and A2 is the postnatal day timeline for ELA exposure and subsequent preparation of single cell suspension of PVN cells for FACS. B) Schematic of CRH positive PVN cells, in red, are is...
	Figure 3.2 Characterization of batch, age, weight, and non-PVN marker Pgr15l expression of 511 cells
	A) UMAP characterization of 24 batches across 511 cells to determine little or no batch effect between sorts. B) UMAP characterization of age the cells were harvested between postnatal day 10 - 12. C) UMAP characterization of weight in grams of mice o...
	Figure 3.3 Classification of cell types in 430 cells by cell-type specific markers
	A) UMAP heatmap of microglia markers, C1qa and Csf1r. B) UMAP heatmap of oligodendrocyte markers Olig1 and Olig2. C) UMAP heatmap of astrocyte markers Apoe and Vim. D) UMAP heatmap of the endothelial marker Flt1. D) UMAP heatmap of the neuronal marker...
	Figure 3.4 Summary of marker gene expression and Crh positive PVN neurons in 430 cells.
	The marker gene expression from Figure 3.3 summarized on one UMAP. The Crh positive Snap25 positive will be sub-clustered and further analyzed in the following figures. All UMAPs were generated using Seurat v3.
	Figure 3.5 Crh expression in 430 cells and sub-clustering of 254 Crh positive PVN neurons.
	A) UMAP heatmap of Crh expression in 430 cells. The circled area are the 254 cells to be sub-clustered for further analysis. B) Sub-clustering of 254 Crh positive, Snap25 positive PVN neurons. Cells clustered into 5 distinct clusters using Seurat v3.
	Figure 3.6 Percentage of cells from ELA condition and CTL condition in each cluster and characterization of weight, batch, and age over 254 Crh positive PVN neuronal cells.
	A) Stacked bar plot of percentage of cells from the ELA condition and CTL condition in each cluster. Numbers on the bar represent the number of genes in each condition. B) UMAP characterization of weight in grams of mice on the day cells were harveste...
	Figure 3.7 Characterization of glutamatergic and GABAergic neurotransmitters.
	A) UMAP heatmap of glutamatergic marker, Vglut2. B) UMAP heatmap of GABAergic marker, GAD2. C) UMAP heatmap GABAergic marker, VGAT. D) Classification of neurotransmitter clusters based on expression profiles from Fig. 3.7A-C. E) Percentage of Glutamat...
	Figure 3.8 Further classification of glutamatergic, Vglut2 expressing, cells based on Avp expression or Ntng1 expression.
	A) UMAP heatmap of Ntng1 expression in 254 Crh positive PVN neurons. B) UMAP heatmap of Avp expression in 254 Crh positive PVN neurons. C) Further Classification of glutamatergic cells based on expression profiles of Ntng1 and Avp. Seurat custer borde...
	Figure 3.9 Global differential expression analysis of 254 Crh positive PVN neurons between the ELA and CTL condition.
	A)  Distribution of cells from the ELA and CTL condition represented via UMAP. The numbers are Seurat cluster numbers from Fig. 3.5B. B) Volcano plot of differential expression between the ELA and CTL conditions. There were 18 differentially expressed...
	Figure 3.10 Heatmap of all 46 globally differentially expressed genes between the ELA and CTL conditions.
	Row normalized expression values (TPMs) are shown on the color bar at the bottom of the heatmap. Cells are columns and rows are genes. Cells are split by whether they are from the CTL or ELA conditions. Cluster and age identities are also displayed in...
	Figure 3.11 Pathway analysis of differentially expressed genes in the ELA and CTL conditions using Reactome.
	A) Genes enriched in the CTL condition were analyzed using Reactome. B) Genes enriched in the ELA condition were analyzed using Reactome. Only pathways passing an FDR<0.05 filter were considered.
	Figure 3.12 Heatmap of top 12 enriched genes from each Seurat cluster using differential expression analysis.
	The top 12 differentially expressed genes from each cluster are listed. The columns are cells split by their cluster affiliation, and labeled with whether the cells are from the ELA or CTL conditions, and the age of the mice at collection.  The rows a...
	Figure 3.13 Differential expression analysis in each Seurat cluster between the ELA and CTL condition.
	A) Volcano plot showing differential expression between the ELA and CTL conditions from cells in cluster 1. There were 7 differentially expressed genes enriched in the ELA condition and 1 in the CTL condition. B) Volcano plot showing differential expr...
	Figure 3.14 Differential expression of distinct neurotransmitter expression defined subpopulations of CRH cells.
	A) Characterization of glutamatergic and GABAergic neurotransmitters. B) Volcano plot representing differential expression between the ELA and CTL conditions from cells in the glutamatergic cluster. There were 16 differentially expressed genes enriche...
	Figure 3.15 Gene ontology (GO) and pathway analysis of differentially expressed genes between the glutamatergic ELA and CTL conditions.
	A) GO analysis on genes enriched in the glutamatergic CTL condition were analyzed using metascape. B) Pathway analysis on genes enriched in the glutamatergic CTL condition were analyzed using Reactome. C) GO analysis on genes enriched in the glutamat...
	Figure 3.16 Differential expression of distinct glutamatergic marker expression defined subpopulations of CRH cells.
	A) Volcano plot of differential expression between the ELA and CTL conditions from cells in the glutamatergic Avp+ cluster. There were 0 differentially expressed genes enriched in the ELA condition and 5 in the CTL condition. B) Volcano plot of differ...
	Figure 3.17 Heatmap of all 41 glutamatergic and biomarker differentially expressed genes between the ELA and CTL conditions.
	Row normalized expression values (TPMs) are shown on the color bar at the bottom of the heatmap. Cells are columns and rows are genes. Cells are split by whether they are from the CTL or ELA conditions. Cluster and bio-cluster identities are also disp...
	Figure 3.18 Heatmap of all 41 glutamatergic and biomarker differentially expressed genes between the ELA and CTL conditions in glutamatergic cells.  Row normalized expression values (TPMs) are shown on the color bar at the bottom of the heatmap. Cells...
	3.6 Tables
	Table 3.1 FACS Stats, 602 cells were profiled from 88 animals
	Table 3.2 Top differentially expressed genes between ELA and CTL
	Table 3.3 Top differentially expressed genes between Seurat clusters
	Table 3.4 Top differentially expressed genes in glutamatergic cells between ELA and CTL
	3.7 Methods
	3.7.1 Animals

	Dams were Crh-IRES-Cre +/+ and were paired with Ai14 tdTomato males both on a C57Bl6 background. The resulting offspring were Crh-IRES-Cre; Ai14 tdTomato and were used for all experiments. Animals were housed in a 12-hour light cycle and provided ad l...
	3.7.2 Limited Bedding and Nesting (LBN).

	The simulated poverty limited bedding and nesting paradigm (LBN) consisted of limiting nesting and bedding materials in cages between P2-P9 as described previously. For the LBN group, a plastic-coated mesh platform was placed ~2.5cm above the floor of...
	3.7.3 Single cell preparation

	Dissection. P10-P12 pups were killed via decapitation and brains were removed immediately on ice. The brain was trimmed to a smaller block containing hypothalamus and was placed into a slush of EBSS. The block was then sliced on a vibratome to obtain ...
	Dissociation. The trimmed slices were placed immediately into papain and gently triturated ~15 times with a pipette to break up tissue before being placed on a heated (37C) orbital shaker for 30 minutes. Digested tissue was then homogenized by tritura...
	FACS. Samples were run on the aria fusion. Immediately prior to sort, cell suspension was run through a 70uM filter and washed with 500uL 2% FBS in PBS.  Cells were sorted into 8 well strip tubes and immediately spun down at 4C and frozen on dry ice.
	3.7.4 RNAseq pipeline

	Tdtomato positive hypothalamic cells from both ELA and CTL animals that are Crh positive are processed using the SmartSeq2 RNA sequencing protocol 60, Illumina Library prep and sequenced using the Illumina NextSeq500 sequencer.  FASTQ files were mappe...
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	Chapter 4
	Methylation signatures of diverse early life experiences in Human Infants: a novel, within-subject approach
	4.1 Abstract
	Early life adversity (ELA) is one of the largest environmental risk factors for abnormal brain circuit development and the development of psychiatric diseases. The brain is particularly sensitive to environmental stimuli during early brain development...
	The overall goal of this study is to establish a marker for the impact of diverse experiences on the developing human infant. We use an intra-individual approach to test DNA methylation changes that occur between birth and the first year of life in hu...
	4.2 Introduction
	Early life adversity (ELA) is a blanket term that includes adverse experiences in early life that includes abuse, neglect, malnourishment, poverty, and inconsistent maternal and caregiver inputs 3–5. ELA experiences pose a major threat to an individua...
	Chromatin modifications have been shown to be dynamically regulated in the developing brain 7,13–15. DNA methylation changes provided epigenetic markers of ELA in rats between a baseline control of normal maternal nurturing and an ELA model of advers...
	Early life parental sensory signals can shape the epigenetic programming of brain development, which can promote vulnerability or resilience to disorders presenting later in life 17.  In rodent models of ELA, strong ELA paradigms combined with identic...
	The overall goal of this study is to determine if ELA during a sensitive period of brain development in humans would lead to a detectable DNA methylation signature between a spectrum of ELA experiences. Here, we employ a preliminary analysis of a nove...
	4.3 Results
	4.3.1 Experimental set-up and analysis of RRBS samples between 77 individuals

	We used non-invasive buccal swabs to obtain a mix of epithelial and white blood cell (WBC) DNA from individual human babies twice, once as a newborn (A) and once after one year of life (B) (Fig. 4.1). We used a non-invasive method to collect the sampl...
	We used RRBS to assess DNA methylation (Fig. 4.1, and Fig. 4.2). RRBS uses bisulfite conversion to differentiate unmethylated cytosines (Cs) from methylated Cs 16,22.   The unmethylated Cs are converted to uracils (Us), which are then converted to thy...
	After sequencing, Illumina adapters were trimmed from reads using TrimGalore! 23 and mapped to a bisulfite-converted reference genome using Bismark and bowtie2 (Fig. 4.3) 24. We detected an average of 1,632,737 CpGs in both samples of the same indivi...
	4.3.2 Inter-individual analysis separated samples based on age in 34 individuals (68 samples) sequenced on the NextSeq platform

	First, we analyzed the samples sequenced using the NextSeq platform and identified a total of 21,748 significantly differentially methylated sites (DMSs) in at least one individual (Fig. 4.4).  We concatenated DMSs shared in at least 1 individual into...
	DNA methylation levels of DMRs in newborn (A) and one-year-old (B) samples were analyzed across individuals, some of which have unpredictability scores (Table 4.1), using dimensional reduction methods.  Similar to what was observed in rats between hig...
	4.3.3 Intra-individual changes in methylation may be able to distinguish early-life experience in individuals sequenced on the NextSeq platform

	In order to determine the epigenetic changes occurring during different experiences we wanted to compare intra-individual (or within an individual) differences in the dataset.  In order to accomplish this, we compared the delta methylation occurring w...
	We analyzed the intra-individual changes for each individual using PCA and determined that individuals could be separated by unpredictability score.  PC1 and 2 include up to 21.1% of the variances. PC2 could be separating the samples by their unpredic...
	4.3.4 Inter-individual analysis separated samples based on age in all 77 individuals (154 samples)

	Using the NextSeq platform we had to sequence the samples on average 2.6 times before we achieved the mapping read depth of 10 million mapped reads (Table 4.2). Due to this we decided to use a newer sequencing platform, the NovaSeq6000, to sequence ad...
	The samples sequenced on the NextSeq platform were sequenced with a length of 43bps and the samples sequenced on the NovaSeq platform were sequenced to a length of 100bps. The NextSeq platform is the first benchtop sequencing platform from Illumina an...
	A total of 77 individuals, or 154 samples, were sequenced on either the NextSeq or NovaSeq platforms. We Identified a total of 44,542 significant DMSs in at least one individual.  We tiled 9,726 DMSs shared in at least 2 individuals into 4,821 DMRs (F...
	4.3.5 Intra-individual methylation may be able to distinguish early-life experience in all individuals

	The age and sequencing method effects vanished after investigating the fold change within an individual (delta-methylation). Intra-individual analysis does not show differences between the two sequencing platforms, as individuals sequenced from each p...
	Now that we have determined that PC1 can separate levels of delta-methylation between individuals based on their early life experiences.  We set the cutoff threshold for significance at 0.015 and -0.015 (Fig. 4.13). We determined that the highest weig...
	We next wanted to investigate the genes with the most positive and most negative PC1 weights.  Genes found to be associated with DMRs with the most positive weights (suggesting they have decreased expression) are enriched in GO terms such as cell junc...
	We analyzed the significant GO terms with genes associated with DMRs from the most negative PC1 weights (suggesting increased expression) (Fig. 4.14B). Enriched GO terms included negative regulation of cell proliferation (which included  28/417 annota...
	Taken together, early life experiences cause decreases in methylation (or increases in expression) in genes associated with cell proliferation, energy regulation, as well as growth and increases in methylation (decreases in expression) in genes associ...
	4.4 Discussion
	In summary, we sequenced RRBS samples collected using buccal swabs from 77 individuals, 18 of which have known unpredictability scores. We used two different sequencing methods; 34 individuals were sequenced using the NextSeq500 platform, 43 individua...
	Previous studies investigating genome-wide DNA methylation over time have found that there is a large variability in methylation between subjects, this is especially true in human studies with a lot of genetic and environmental variability 27,28. Howe...
	In order to investigate changes due to environmental stressors it is important to remove inter-individual differences and focus on changes that occur within an individual over time. To overcome these hurdles, we investigated a novel method of investig...
	As expected 16,30,31, when the samples are analyzed together, from all 77 individuals, individual A and B samples are separated by age, and not unpredictability score. Samples are also separated by sequencing method on PC2 (Fig. 4.9B). Using delta-met...
	PCA analysis of intra-individual methylation separated individuals classified by high and low unpredictability groups via PC1 (Fig. 4.12). PC1 identified the highest and lowest weighted genes associated with an individual’s unpredictability score that...
	In conclusion, when comparing inter-individual differences between both A and B samples in each individual the epigenetic signatures in each sample separate by age.  In order to separate individuals by their early life experiences, we determined the f...
	4.5 Figures
	Figure 4.1 Sample collection and experimental timeline
	Buccal swab samples were taken as a newborn, sample A, and 12 months later, sample B. A spectrum of ELA conditions measured via an unpredictability score which is calculated using surveys and in-lab observations.  Buccal swabs were then processed usin...
	Figure 4.2 Bisulfite conversion and PCR amplification in RRBS
	Unmethylated C’s are converted to U’s during bisulfite conversion after which the converted DNA was amplified via PCR, converting Us to Ts. The converted DNA sequences were then sequenced using Illumina technology.
	Figure 4.3 Computational pipeline for analyzing RRBS data
	Sequencing reads were adapter trimmed using TrimGalore! Samples sequenced using the NovaSeq6000 platform were also trimmed to a bp length of 43 to match sequencing reads from the NextSeq500.  After trimming the reads were mapped to a bisulfite-convert...
	Figure 4.4 Number of shared DMSs found in 34 individuals with samples sequenced using the NextSeq500 platform
	A total of 21,748 DMSs were found in at least one individual in a total of 34 individuals. These DMSs were then tiled into 13,503 regions of 100 base pairs.  The regions were then used to combine the samples into a matrix.
	Figure 4.5 Separation by age when using methylation levels of 13,503 significant DMRs.
	Focusing on these 13,503 DMRs in 68 samples separate by age on a PCA of methylation profiles. Individual samples are labeled by age; dark pink: A, or newborn samples and, light pink: B, or one-year-old samples.
	Figure 4.6 PCA of samples focusing on the same 13,503 DMRs used previously, colored by high and low unpredictability.
	PCA of 68 samples labeled by unpredictability scores. Samples do not separate by unpredictability.
	Figure 4.7 PCA of delta methylation between B (one-year-old) and A (newborn) (log2(B/A))
	PCA of delta methylation focusing on the same 13,503 DMRs.  Samples are labeled by high or low unpredictability scores.
	Figure 4.8 Number of shared DMSs found in 77 individuals with samples sequenced using the NextSeq500 and NovaSeq6000 platforms
	A histogram of 44,542 DMSs was found in at least one individual in a total of 77 individuals. We consolidated 9,726 DMSs found in at least 2 individuals into 4,821 DMRs tiled into 100 base pairs.  The regions were then used to combine the samples into...
	Figure 4.9 Separation by age and sequencing method when using methylation levels of 4,821 significant DMRs.
	A) PCA of methylation profiles focusing on these 4,821 DMRs in 154 samples separate by age. Individual samples are labeled by age; dark pink: A, or newborn samples and, light pink: B, or one-year-old samples. B) PCA of the same profiles labeled by seq...
	Figure 4.10 PCA of samples focusing on the same 4,821 DMRs used previously, colored by high and low unpredictability.
	PCA of 154 samples labeled by unpredictability scores. Samples do not separate by unpredictability.
	Figure 4.11 PCA of delta methylation between B and A samples colored by sequencing method
	PCA of delta methylation focusing on 4,821 DMRs. Samples are labeled by whether the individuals were sequenced using the NextSeq500 (blue) or NovaSeq6000 (green) platforms..
	Figure 4.12 PCA of delta methylation between B and A samples colored by unpredictability score
	PCA of delta methylation focusing on the same 4,821 DMRs. Samples are labeled by high or low unpredictability scores. Green line separates unpredictability scores in PC1.
	Figure 4.13 Expected consequences of unpredictability-related DMRs
	PC1 weight analysis that separates individuals that scored in the high unpredictability group and the low unpredictability group.  Out of the 918 most positive weights, we found 24 genes overlapping with the rat ELA methylation paper 16. Out of 417 mo...
	Figure 4.14 GO analysis of top and bottom PC1 weights
	A) GO terms of 918 genes associated with most positively weighted DMRs (green). B) GO terms of 417 genes associated with most negatively weighted DMRs (purple).
	4.6 Tables
	Table 4.1 Unpredictability scores, categories and sequencing methods for each individual
	Table 4.2 Number of times each sample was sequenced
	4.7 Methods
	4.7.1 Collection of buccal swabs

	The buccal swab/saliva was collected using saliva sponges with OG-250 (DNA Genotek. Inc.) from each human baby on one week (newborn) and one year after birth following the manufacturer’s recommendation. The institutional IRB approved the study protoco...
	4.7.2 Isolation and quantification of DNA for making RRBS libraries from human buccal swab samples

	Each buccal swab/saliva sample in OG-250 was incubated in a 50  C water bath for 1 hour.  Then all liquid was collected from each sample.  We added reagent prepIT•L2P (DNA Genotek, Inc.) at 1/25 of the sample volume.  Each sample was then incubated fo...
	4.7.3 RRBS data processing and detection of differentially methylated regions (DMRs)

	The Illumina adapters were trimmed using Trim Galore v0.6.6 23 with Cutadapt v2.10 32 and FastQC v0.11.9 33 to apply quality and adapter trimming to Fastq files for RRBS-type libraries using the parameters ‘--fastqc --stringency 5 --rrbs --length 30 -...
	4.7.4 DNA methylation percentage calculation and Delta methylation

	The methylation percentage was calculated as the ratio of the methylated read counts over the sum of both methylated and unmethylated read counts for a single DMS or DMR. Delta methylation was calculated by the log2 transformation of the ratio of meth...
	4.7.5 PCA and K-Means clustering

	Principle component analysis (PCA) was performed by using the prcomp function using R version 4.0.2. PCA figures were made using ggplot2 in R 4.0.2 35. A DNA methylation heatmap was generated with the ComplexHeatmap function in R 4.0.2 36.
	4.7.6 Gene association analysis

	Genes associated with DMRs were identified using Homer v4.11 37. For subsequent analyses, annotations were kept if DMRs were located within 20kb of transcription start site (TSS) and DMRs were located in gene exons or introns. Gene ontology analysis w...
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	5.1 Advancements in ATAC-mRNA integrative analysis for inter-species comparison
	In Chapter 2, we used a daily time-course of RNA and ATAC sequencing to map gene expression and open chromatin dynamics during differentiation into both neural progenitor cells (NPCs) and definitive endoderm (DE) in rat and human. We identify conserve...
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	Predictions are not enough on their own, so the interesting interactions which are found in Chapter sections 2.3.6 and 2.3.7, including genes such as GBX2, EGR1, and PBX1 for NPC differentiation and ETV1, GBX2, and TGIF1 for DE differentiation, can be...
	As mentioned previously, integrating scRNA-seq and scATAC-seq data can be used to build predictive GRNs. By conducting time course experiments similar to what we did in Chapter 2, we can collect scRNA and scATAC daily time points in order to further i...
	Rodents, especially rats and mice, are the most utilized model organisms for biomedical research, particularly in neuroscience 6,7.  Until recently mice were predominantly used for research, however, rats are becoming increasingly popular, 7–9. Rats a...
	5.2 Improvements to comparisons between early life adversity and control conditions using single-cell transcriptomics
	In Chapter 3, we set out to determine the effect of early life adversity (ELA) relative to a well nurtured control (CTL) on the transcriptome of Crh positive neurons in the paraventricular nucleus (PVN). We used the LBN model in Crh-IRES-Cre; Ai14 tdT...
	We decided to use SmartSeq2 as the method of scRNA-seq to achieve deep full-length sequencing of transcripts each cell. There are numerous benefits and drawbacks to using this method. Some benefits include recovery of full-length cDNAs.  Cells are als...
	However, since this method has the major drawback of increased manual labor and low multiplexing it is much harder to get a lot of cells using this method.  To combat this we could FACS the cells from both ELA and control conditions for Crh expression...
	Models of ELA induce enduring long-term behavioral consequences 14. Some of these consequences include diminished reward seeking 15–18, hippocampal memory deficits 19–23, and augmented fear inhibition pathways 24 in adult rats and mice. One of the cel...
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	By following the individuals throughout multiple stages of their life, data from later stages of life can eventually be added to the models.  There is hope that the research will lead to prediction and, ultimately, treatment of negative long term adve...
	In conclusion, epigenetic changes are often seen at the level of individual genes, but conservation seems to be at a higher level.  For example, networks of genes and neural circuits respond to differentiation and/or environmental cues.
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