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ABSTRACT

Pluripotency is characterized by the capacity to self-renew and differentiate into
all cell types. This state relies on both extrinsic factors, such as leukemia inhibitory
factor and bone morphogenetic protein, and intrinsic factors, including pluripotent
transcription factors.

While the role of pluripotent transcription factors in stem cell maintenance is well
understood, their functions beyond pluripotency remain unclear. In this study, we
focused on NANOG, a core member of the pluripotency network, and investigated its
roles in two different models of differentiation: the transition from the naive to the primed
pluripotent state and neuroectodermal differentiation.

Our findings demonstrate that NANOG plays a dual role. It functions as a
pluripotency maintenance factor during the undifferentiated state and can direct
mesodermal specification during early differentiation. We propose that this mechanism
is achieved through the indirect recruitment of co-transcription factor LHX1. These
results reinforce the fundamental concept of pluripotent transcription factors such as

NANOG in governing cell fate decisions and subsequent developmental programs.



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Molecular biology has long been plagued by a question that has eluded scientists
for decades: how does a single cell transform into a fully functioning organism?
Developmental biology, a field dedicated to uncovering the mysteries of this process, is
partly focused on understanding the mechanisms that dictate cell fate determination. In
essence, cell fate decision refers to the complex processes that determine the final type
of cell a given cell will become. The process of pluripotency and differentiation, two
distinct but related processes, are critical for understanding how a cell’'s fate is
determined. By shedding light on this intricate process, we can gain a greater
understanding of how a cell transitions to a specific fate.

The commitment of a cell to a specific fate is a complex process that involves two
stages: specification and determination.” When a cell is specified to a particular fate, it
is still reversible and can transition to another cell type. However, once a cell is
determined, its fate is irreversible and will differentiate into a specific cell type.

Transcription factors play a critical role in regulating gene expression during cell
fate determination. They can work in complex combinations, each binding to specific
sites in DNA to activate or repress target genes. Different combinations of transcription
factors are required for different cell types, and the precise timing and level of
expression are essential for accurate cell fate decisions. As a cell progresses from a
less restrictive to a more restrictive state during fate determination, transcription factors

bind to regulatory regions in DNA and shape the gene expression landscape, ultimately



leading to the expression of genes that define a cell’s fate. The interplay between these
factors, along with external signaling cues and environmental factors, guides a cell
towards its final fate. However, before a cell fate is specified, it must undergo a series of
developmental transitions, starting from its pluripotent condition and through
intermediate states into cell lineages that activate subsequent developmental events.
This thesis aims to investigate the role of NANOG in cell fate determination,
focusing on two models of differentiation; naive to primed pluripotency and
neuroectodermal differentiation. To achieve this, we will employ a comprehensive
approach integrating multiple omics techniques, including Assay for Transposable
Accessible Chromatin (ATAC), Chromatin Immunoprecipitation (ChlIP), and RNA
sequencing. Through this approach, we seek to enhance our understanding of
NANOG's involvement in the differentiation process. Ultimately, our work will contribute

to the growing body of evidence of pluripotent factors acting as lineage specifiers.



LITERATURE REVIEW
EMBRYOGENESIS

Embryogenesis begins with the formation of a zygote resulting from the fusion of
male sperm cells and female oocytes. The zygote undergoes multiple rounds of cell
division until it reaches the 8 - 16 cell stage, after which it forms the compacted morula
(Figure 1), usually around four days post-conception.? During the early stages, cells
have the highest developmental potential to differentiate into both embryonic and
extraembryonic tissues (also referred to as Totipotency).

The cellular potency of cells is important in determining its ability to differentiate
into various cell types. Cells possess different levels of potency, ranging from
totipotency, where cells can give rise to all cell types including the placenta, to
pluripotency, where cells can differentiate into all cell types except the placenta, to
multipotency, where cells can differentiate into a limited number of cells within a
particular lineage, and unipotency, where cells can only differentiate into one type of cell
(Figure 2). The level of potency that a cell possesses places a constraint on the cell

type it can differentiate into and thus influences the cell fate decision.



Zygote (EQ.5) Morula (E 2.5) Early blastocyst (E3.5) Late blastocyst (E4.5)

Figure 1. STAGES OF EARLY DEVELOPING EMBRYO

ICM - Inner cell mass

TE -Trophoectoderm
EPI - Epiblast

PrE - Primitive Endoderm

After the fusion of the male sperm cell and the oocyte, the zygote is formed. The first cell
lineage decision takes place when the inner cell mass (ICM) differentiates from the
trophectoderm.



The morula is an early-stage embryo consisting of a compact mass of 16 cells.?
Through a process called blastulation, it undergoes transformation, developing into the
blastocyst. Blastulation involves a series of cellular rearrangements and differentiation
events that eventually lead to the compaction of cells.> The compaction process is
facilitated by the formation of desmosomes and gap junctions between cells, which
allows them to come together and form distinct layers of cells. The outer layers of cells,
known as the trophoblast, are responsible for implantation and the formation of the
placenta, while the inner cell mass (ICM) gives rise to the embryo proper. This marks
the first lineage specification event. Subsequently, the ICM divides into the hypoblast,
which contributes to the formation of the extraembryonic tissues and the epiblast, which
gives rise to the three germ layers (ectoderm, mesoderm, and endoderm) in a process

known as gastrulation.*
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Figure 2. DEVELOPMENTAL POTENTIAL OF MOUSE ESC

As an embryo develops, it moves from a less restrictive state to a more restrictive state, which
signals lineage priming, prior to specification.



ESC AS A MODEL SYSTEM TO STUDY DEVELOPMENT

Embryonic stem cells (ESCs) were first derived by explanting blastocysts or
ICMs on a layer of “feeder” cells in a medium containing fetal calf serum.® They are
defined by two properties: first, their ability to self-renew allows for long-term culture
while maintaining their differentiating ability; second, they are pluripotent, meaning they
can differentiate into all types of germ cell layers of the body. ESCs serve as a valuable
model for studying the signaling environment of pluripotency and the molecular
mechanism governing early development. Researchers have exploited the potential of
these cells in multiple areas, including modeling disease, drug discovery, regenerative

medicine, and cellular reprogramming.6-2

PLURIPOTENCY NETWORK

Both in vitro and in vivo studies have identified that pluripotency is maintained by
a combination of specific extracellular signals and hierarchical gene regulatory
networks.? The statement that transcription factors rule pluripotency has been
established multiple times®"", but the most important pluripotency transcription factors
(core) have been identified, which includes OCT4, SOX2, and NANOG. These core
pluripotent transcription factors are known to participate in cooperative interactions to
regulate similar target genes.'? In addition to the primary pluripotency network, there is
a secondary network (Figure 3) that includes Esrrb, KIf2, cMyc, Fgf4, Tbx3, Dax1, Stat3,

etc.!3
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Figure 3. PLURIPOTENCY GENE NETWORK

Multiple genes regulate the activation and maintenance of pluripotency in vivo and in vitro, at
the core, Nanog, Sox2, and Oct4 form the primary pluripotency network, which is further
maintained by the secondary gene network, including Esrrb, KIf, Tbx3, etc. (modified from Parfitt
and Shen)'™



CORE PLURIPOTENT TRANSCRIPTION FACTORS

The core of the pluripotent network consists of three transcription factors, namely
octamer-binding OCT4, the SRY family transcription factor SOX2 and the homeobox
transcription factor NANOG." In the mouse blastocyst, OCT4 mRNA and protein are
present in the inner cell mass (ICM) but not in the trophectoderm.' OCT4 plays a
crucial role in establishing and maintaining pluripotency, as its deficiency leads to the
differentiation of ES cells into the trophectoderm, resulting in cell death.'® Additionally,
Poubf1-null embryos fail to form a pluripotent ICM, further supporting the critical role of
OCT4 in pluripotency maintenance.'” The naive and primed pluripotent stem cell states
are two distinct states that have been identified in vitro to have distinct development
potential, expression of genes, chromatin landscapes. Although Oct4 is expressed both
in the naive and primed pluripotent stem cells, its mechanism of expression is controlled
by distal enhancers and proximal enhancers, respectively.'® When generating induced
pluripotent stem cells (iPSCS), OCT4 is the only reprogramming factor that is constant
in most differentiating protocols,' underscoring its significance in the differentiation
process.

SOX2 belongs to a group of proteins called HMG (High-mobility group) and is
important for self-renewal and pluripotency maintenance.?® During embryogenesis,
SOX2 is expressed within the ICM and extraembryonic tissues?°, and after gastrulation,
it is predominantly expressed in the central nervous system, explaining its role in
governing ESCs into the neuroectoderm. Mouse ESCs deficient in SOX2 will
differentiate primarily into the trophectoderm.?’ SOX2 and OCT4 form a heterodimer

and cooperatively regulate downstream targets (e.g., expression of genes involved in
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early development Nanog, Fgf4, Utf1)'52223 they also regulate each other's expression.
It has been shown that SOX2 mutations affect the formation of the OCT4-SOX2
heterodimer conformation on DNA, which is crucial for establishing the pluripotent
transcriptional network.?*

NANOG is a DNA-binding homeobox transcription factor, another core member
of the pluripotent transcription factor.?> The name was inspired by the story of the Irish
Legend of Qisin and Niamh and the Land of Eternal Youth, beauty, health, and joy - Tir
Na nOg. Until its discovery in 2003, the pluripotency of mouse embryonic stem cells
was majorly attributed to four transcription factors OCT4, SOX2, FOXD3, and STAT3.%
The importance of Nanog as a core member was established when it bypassed the
requirement for leukemia inhibitory factor (LIF) in mESC self-renewal by activating LIF-
responsive genes, in particular Esrrb.?% %6 Nanog is a homeobox gene that, like other
homeobox genes, plays a role in body segmentation and patterning. ?° It displays a
critical role in acquiring pluripotency, but it becomes dispensable once pluripotency is
achieved.?® ESCs deficient in Nanog lose pluripotency and differentiate into the
extraembryonic endoderm lineage.?® The expression pattern of Nanog undergoes
significant changes during the transition of cells from pre- to post-implantation stages.
During this process, Nanog plays a crucial role in maintaining pluripotency of the inner
cell mass (ICM) and is also involved in the transition from embryonic stage E3.5 to E4.5
(Figure 4). Specifically, Nanog is expressed in a specific subset of cells in the ICM that
give rise to the pluripotent epiblast, while the remaining cells deficient in Nanog will
differentiate into the primitive endoderm driven by endoderm-specific genes such as
Gata4/6.3°

10
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Figure 4. NANOG’S CHANGING EXPRESSION PATTERN

Nanog displays a dynamic expression pattern from the pre-implantation blastocyst stage to the
post-implantation epiblast. Cells colored red is indicative of NANOG expression.
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CURRENT MODEL OF PLURIPOTENCY

Given the current evidence of these pluripotent factors, to maintain pluripotency
and promote differentiation, it is proposed that the core ESC transcription factors act to
maintain pluripotency by either activating the expression of other pluripotency-
associated factors while repressing lineage-specific genes®! or by activating their own
gene expression and that of each other (Figure 5).

In an ideal scenario, if pluripotent factors were solely involved in repressing
lineage-specific genes, overexpressing these core transcription factors would be
expected to enhance pluripotency maintenance. However, contrary to this expectation,
overexpression often leads to the induction of differentiation. Overexpression of Oct4
promotes differentiation into the primitive endoderm and mesoderm lineages.'® Sox2
overexpression triggers the expression of cell markers for a variety of differentiated
cells, including neuroectoderm and mesoderm, but not endoderm.3? Overexpression of
Esrrb, Tbx3 induces endodermal differentiation.3334 In addition, Nanog overexpression

directs definitive endoderm differentiation in hESCs.3°

12
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Pluripotent factors are known to act via inhibition of differentiation genes and activation of

pluripotency genes.
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PLURIPOTENCY FACTORS AS LINEAGE SPECIFIERS

The observations established in the previous section strongly support the notion
that pluripotency factors not only contribute to maintaining pluripotency but also possess
lineage-specifying functions. It is becoming increasingly clear that these factors play a
crucial role in the process of lineage specification. In other words, pluripotency factors
act as lineage specifiers or have functionally significant roles in determining specific cell
lineages during the process of differentiation.

Studies investigating core cell state transition revealed that the core pluripotency
factors OCT4 and SOX2 play opposing roles in promoting mesodermal and
neuroectodermal specification, respectively.3® OCT4 has been shown to promote
mesodermal specification, while suppressing genes associated with neuroectodermal
specification.3® Conversely, SOX2 has been shown to promote neuroectodermal
specification while suppressing genes associated with mesodermal specification, further
highlighting their critical role in directing early cell fate decisions.*® In hESC, these core
pluripotent factors also control the expression of Eomesodermin (EOMES), one of the
lineage markers for endodermal specification. EOMES can, in turn, interact with
SMAD2/3 to control endoderm formation.3®

Despite these links with cell fate decisions, it might be hard to reconcile what
specific role a pluripotent factor plays. For example, Nanog has been classified as a
mesendodermal-class gene, like Oct4 and Tbx3.%° It is also an epiblast marker and a
primitive endoderm marker.*® Nanog shows multiple facets in pluripotency maintenance

and lineage specification in early development.

14



PROBLEM STATEMENT

We have examined the potential role of NANOG in differentiation, given its distinctive
expression pattern as previously described. Our overall goal was to gain a deeper
understanding of the specific role of Nanog during differentiation.

To achieve this goal, we established two specific objectives. Firstly, we aimed to
investigate the function of NANOG during the transition from naive to primed
pluripotency. Secondly, we aimed to explore the role of NANOG in neuroectodermal

differentiation.

15



CHAPTER 2

NAIVE TO PRIMED PLURIPOTENCY

Distinct in vitro states have been identified for mESCs, starting from the naive or
ground state, progressing through the epiblast-like cells (EpiLCs), and finally, the
epiblast stem cells (EpiSCs).?” Both the EpiLCs and the EpiSCs are representatives of
the primed state and show distinct morphologies, cytokine dependence, gene
expression, and epigenetic profiles compared to the ESCs (naive state).3®

In the naive state, mMESCs derived from the pre-implantation blastocyst display
an unbiased developmental potential, representing a stage prior to lineage decision.
They express general naive pluripotency factors, including Oct4 and Sox2.% However,
during the transition to the primed state after implantation, the naive marker genes are
suppressed, and lineage specification genes such as Fgf5 (a post-implantation marker)
and other lineage-specific factors like T and FoxaZ2 are upregulated. * This primed state
displays lineage priming, characterized by early transcription of genes associated with
lineage specification and a repressive chromatin structure.

mESC can be maintained in vitro in the naive state using a defined media, which
consists of two kinase inhibitors known as “2i” to block mitogen-activated kinase
(MEK)/ERK and glycogen synthase kinase-3(GSK3) signaling pathways and leukemia
inhibitory factor (LIF).3® Removal of 2i leads to a dismantling of the naive pluripotency
network leading to a transition into the primed state (EpiSCs). EpiSCs can also be
generated and maintained by culturing naive pluripotent mESC in Fibroblast growth

factor (FGF) or activin A (Figure 6).#° Extensive research has been focused on the role

16



of pluripotent factors in maintaining the naive state.' However, the transition from the
naive state to the primed state, specifically during the Naive to EpiLCs stage, has
received increasing attention. Regulators such as OCT4, OTX2, and ZIC3 have been
identified as critical players in this transition, which involves significant changes in the
chromatin landscape and gene expression patterns.*!-42 The functional significance of
NANOG, a core pluripotent factor, in this specific transition remains largely unexplored.

To contribute to our understanding of the regulatory networks underlying the
transition from ESCs to EpiLCs, the current study focused on investigating the cistrome
(binding sites on DNA) of NANOG during the early stages of this transition in mouse
ESCs. We specifically analyzed regions that showed differential Nanog binding and
differential chromatin accessibility. Additionally, we integrated gene expression data
analysis to gain further insights into the associated molecular events. Through this
investigation, we aimed to shed light on the specific role of NANOG in the context of the
Naive to EpiLCs transition and provide a better understanding of the molecular

mechanisms involved.

17



Naive Pluripotency
Figure 6. NAIVE TO PRIMED PLURIPOTENCY MODEL

Embryonic stem cells can transition from naive state to primed state via defined culture
conditions. Naive state is maintained via 2i inhibitor or LIF while primed condition via
activin/FGF.

18



HYPOTHESIS STATEMENT

Based on the evidence of pluripotent factors also acting as lineage specifiers, we
hypothesize that NANOG has a preferential role for mesodermal specification during the
transition from naive to primed pluripotency. Furthermore, we propose that NANOG has
a dual role during this transition, acting as a pluripotent factor during the naive state and
a lineage specifier in the primed state. Our aim is to provide further evidence supporting
the link between pluripotency maintenance and lineage specification and to establish

NANOG as a key regulator of this process.

STUDY GOALS
The primary objectives of this study are to identify the specific targets of NANOG during
the transition from naive to primed pluripotency and to integrate ChlP-sequencing and
gene expression data to interrogate the NANOG target gene network during this
transition. The results of this study could enhance our comprehension of the molecular
mechanism of NANOG underlying pluripotency maintenance & lineage decision and
how its targets change during the transition from naive to primed pluripotent state. In
addition, the results could lead to the development of new approaches for directing cell

fate decisions in regenerative medicine.

19



METHODS
Dataset and Study Design

RNA Sequencing

The study design for all the datasets used is described in Figure 7. Raw
sequencing reads were downloaded from the NCBI Gene Expression Omnibus (GEO)
database (accession ID: GSE138818).4> Mouse embryonic stem cells were maintained
in 2i+LIF conditions at time Oh, serum was added to the medium at 12hr, and 2i+LIF
was subsequently removed, allowing the cells to differentiate. Three time points were

obtained in triplicate: Oh (naive), 12h (transition), and 24h (primed).

ChIP Sequencing

Raw sequencing reads were downloaded from the NCBI Gene Expression
Omnibus database (GEO) (accession ID: GSE71933).#4 Embryonic stem cells that were
initially in the naive pluripotent state were cultured in a medium containing basic
fibroblast growth factor (bFGF) and activin A. As a result of this culture, they developed
into cells with an epiblast-like phenotype known as EpiLCs, which are considered to be

in a primed state at day two of differentiation.

ATAC Sequencing

Raw sequencing reads were downloaded from the EBI European Bioinformatics
Institute ArrayExpress database (ID: E-MTAB-7207). The accessible chromatin regions

were profiled at ESC as they transitioned to EpiLCs over two days using transposase-

20



accessible chromatin sequencing (ATAC-seq).*' Day 2 of differentiation is defined as

the primed state.

RMNA-seq
Naive Transition Primed
(D) (12hr) (24hr)
-9 @©
2ifLIF Serum Serum
ChiP-seq
Naive Transition Primed
(Ohr) {d1EpiLC) {d2EpilC)
2ifLIF FGF/ActivinA FGF/ActivinA
ATAC-seq
Maive Transition Primed
{Ohr) (d1EpiLC) (d2EpilC)
2i/LIF FGF/Activind FGF/Activin

Figure 7. METHODOLOGY NAIVE TO PRIMED TRANSITION

Diagram showing the naive to primed transition for multi-omics analysis.
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BIOINFORMATICS ANALYSIS
Preprocessing

The software utilized default settings for all experiments except when otherwise
mentioned. Prior to the analysis, the raw sequencing reads underwent trimming and
filtering procedures to eliminate adapter sequences using Trimmomatic®'. The resulting
filtered reads were then aligned to the National Center for Biotechnology Information
build mm10 using Bowtie2 (ChIP-Seq reads)*® and HISAT2% (RNA-seq reads). Only
uniquely mapped reads were retained for further analysis. Finally, the generation of
heatmaps was accomplished using ComplexHeatmap®? and deepTools.*’

RNA-Seq Data Analysis.

Initially, the data from each replicate were compared to assess their similarity
through a Principal Component Analysis (PCA). After confirming data quality, raw read
counts were extracted using featureCounts.®® The mean of the raw counts was
calculated, and the resulting matrix was scaled using z-score adjustment. To identify
differentially expressed genes, DESeq2*® was employed, and genes with an adjusted p-
value below 0.05 were designated as significantly different. To conduct an enrichment
analysis, clusterProfiler*® was utilized.

ChIP and ATAC-Seq Data Analysis

The identification of peaks was carried out on the individual replicates using

MACS2.%° To ensure the selection of highly reliable peak sets, the IDR (Irreproducible

Discovery Rate)®' method was employed, considering only peaks with a p-value less
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than 0.05, indicating reproducibility across replicates. All subsequent analyses were
conducted based on these selected peak sets.

Next, using the mergePeak function from HOMER® (d = 100), we identified peaks that
exhibited differential NANOG binding in at least two conditions. These differentially
bound peaks were then merged with the accessible peaks, resulting in a union set of

6,156.

RESULTS

Determination of Nanog cistrome

First, we tested the hypothesis that inhibition of Nanog expression in the
pluripotent naive cells will lead to a decrease in the expression of lineage-specific
markers, indicating that Nanog plays a role in early cell fate decisions. To investigate
this, we conducted an analysis of the mESC RNA-sequencing dataset, comparing gene
expression in Nanog knockout cells to wild-type cells as control. To assess the overall
similarities between the samples, the Euclidean distance was calculated (Figure 8),
after which an apparent clustering of the replicates was observed. Furthermore,
principal component analysis (PCA) revealed a distinct separation of the samples based
on their genotype PC1 (62%) variance and the timing of differentiation PC2 (29%)

variance (Figure 9).
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Figure 8. DISTANCE MATRIX

The distance matrix is used to provide a numerical representation of the similarities
between the knockout and wildtype samples. A positive correlation is observed across
the replicates.

24



.‘ group
NanogkO_0h
- ManoghD_12h
NanoghO_24h
WT_0h
WT_12h
WT_24h

& & 0 B

-10 ] 10
PC1: 62% variance

Figure 9. PRINCIPAL COMPONENT ANALYSIS PLOT

PCA shows a clear separation of the samples across the genotype and time of differentiation.
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Next, we focused on selecting representative genes from various lineages,
including mesodermal, neuroectodermal, and endodermal lineage, that exhibited
changes in their expression dynamics from the naive to primed condition. Specifically,
we identified genes that were repressed by Nanog as representatives of the
neuroectodermal and endodermal lineages, as these genes showed increased
expression in Nanog mutant cells. Conversely, the knockdown of Nanog led to the
decreased expression of mesodermal genes suggesting that Nanog may be required for

their activation during the transition from naive to primed pluripotency (Figure 10).
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Figure 10. REPRESENTATIVE GENES

Heat Map showing the dynamic expression of lineage marker genes during naive to primed
pluripotent state. Representative genes associated with mesodermal, endodermal, and
neuroectodermal specifications were selected based on previous literature.®3 54
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Figure 11. NANOG DIFFERENTIALLY EXPRESSED GENES

Volcano plot showing the differentially expressed Nanog genes during the naive to primed
transition (Adj p-value < 0.05).
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By employing the likelihood ratio test, we conducted an analysis to identify
differentially expressed genes across time. Our analysis revealed a total of 4,052 genes
that showed significant differential expression (Adj p-value < 0.05). These genes
included the known developmental genes Nanog, T, Sox, Esrrb, etc.

To further explore the role of NANOG, we asked whether these differentially
expressed genes are direct targets of NANOG. Considering that the depletion of Nanog
resulted in a large number of changes, including both direct and indirect consequences,
we integrated published chromatin immunoprecipitation sequencing (ChlP-seq) data to
identify direct target genes of NANOG.

Although the time points of the gene expression data and the ChIP-seq data do
not perfectly align, we reasoned that a temporal alignment could be performed. We took
into account that the naive ESCs correspond to the 0-hour time point, and the day 2
EpiLCs correspond to the 24-hour time point. By aligning these time points, we aimed to
identify direct target genes of NANOG relevant to the transition from the naive to the
primed state.

To investigate the regulatory potential of NANOG, we analyzed the publicly
available genome-wide binding data. Our initial focus was on the bound sites in EpiLCs
at day 1, representing the transition state. We identified a total of 44,810 reproducible
bound sites, (Figure 12) demonstrating NANOG's occupancy (IDR p-value < 0.05).
Interestingly, the majority of these sites were found in intergenic regions, consistent with
Nanog roles at enhancer regions. The NANOG-bound regions were further associated

with 11,861 target genes using the nearest-neighbor model.
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Figure 12. NANOG CISTROME
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Pie chart showing the peak annotation of NANOG-bound regions at day 1 (transition). Promoter

is defined as -3 to +3 kb.
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To further understand the dynamics of NANOG binding and its association with
changing chromatin accessibility profiles during the transition from naive to primed
pluripotency, we integrated publicly available ATAC-seq data. Our analysis focused on
identifying sites with differential binding patterns of NANOG and chromatin accessibility
between the two conditions (Figure 13). By using the individual peaks from this analysis,
we visualized the NANOG bound sites at the three time points Naive esc, Day 1, and
Day 2. These regions were further divided into four distinct clusters to represent
genomic loci where NANOG binding, and chromatin accessibility may have a significant
impact on the regulation of gene expression and cell fate decisions during the transition

process.
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Figure 13. DIFFERENTIAL NANOG BINDING AND CHROMATIN ACCESSIBILITY
HEATMAP

Heat map showing differential Nanog binding and accessible chromatin. NANOG binding is
summarized in the blue heat map (left), while Chromatin accessibility is visualized in the red one

(right).
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Utilizing HOMER to identify the enriched motifs within the peaks of interest,
cluster 2 and cluster 4 were particularly interesting as they included motifs for several
transcription factors known to be involved in the transition from ESC to EpiLCs,
including Pou5f1/0Oct4, Nanog and Sox2 (Figures 14, 15, and 16). The significant
enrichment presence of these motifs suggests that these transcription factors may
interact with Nanog and potentially collaborate in regulating cell fate decisions during
the transition. Interestingly, at the transition day 1 (Figure 16), there was enrichment of
LIM homeobox 1 (LHX1) motif, which is known to play a role in lineage differentiation,
and during gastrulation, it is known to contribute to axial mesendoderm.*® In addition,
35.4% and 55.1% of the peaks were contained for the target sequence of NANOG and

LHX1, respectively.
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Figure 14. NAIVE ESC MOTIFS

Bar graph showing the top five enriched motifs from naive esc time point, including Pouf1::Sox2,
SOX3, NANOG, Nkx3 and KLF5.
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Figure 15. DAY 1 MOTIFS

Bar graph showing the top five enriched motifs from day 1 of bound NANOG and accessible
peaks.
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Figure 16. DAY 2 MOTIFS

Bar graph showing the top five most significantly enriched motifs at day 2; Bars indicate the
percentages of the input peaks.
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NANOG Dependent Gene Regulatory Event.

Having established the NANOG cistrome and its genome-wide changes, we next
asked whether NANOG influences gene expression during these transitions. Our results
integrating ChIP and RNA sequencing data revealed NANOG exerts both activating and
repressive effects on gene expression during this transition. Specifically, we found that
a similar proportion of genes were downregulated during the transition (Figure 17), with
49.7% (n = 4,047) of genes showing decreased expression at day 1 and 53% (n =
3,703) at day 2. Conversely, 50.3% of genes showed increased expression on day 1
and 47% on day 2. This suggests that Nanog can act as both an activator and a

repressor during the transition from naive to primed pluripotency.
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Figure 17. NANOG REGULATED GENES

Pie chart showing the percentages of the differentially regulated Nanog genes (log2foldchange
> 0).
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In addition, we examined the correlation between the expression of Nanog-regulated
genes and genes relevant to early mouse embryonic development.5® We observed a
correlation of expression, with representative genes from ICM being most similar to the
naive ESC, post-implantation epiblast similar to the primed ESC, while the pre-
implantation epiblast genes resemble the transition state (Figure 18). We next asked
whether Nanog is relevant in the regulation of marker genes of early mouse embryonic
development. By comparing our Nanog dataset with the developmental stage-specific
datasets (Figure 19), we found a similarity and a reflection of gene expression
transitions at different developmental stages. This correlation suggests that Nanog
plays a role in regulating the expression of genes representative of the pre- and post-
implantation epiblast. Among these genes, we identified known regulators of the
transition from naive to primed pluripotency, such as Otx2 and Pou3f1.4? This provides
further evidence for the involvement of Nanog in the regulation of genes that are critical

for the transition from the naive to primed pluripotent state.
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Figure 18. STAGE SPECIFIC EMBRYONIC DEVELOPMENT GENES (DEVELOPING
EMBRYO)

Heat map showing the expression of representative genes at developmental stages, ICM,
preimplantation, and post-implantation epiblast in a developing embryo.
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Figure 19. STAGE-SPECIFIC EMBRYONIC DEVELOPMENT GENES (NANOG)

Heat map showing the expression of representative genes at developmental stages,
ICM, pre-, and post-implantation epiblast for mouse ESC.53
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Figure 20. BIOLOGICAL PROCESS FROM NAIVE TO PRIMED STATE

Dot plot showing both distinct and conserved biological processes from naive to primed state (p-
adjusted < 0.05).
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Finally, we were interested in the specific target genes that are activated or repressed
by NANOG, which would reveal the molecular mechanism underlying pluripotency
maintenance and lineage specification. In examining the biological process of the genes
regulated by Nanog across the different stages of differentiation, we observed both
conserved and distinct functions.

Across all stages, we found several developmental processes conserved,
including cell fate commitment, placenta development, muscle cell differentiation,
(Figure 20) etc. The conservation of these processes suggests NANOG's involvement
in essential cellular functions during both pluripotency maintenance and lineage
specification. However, we also observed distinctions in biological processes among the
developmental stages. In the naive (ESC) state, we found an upregulation of processes
related to stem cell maintenance and the maintenance of cell number. This suggests
that during the Naive state, there is an emphasis on self-renewal and the preservation
of the pluripotent cell population. However, these processes were downregulated at the
day 1 transition stage and less significant at the day 2 primed state, indicating a shift in
cellular priorities as differentiation progresses.

Interestingly, we observed an upregulation of the pattern specification process
and regionalization at the day 1 transition and day 2 primed state, which was absent in
the naive state. This suggests that during the transition from naive to primed
pluripotency, there is a heightened focus on the establishment of specific cellular

patterns and identities, potentially reflecting the initiation of lineage specification.
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DISCUSSION

Several regulators of transition from naive (ESCs) to the primed (EpiLCs) have
been previously studied, despite NANOG’s importance it is unclear how its role changes
during the transition. Through integrated analysis of multiple omics data, we aimed to
understand the molecular mechanism underlying NANOG's function.

In our RNA sequencing analysis, we observed that the knockout of Nanog
resulted in the downregulation of mesodermal representative genes. This finding is
consistent with previous evidence classifying Nanog as a mesendodermal gene, along
with Oct4 and Tbx3.%6 The downregulation of mesodermal genes upon Nanog knockout
suggests its involvement in the regulation of mesodermal lineage specification.

While our data suggests downregulation of mesendodermal genes, it is possible that
NANOG's role may vary depending on the specific cellular context and culture
condition. However, it is important to note that our ESCs were cultured in a naive mouse
condition, which involves the presence of 2i and LIF. This raises an interesting point of
comparison with another study conducted on human ESCs (hESCs).* In that study,
NANOG was proposed to promote definitive endoderm specification, which is one of the
three primary germ layers. This finding contrasts with our observations in mESCs;
hence, it would be necessary to conduct comparative studies between mouse and
human ESCs in the context of NANOG function and its impact on lineage specification.
Furthermore, some studies have also demonstrated that primed mouse epiblast and
hESCs share similar culture conditions, gene expression patterns, and signaling

responses.’®
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Our investigation into the cistrome of NANOG has provided further insights into
the regulatory landscape governing the transition from naive to primed pluripotency.
Through clustering analysis, we identified enriched motifs of known transcription
regulators such as Zic, GRHL2, and Pou5f1::Sox2, indicating NANOG's interaction with
a complex regulatory network involved in orchestrating this transition. Of particular
interest is the presence of the Pou5f1::Sox2 motif, which is commonly observed in
NANOG binding."? This motif suggests a combinatorial binding of NANOG with OCT4
and SOX2, two key pluripotency factors, to direct gene regulation. This finding aligns
with previous studies highlighting the cooperative interactions among these transcription
factors during development.?® Furthermore, the enrichment of the LHX1 homeobox motif
suggests that NANOG may be involved in the indirect recruitment of the LHX1
transcription factor. This transcription factor is known for its lineage specification during
gastrulation and has been implicated in mesendoderm development.>® However,
whether this enrichment is a direct consequence of the changing role of NANOG
remains a subject for further investigation.

Previous research has emphasized the role of the transcription factor OTX2 as a
major regulator of the transition from naive to primed pluripotency.*? It has been
suggested that overexpression of Otx2 is necessary for the global reorganization of
OCT4 binding. Given the close interplay between NANOG and OCT4, it would be
interesting to explore how the overexpression of Otx2 affects global NANOG binding
and its impact on the regulatory dynamics during the transition.

Lastly, the change in gene expression patterns also provided insights into its
biological role. Evidence exists for maintaining pluripotency at the naive state and
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regionalization, pattern formation during the transition, and primed state from the
enrichment analysis (Figure 20). It is important to note that our enrichment analysis
result provides only a preliminary understanding of the potential biological functions of
Nanog during the transition. Further research is still needed to understand the
transcriptional regulatory network between these genes and their specific roles in the

context of NANOG regulation.
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CHAPTER 3
NEUROECTODERMAL DIFFERENTIATION

During development, embryos usually undergo a process of gastrulation, which
involves seperation into the three germ layers mesoderm, ectoderm, and endoderm.*
The ectoderm layer differentiates to form the neural tubes, neural crest cells, and
epidermis. This differentiation process is collectively regulated by morphogens known
as organizers, which coordinate embryonic patterning and involve major signaling
pathways such as Wnt signaling, bone morphogenetic proteins, activin, Nodal signaling,
and retinoic acid.%® As such, one method to induce neural differentiation is via retinoic
acid.%®

Retinoic acid, a metabolite of vitamin A, plays a crucial role in cell development
and differentiation. When retinoic acid enters the nucleus, it binds to specific receptors
called retinoic acid receptors (RARaq, 3, or y) to form a heterodimer on the DNA. This
interaction can activate the expression of retinoic acid-responsive genes by binding to
retinoic acid-responsive elements (RARES), which can ultimately trigger the expression
of genes involved in cell differentiation and development.®’

One of the immediate early genes to be transcribed during RA differentiation is
the Homeobox gene Hoxa1, which possesses enhancer elements containing RARE.
The mechanism of RA-induced neuroectodermal differentiation involves the promotion
of neural gene expression and repression of mesodermal gene expression.%® In
addition, the RA-induced differentiation process involves the downregulation or
dismantling of the transcriptional network that maintains the pluripotent state of ESCs.

However, despite the dismantling of this network, there is evidence to suggest that
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certain aspects of the ESC pluripotent transcriptional network may still have functional
roles to play even after this process.

Previous studies have identified and characterized the regions bound by Hoxa1
on a genome-wide basis in differentiating mouse ESCs. It was established that a cross-
regulatory interaction occurs between Nanog and Hoxa1 through a mechanism of
mutual repression on similar target genes. HOXA1 binds to the regulatory regions of
Nanog, while NANOG binds to the 3’ enhancer of Hoxa1.5° Therefore we characterized
the genome-wide binding properties of NANOG and its regulatory interactions during

early neuroectodermal differentiation.

METHODS

Dataset and Study Design

All raw sequencing data were obtained from NCBI Sequence Read Archive
(SRA) database (Accession ID: SRP079975). KH2 ES cells were grown using
N2B27+2i media to establish pluripotent conditions and then changed to a differentiation
media [DMEM + 10% (vol/vol) Serum + NEAA + 0.03 uM RA]. Quality checks of the raw
reads were processed similarly to the previous section. The reads were aligned to the
University of California, Santa Cruz (UCSC) mm9 genome with bowtie2.4> The Peaks
were called with macs2, parameters “-p 0.25 -m 5 50”. The top 100,000 peaks by p
value, for each replicate, were compared with irreproducible discovery rate (IDR).%' The

Design is described in Figure 21.
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Figure 21. METHODOLOGY NEUROECTODERMAL DIFFERENTIATION

Diagram showing the differentiation of mouse ESC in retinoic acid for 24 hours following
differentiation.
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BIOINFORMATICS ANALYSIS

We focused on the genomic loci bound by NANOG during differentiation and how
motif enrichment changes. The task of identifying sequence preference of a
transcription factor is called Motif discovery. Using the HOMER module
findMotifsGenome.pl mm10 -size -50, 50, we conducted the enrichment analysis.
HOMER scores motifs by looking for motifs with differential enrichment between two

sets of sequences.

RESULTS

NANOG BOUND REGIONS

The analysis from the chromatin immunoprecipitation sequencing identified
42,752 and 12,388 bound Nanog peaks in the uninduced and 24 hours of retinoic acid
differentiation (Figure 22), respectively (idr p < 0.01). Of these sites, 15,547 loci were
shared between both time points. In addition, Nanog binding was enriched at
Transcription start sites (promoter) +-1kb at 24 hours of differentiation compared to the

uninduced stage. Still, most of the binding occurred at intergenic and intragenic sites.
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MOTIF ANALYSIS

Motif analysis provides valuable insights into the mechanisms underlying
transcription factor binding and their regulatory roles. In our study, we conducted a motif
search on the NANOG uniquely bound regions in both (Ohr) ESCs and (24hr)
differentiated cells to gain a deeper understanding of the distinct mechanisms and
potential regulatory interactions involved.

In the undifferentiated ESC cells, we observed a significant enrichment of motifs
corresponding to pluripotent transcription factors such as NANOG, SOX3, POU5F1-
SOX2, and KLF, among others (Figure 23). These findings align with our understanding
of the role of these transcription factors in maintaining pluripotency and self-renewal in
ESCs. The enrichment of these motifs suggests that NANOG collaborates with other
pluripotent factors to regulate gene expression and maintain the undifferentiated state of
ESCs.

Interestingly, at 24 hours of RA treatment, we observed a significant enrichment
of the LHX1 motif (Figure 24). LHX1 is not traditionally considered a pluripotent factor
but is classified as a homeobox gene. Homeobox genes are known to play critical roles
in embryonic development and cell fate determination. The presence of the LHX1 motif
within the NANOG binding regions suggests a potential functional interaction between
NANOG and LHX1 during the early stages of differentiation. We also performed
enrichment analysis of the genes closest to LHX1 motifs (Figure 25) and found
biological processes which included pattern specification process, gland development,

regionalization etc.
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Figure 23. ENRICHED MOTIFS AT UNINDUCED STAGE

Bar plot showing the enriched motifs at the uninduced stage. The graph is in percentage.
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Figure 24. ENRICHED MOTIFS AT DIFFERENTIATED STAGE

Bar plot showing the enriched motifs at 24 hours of differentiation, the motifs are in

percentages.
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Figure 25. ENRICHMENT ANALYSIS OF GENES CLOSEST TO LHX1 MOTIFS
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DISCUSSION

In this study, we conducted a genome-wide analysis of NANOG binding events
during retinoic acid (RA) - induced neuroectodermal differentiation. Our hypothesis was
that the enrichment of specific motifs indicates the binding of transcription factors and
that changes in the motif enrichment during differentiation reflect changes in co-
transcriptional activity.

Interestingly, we observed the enrichment of pluripotency factors in the
uninduced state, consistent with the known role of NANOG in maintaining the
pluripotent state. However, at 24 hours of RA differentiation, we observe a shift in motif
enrichment, including the enrichment of a new class of motif LHX1. This finding is
particularly intriguing given that LHX1 has been implicated in lineage specification. As
LHX1 is a homeobox gene like Nanog, it may be premature to draw conclusions about
its functional role based solely on motif enrichment. However, this finding is still
compelling due to its occurrence in the previous naive to primed differentiation model.
Conducting further ChIP sequencing studies or functional assays specific to LHX1 could
provide a better understanding of any potential connection between these two
transcription factors during development. These studies would therefore provide more
direct evidence regarding the binding of the transcription factors to the identified motifs
and help elucidate their functional implications in gene regulation and lineage
specification.

In conclusion, our study revealed significant motif enrichments of pluripotent
factors in undifferentiated ESC cells and lineage specification factors in mouse ESCs

undergoing RA-induced differentiation. These findings suggest potential collaborations
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and regulatory interactions between NANOG and lineage-specific transcription factors
during early differentiation, shedding light on the regulatory mechanisms governing cell

fate determination.
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CHAPTER 4
FUTURE DIRECTIONS

Our study focused on two models of differentiation, the naive to primed transition
and neuroectodermal differentiation, to investigate the role of NANOG in these
processes. We observed that NANOG exhibits a dual role that is distinct between the
naive and primed states. In the naive state, NANOG appears to be involved in the
maintenance of pluripotency. In contrast, during the primed state, NANOG’s role shifts
towards lineage specification, which is supported by the enrichment of LHX1
transcription factor that has been implicated in mesendoderm development. The similar
enrichment of LHX1 during neuroectodermal development further suggests NANOG’s
role is context dependent.

Our findings highlight the potential role of Nanog as a pluripotency factor that
also directs mesodermal specification during the transition from naive to primed
pluripotency. While our findings provide evidence supporting NANOG's involvement in
mesodermal development, further research is necessary to validate and expand upon
these observations. One limitation of our study is the reliance on marker genes to
distinguish between lineages, as some markers can be expressed in multiple lineages.
Therefore, it is crucial to validate lineage identities through functional assays or
immunostaining.

Additionally, we acknowledge that NANOG’s multifaceted role may stem from its
transcriptional heterogeneity in cell fate decisions. While our study provided valuable
insights, the bulk RNA sequencing analysis approach we used limits our ability to fully

profile the transcriptional landscape at the individual cell level. Future investigations
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should employ single-cell analysis techniques to unravel the heterogeneity within
Nanog-expressing cells and determine its influence on cell fate determination. Another
limitation is the lack of profiling of loss-of-function studies for Nanog in cells undergoing
mesodermal differentiation in ESCs. Examining Nanog in this context would further
elucidate its importance during mesodermal specification.

Furthermore, understanding the interplay between Nanog and other transcription

factors is crucial for elucidating its role in regulating target genes. Since many loci
bound by Nanog involve combinations of multiple transcription factors, it is essential to
explore these cross-combinations and their effects on target gene regulation.
Although we initially studied different motif combinations, and assumed that their
presence suggests transcription factor binding, we realized that this assumption is not
sufficient for studying combinatorial transcriptional regulation. Conducting a ChlP-seq
experiment of the various implicated motifs is necessary. Therefore, we can only
suggest the involvement of the LHX1 in neuroectodermal differentiation based on its
enrichment, without reaching a definitive conclusion.

Finally, we propose a model where combinatorial transcription factor binding can
influence the role of NANOG. In conclusion, our study contributes to understanding

NANOG in the context of pluripotency maintenance and lineage specification.
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DATASET CONDITION SOURCE ID CHAPTERS
RNA-Seq NANOG KO Gene GSE138818 2
Expression
Omnibus
(GEO)
ChIP-Seq TRANSITION | Gene GSE71932 2
FROM ESCs to | Expression
EpiLC’s Omnibus
(GEO)
ATAC-Seq TRANSITION ArrayExpress E-MTAB-7207 |2
FROM ESCs to
EpiLC’s
ChIP-Seq RETINOIC NCBI SRP079975 3
ACID Sequence

Read Archive
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SOFTWARE AND ALGORITHMS

TOOL

VERSION

ID

Bowtie2

2.5.1

http://bowtie-
bio.sourceforge.net/bowtie
2/ index.shtml

HOMER

4.1

http://homer.ucsd.edu/hom
er/

DESeq2

1.8.3

https://bioconductor.org/pa
ckages/release/bioc/
html/DESeq2.html

ComplexHeatmap

2.1.4.0

https://jokergoo.github.io/C
omplexHeatmap-
reference/book/

deepTools

https://deeptools.readthedo
cs.io/en/develop/index.html

clusterProfiler

46.2

https://yulab-
smu.top/biomedical-
knowledge-mining-
book/index.html

ChlPseeker

1.35.0

http://bioconductor.org/pac
kages/devel/bioc/vignettes/
ChlPseeker/inst/doc/ChIPs
eeker.html
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ABBREVIATIONS

MESCS - Mouse Embryonic stem cells
EpiLCs - Epiblast like cells

EpiSCs - Epiblast stem cells

2i - two kinase inhibitor

LIF - Leukemia Inhibitory factor

MAPK - Mitogen activated protein kinase
ERK - Extracellular signal-regulated kinases
GSK - Glycogen synthase kinase

FGF - Fibroblast growth factor

PCA - Principal component analysis

ATAC - Assay for Transposable accessible chromatin
ChIP - Chromatin Immunoprecipitation

RNA - Ribonucleic Acid

Seq - Sequencing

ESC - Embryonic stem cell
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