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Abstract

This study focuses on classifying pioneer transcription factors (pTFs) and understanding their
crucial roles in gene regulation across various biological processes like development,
differentiation, and responses to environmental cues. Insight into pTFs is valuable for
therapeutic interventions, particularly in regenerative medicine, disease treatment, and tissue
engineering. They are essential for unpacking chromatin, enabling access to target genes and
reprogramming cells into induced pluripotent stem cells (iPSCs), impacting stem cell research
and medical applications. Additionally, pTFs are key in cellular responses to environmental
changes, especially in cancer biology and immunology, making them significant in industrial
and medical contexts. Dysregulation of pTFs can lead to diseases like cancer, underscoring the
importance of their classification in identifying potential therapeutic targets.

The study outlines methodologies for comprehensive data collection, feature grouping, and
categorization related to DNA binding, chromatin accessibility, cell fate alterations, and cancer
roles. Results encompass pTFs classification, gene ontology enrichment analysis, pathway
analysis, and gene expression analysis under baseline and differential conditions. The
classification identified distinct groups of pTFs based on their binding preferences and
interactions with chromatin. This detailed understanding highlights the maintenance of cellular
identity, differentiation mechanisms, and potential therapeutic interventions targeting specific
pTFs. Additionally, the study performed Gene Ontology (GO) enrichment analysis and pathway
analysis, offering insights into the functional implications of different pTF groups across
cellular components, biological processes, and molecular functions. These analyses enhance
our understanding of the roles played by the newly defined groups of pTFs in various cellular
processes and regulatory mechanisms. Additionally, gene expression analysis categorized TFs
based on their baseline and differential expression patterns across different tissues and

processes, revealing distinct functional peculiarities within TF families. This highlights the



importance of integrating expression data and functional characteristics for accurate
classification and understanding of pTFs' regulatory impact. In conclusion, this comprehensive
research significantly advances our understanding of pTFs, unraveling their diverse roles,
regulatory mechanisms, and implications across various cellular processes. The findings
presented offer a multi-faceted view of pTFs, enriching our knowledge in the field of
transcriptional regulation and paving the way for further studies to deepen our understanding

of their molecular mechanisms and functional implications.



General Summary

In this research, we delve into the world of pioneer transcription factors (pTFs), which are
essential players in controlling how genes are expressed in living organisms, affecting
everything from growth to how cells respond to their environment. We've worked to classify
these TFs comprehensively, shedding light on their crucial roles in kickstarting cell
specialization and maintaining cellular identity, particularly during embryonic development
and tissue repair. Understanding these TFs could revolutionize regenerative medicine, allowing
precise manipulation of cell behavior for therapeutic purposes. These TFs also help unwind
tightly wound DNA, making genes accessible for regulation, influencing everything from stem
cell research to cancer treatment. By categorizing these TFs systematically, we've laid out
methods for gathering and analyzing data, revealing insights into their functions and potential
roles in diseases like cancer. This research not only advances scientific understanding but also

offers promising avenues for medical and industrial applications.
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1. Introduction

1.1 Historical development of the concept of transcriptional factors

The concept of TFs began with the discovery that DNA is the genetic material responsible for
carrying genetic information. This foundational work was initiated by Friedrich Miescher in
1869 (Dahm 2005) and culminated in the elucidation of the DNA double helix structure by

James Watson and Francis Crick in 1953 (Watson and Crick 1953). In the 1950s, RNA

polymerase was identified as the enzyme responsible for transcribing DNA into RNA (Hurwitz
2005). This discovery laid the groundwork for understanding the process of transcription. In
1961 Francgois Jacob and Jacques Monod proposed the operon model, which described the

regulation of gene expression in bacteria (Voorhees et al. 1976). They introduced the concept

of regulatory proteins (later identified as transcription factors) that control the transcription of
genes by binding to specific DNA sequences. Later researchers Robert Roeder and Richard

Tjian began identifying transcriptional activator proteins (Roeder 2005; Falender et al. 2005).

These proteins enhance gene transcription by binding to specific DNA sequences known as
enhancers or promoter-proximal elements. The first eukaryotic transcription factor to be cloned,
the yeast protein Gal4, was shown to activate transcription of genes involved in galactose

metabolism (Johnston and Hopper 1982). In the 1980s, the development of techniques like

DNA footprinting allowed to identify the precise binding sites of transcription factors on DNA

(Schmitz and Galas 1980). During that era, transcription factors were frequently categorized

into families based on their shared DNA-binding domains, i.e. helix-turn-helix, zinc finger, and

basic leucine zipper (bZIP) domains (Blumberg et al. 1987; Schuh et al. 1986; Kouzarides and

Zift 1989). After the 2000s, advances in genomics and high-throughput sequencing
technologies have enabled the comprehensive identification of TF binding sites and the

mapping of entire regulatory networks in various organisms (Bartlett et al. 2017: L. A. Liu and




Bader 2009). Computational methods and bioinformatics tools have become increasingly
important for predicting TF binding sites and understanding their roles in gene regulation

(Tognon, Giugno, and Pinello 2023; T. Huang et al. 2022). In the late 1980s, TRANSFAC

emerged as a pioneering bioinformatics database for TF binding sites, utilizing manual curation

and computational methods for motif analysis (Matys et al. 2003). The MEME Suite,

originating in the mid-1990s, expanded into a comprehensive motif analysis toolkit, reflecting
broader trends in bioinformatics towards algorithm development and software integration

(Bailey et al. 2015). JASPAR, introduced in the early 2000s, provided an alternative with

curated binding profiles derived from high-throughput experiments, aligning with the rise of

next-generation sequencing (Castro-Mondragon et al. 2022). Meanwhile, ChIP-Seq analysis

tools like MACS and SICER, developed in the mid-2000s, standardized ChIP-seq data analysis,

enabling genome-wide studies of TF binding dynamics (Zhang et al. 2008; Zang et al. 2009).
These tools exemplify the evolution of computational methods in TF research, driven by
advancements in experimental techniques and collaborative efforts within the scientific
community. The concept of TFs has evolved significantly over time, from early observations
of gene regulation in bacteria to the detailed molecular understanding of eukaryotic gene
regulation. Today, TFs play a central role in our understanding of how genes are turned on or
off in response to various cellular signals and environmental cues, and they are key players in

the field of molecular biology and genetics.


https://paperpile.com/c/wm3VT7/Tg2q
https://paperpile.com/c/wm3VT7/oo9h
https://paperpile.com/c/wm3VT7/SB4k
https://paperpile.com/c/wm3VT7/mLwy+WzGR

Table 1. Evolution of Transcription Factors: Key Milestones, Contributors, and

Concepts

Milestone

Discovery of DNA as genetic
material

DNA double helix structure
elucidation

Identification of RNA
polymerase

Proposal of the operon model

Identification of transcriptional
activator proteins

Cloning of the first eukaryotic
transcription factor (Gal4)

Development of DNA
footprinting techniques

Categorization of TFs into
families

Advances in genomics and
high-throughput sequencing
technologies

Rise of computational methods
and bioinformatics tools

Evolution of the concept of
TFs

1.2 The role of transcriptional factors in gene expression

Year

1869

1953

1950s

1961

1970s

1982

1980s

1980s

2000s

Post-2000s

Ongoing

Key Contributors
Friedrich Miescher

James Watson and
Francis Crick

Hurwitz

Frangois Jacob and
Jacques Monod

Robert Roeder and
Richard Tjian

Johnston and Hopper

Schmitz and Galas

Blumberg, Schuh,
Kouzarides, Ziff

Bartlett, Liu, Bader

Tognon, Huang

N/A

Key Concepts

DNA carries genetic
information

DNA structure revealed

RNA synthesis from DNA

Introduction of regulatory
proteins (transcription factors)
in gene expression

Transcriptional activators
enhance gene transcription

Gal4 activates genes in
galactose metabolism

Precise identification of TF
binding sites

Classification based on DNA-
binding domains

Comprehensive identification of
TF binding sites and regulatory
networks

Prediction of TF binding sites
and understanding their roles

Central role in gene regulation,
responsive to cellular signals
and environmental cues

A defining characteristic of TFs lies in their capacity to discern and selectively bind to specific

DNA sequences, called TF binding sites (TFBSs) (Sela and Lukatsky 2011). This unique ability




empowers them to orchestrate the dynamic modulation of chromatin structure, thereby exerting

precise control over transcriptional processes. This control is achieved through their adeptness

at recruiting a constellation of additional proteins and facilitating their assembly into intricate

complexes (Aref, Sanad, and Schiiller 2021; Soni et al. 2014), to exert context-specific control

over gene expression, making TFs central players in the regulation of cellular processes

(Francois, Donovan, and Fontaine 2020).

TFs are defined by several key features, including:

1.

DNA Binding Specificity: TFs possess the ability to recognize and bind to specific DNA
sequences, typically located in the regulatory regions of genes. This specificity enables

them to target particular genes for regulation (Bouhlel, Lambert, and David-Cordonnier

2015: Sonmezer et al. 2021: Damante et al. 1994).

Modulation of Transcription: TFs can act as activators or repressors of gene
transcription. Activator TFs enhance gene expression by promoting the recruitment of
the transcriptional machinery, while repressor TFs inhibit gene expression by

preventing transcriptional initiation (Willy, Kobayashi, and Kadonaga 2000; Fukaya

2023: Frejtag et al. 2001; Stephanou et al. 1999).

Protein-Protein Interactions: TFs often interact with other proteins to form complexes
that influence gene expression. These interactions can involve co-activators or co-

repressors, which further modulate transcription (Francois, Donovan, and Fontaine

2020: Johnsen et al. 1996: Liang and Hai 1997: Adams, Chandru, and Cowley 2018).

Context-Specific Function: TFs often exert their regulatory effects in a context-
dependent manner. They may activate one set of genes in a particular cellular condition
while repressing others, allowing for precise control of gene expression (Marchal,

Defossez, and Miotto 2022: Mony et al. 2021; Stone et al. 2019: Kribelbauer et al.

2020).



5. Response to Environmental Signals: Many TFs are responsive to external signals or
environmental cues. They can integrate information from the cell's surroundings to
trigger appropriate gene expression changes in response to these signals (Marinho et al.

2014: X. Wang. Niu, and Zheng 2021: Obata et al. 2020: Qian et al. 2022).

6. Conservation Across Species: Some TFs exhibit a high degree of evolutionary
conservation, indicating their fundamental roles in gene regulation across diverse

organisms (Hemberg and Kreiman 2011; Nitta et al. 2015; Diehl and Boyle 2018).

7. DNA-Binding Domains: TFs typically contain specific structural motifs, such as DNA-
binding domains, that facilitate their interaction with DNA sequences (Ling Zhu and

Hug 2011 Inukai, Kock, and Bulyk 2017: Zamanighomi et al. 2017; Dror et al. 2015).

8. Transactivation Domains: Activator TFs often possess transactivation domains that
facilitate the recruitment of RNA polymerase and other transcriptional machinery

components (Du, McConnell, and Yang 2010; Fukushima et al. 1998; Nioi et al. 2005).

9. DNA-Binding Motifs: These motifs serve as the molecular machinery responsible for
the discerning interaction between TFs and their target DNA sequences (Stegmaier et

al. 2013: Rhee and Pugh 2011: Kazemian et al. 2013:; Gheorghe et al. 2019).

10. Regulation of Cellular Processes: TFs play a critical role in regulating various cellular
processes, including development, differentiation, response to stress, and immune

responses (Belo et al. 2013; Jackson, Nutt, and McCormack 2023; Almalki and Agrawal

2016: X. Wang, Niu, and Zheng 2021: Yuan et al. 2022).

As previously discussed, TFs are primarily recognized for their pivotal involvement in
governing gene expression. They play essential roles in:
1. Initiation of Transcription. The complex of general TFs (TFIIA, TFIIB, TFIID, TFIIE,

TFIIF, TFIIH) (Koch et al. 2011) along with RNA polymerase II directly bind to the

core promoter region (Haberle and Stark 2018). Concurrently, TFIIA plays a crucial




role in stabilizing the binding interaction between TFIID and DNA (Coleman et al.

1999). TFIIB interacts with the DNA by identifying specific elements near the promoter

region, helping locate the exact starting point of transcription (TSS) (Buratowski and

Zhou 1993). TFIH contains helicase enzymes that unwind the DNA strands

(Hoeijmakers, Egly, and Vermeulen 1996; Rimel and Taatjes 2018). Additionally,

TFIIE recruits TFIIH to the recently formed initiation complex (Compe et al. 2019;

Ohkuma 1997), while TFIIF brings in RNA polymerase II (Pol II) (Luse 2012; Henry

et al. 1994).

Enhancing of Transcription. Certain TFs have been established as predominantly
binding to enhancers that play a pivotal role in activating the expression of target genes.

(Bensimhon et al. 1983) Some TFs can recruit co-activator proteins to the promoter

region, which have enzymatic activities, such as histone acetyltransferases (HATSs),

which modify histones by adding acetyl groups (Ortega et al. 2018; Imhof et al. 1997).

This modification loosens the chromatin structure, making it more accessible for

transcriptional machinery and resulting in enhanced gene transcription (Wapenaar and

Dekker 2016).

Repression of Transcription. TFs have the ability to suppress transcription through a
variety of mechanisms. They may physically interfere with the binding of RNA
polymerase or recruit co-repressors that inhibit the transcriptional machinery (N. Liu et
al. 2018). In a competitive binding mechanism, TFs engage in a competition with
activator proteins for the occupation of shared DNA regulatory elements (Meyer,

Gustafsson, and Carlstedt-Duke 1997). TFs can recruit co-repressor proteins to the

promoter region (Shapiro and Shapiro 2011). Co-repressors often have enzymatic

activity, such as histone deacetylases (HDACSs) (Schoch and Abel 2014), which modify

chromatin structure to make it less accessible to the transcriptional machinery. In some



cases, TFs can recruit silencing complexes, such as Polycomb repressive complexes

(PRCs) (Dobrini¢, Szczurek, and Klose 2021), which are involved in maintaining gene

silencing during development and differentiation (L. Wang et al. 2004). Some TFs can

indirectly influence gene repression by recruiting DNA methyltransferases (Hervouet,

Vallette, and Cartron 2010). DNA methylation often leads to gene silencing by

preventing the binding of TFs or transcriptional machinery to the promoter region

(Brenner et al. 2005).

4.  Cell-specific regulation of transcription by TFs is a critical mechanism that allows
different cell types within an organism to express distinct sets of genes (Engel et al.
1992). Certain TFs have been discovered to exhibit variations in their genome binding
preferences contingent on whether they are expressed in isolation or within the

framework of protein complexes (Maclsaac et al. 2010).

5. TFs play a crucial role in development and differentiation processes in multicellular
organisms. TFs are responsible for determining the fate of embryonic cells during

development (Yun Zhao, Wang, and Wang 2023). They activate or repress specific

genes that drive cells toward specific lineages or cell types (Ng et al. 2021). During

development, TFs also establish spatial patterns within tissues and organs. Homeobox
genes, for example, control the segmentation of the body in many organisms (Cardoso

1995; Hoekman et al. 2006). In some cases, TFs can induce cellular plasticity, allowing

cells to switch between different fates or become more versatile (Wessely et al. 2021).

1.3 Regulation of Transcriptional factors

TFs are subject to intricate regulation across multiple levels, ensuring precise control of gene

expression in response to diverse internal and external signals. The initial level of regulation



involves post-translational modifications, which encompass covalent chemical alterations

occurring on proteins after their synthesis during or after translation (J. M. Lee et al. 2023).

Phosphorylation, a prevalent post-translational modification, is a pivotal mechanism in
regulating gene expression through TFs. This alteration involves the addition of a phosphate
group (POs) to specific serine, threonine, or tyrosine residues within the TF protein. The effects
of phosphorylation on TFs are diverse, impacting their activity, stability, localization, and

interactions with other proteins (W. J. Zhang et al. 2023). Phosphorylated residues often act as

docking sites for other proteins, including co-activators or co-repressors, and interactions with

other signaling components can modulate the TF's activity (Bohmann 1990). Several well-

known TFs are regulated by phosphorylation, such as CREB (cAMP Response Element-

Binding Protein) (Pulimood et al. 2021), NF-kB (Nuclear Factor-Kappa B) (Viatour et al.

2005), p53 (Jenkins et al. 2012), and STAT (Signal Transducer and Activator of Transcription)

protein (Breit et al. 2015).

Acetylation of TFs constitutes a post-translational modification where specific lysine residues

within the TF protein receive an acetyl group (CH3CO) (Imhof et al. 1997). In many instances,

acetylation enhances a TF's DNA binding ability (Park et al. 2015). Acetylation also plays a

role in regulating TF stability by shielding them from degradation through the ubiquitin-

proteasome system (Xu and Wan 2023). Additionally, it can impact the subcellular localization

of TFs, promoting their retention in the nucleus or export to the cytoplasm. Several TFs are
subject to acetylation regulation. For instance, acetylation of p53 enhances its DNA-binding
and transcriptional activity, promoting processes like cell cycle arrest and apoptosis (Nagasaka
et al. 2022).

Ubiquitination entails the covalent attachment of a small protein known as ubiquitin to

particular lysine residues within the TF protein (Ran et al. 2023). One of the primary functions

of ubiquitination is to mark proteins for degradation by the proteasome (Shaid et al. 2013).




Ubiquitination has also the capacity to impact the subcellular localization of TFs. While
ubiquitination can tag a protein for degradation, it can also prompt its relocation within the cell.
In specific instances, ubiquitination may cause the translocation of a TF from the nucleus to the

cytoplasm (Gulshan, Thommandru, and Moye-Rowley 2012). For example, the ubiquitination

of HIF-1a regulates its stability in response to oxygen levels (Rashid et al. 2021).

Another critical post-translational modification regulating TFs is SUMOylation, Small
Ubiquitin-like Modifier. This process involves the covalent attachment of a SUMO protein to

specific lysine residues within target proteins (Saldanha and Tollefsbol 2018). SUMOylation

predominantly regulates the activity and function of the modified proteins (Yang et al. 2017).

SUMOylation can significantly impact the subcellular localization of TFs, frequently favoring

nuclear localization (Le et al. 2017). Additionally, SUMOylation plays a crucial role in protein

stabilization, safeguarding them against ubiquitin-mediated degradation by the proteasome. For
instance, SUMOylation of PML (Promyelocytic Leukemia Protein) contributes to the formation

of nuclear bodies (Maroui et al. 2018).

The activity of numerous TFs predominantly occurs when they are situated within the cell's
nucleus. TFs often contain NLSs, are specific sequences or motifs within a protein that signal

its transport into the nucleus that allow them to be transported into the nucleus (Lu et al. 2021),

where they can access DNA (Kosugi et al. 2009). Nuclear export signals (NES) are sequences

found within proteins and are responsible for guiding proteins on their journey from the nucleus
to the cytoplasm, contributing to the dynamic regulation of protein localization within the cell
(Gerace 1995). Cytoplasmic sequestration is a regulatory mechanism that entails confining
particular proteins, including TFs, within the cytoplasm of a cell, thereby preventing their entry
into the nucleus. This sequestration serves to maintain these proteins in an inactive state until
specific signals or conditions prompt their release and subsequent translocation into the nucleus,

where they can execute their functions (Haller et al. 2010).




Epigenetic modifications encompass changes in gene expression that do not entail
modifications to the underlying DNA sequence. Epigenetic modifications can exert a
substantial influence on the regulation of TFs by affecting the accessibility of DNA and the
structure of chromatin. These modifications can have consequences on how TFs engage with
their target DNA sequences, ultimately leading to the modulation of gene expression (L. Sun,

Zhang, and Gao 2022).
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Table 2. Post-translational Modifications and Cellular Regulation of Transcription

Factors
Regulation
Modification Definition Mechanism Effects on TFs Examples
.. Di i t
Addition of Context- } 1.Verse 1n?p'ac on CREB, NF-
activity, stability, DNA
Phosphorylation phosphate group dependent, binding, localization KB, p33,
pRory (PO4) to specific catalyzed by . & . L STAT
. . and interactions with :
residues kinases . protein
other proteins
R ibl Enh. DNA
Addition of acetyl CVEISIbIC, | hanees BRS
Acetvlation aroup to lysine regulated by binding, transcriptional pS3, NF-kB
Y residucs HATSs and activation, chromatin ’
HDAC:s accessibility
Marks fi 1
Attachment of Regulated by arks (?r proteasoma
C . . degradation, modulates | p53, NF-kB,
Ubiquitination ubiquitin to lysine | E1, E2, and E3 . .
residues ubiquitin licases transcriptional activity, HIF-1a
q £ affects DNA binding
Enzymatic ..
Regulat t
Attachment of cascade eguales ac l.V lt}f’
. . . ) subcellular localization, | PML, Spl,
SUMOylation SUMO protein to | involving E1, o .
. . stability; competes with PPARy
lysine residues E2, and E3 S
ubiquitination
enzymes
. Governed by Impact on TF activity Multiple
Determines TF's based on access to TFs, e.g.,
Cellular .. iy nuclear
. position within o DNA; regulated by regulated
Localization localization . .
the cell . NLS, NES, cytoplasmic | during the
signals (NLS) .
sequestration cell cycle
Changes in gene Affects DNA Modulates how TFs
pl'geneFlc 'eXpresswn' access1b111t}./ and enga'ge with ‘target Various TFs
Modifications without altering chromatin DNA, influencing gene
DNA structure expression

DNA methylation is a heritable epigenetic modification entailing the addition of a methyl group
to the C-5 position of cytosine within DNA. This modification is facilitated by DNA
methyltransferases (DNMTs) and is vital for gene regulation and genome stability. In mammals,

the three well-known DNA Methyltransferases (DNMTs) are DNMT1, DNMT3A, and
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DNMT3B, each playing unique roles in the establishment and maintenance of DNA
methylation patterns (Figure 1) (Lyko 2018). DNMT]1, recognized as a maintenance enzyme,
possesses a strong affinity for hemi-methylated DNA and assumes a critical role in restoring

methylation patterns following DNA replication (Hermann, Goyval, and Jeltsch 2004).

Conversely, DNMT3A and DNMT3B are regarded as de novo methylation enzymes (Okano,

Xie, and Li 1998). They participate in the establishment of DNA methylation patterns during

early embryonic development and target CpG sites in both hemi- and unmethylated contexts

(D. Monk 2015; M. Monk, Boubelik, and Lehnert 1987). Dysregulation of DNMTs can result
in aberrant DNA methylation patterns, which have been associated with the onset and
progression of various diseases, encompassing cancer, neurological disorders, and

developmental anomalies (Law and Jacobsen 2010).
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Figure 1. Dynamics of DNA Methylation

The figure was created in Inkscape (https://inkscape.org/) and SciDraw (https://scidraw.io/).

In mammals, 5-methylcytosine (5SmC) is predominantly found in the symmetrical context of
CG dinucleotides, enabling the inheritance of DNA methylation patterns during cell division

(Song etal. 2011). Notably, a substantial proportion of CpG dinucleotides are located in regions

known as CpG islands (CGls) (Deaton and Bird 2011). CGIs are typically approximately 1000

base pairs (bp) long, characterized by a high GC base composition, positioned near
Transcription Start Sites (TSS) in roughly 70% of vertebrate gene promoters and are mainly

unmethylated. Approximately 80% of CpG sites exhibit methylation throughout the non-

embryonic genome (Walsh and Bestor 1999; A. P. Bird 1986). Methylation of CpG islands
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(CGls) leads to transcriptional repression, playing a pivotal role in gene regulation (Meehan et

al. 1992: Hsieh 1994). Methylation binding proteins possess specialized Methyl binding

domains (MBD) that enable them to bind to SmC in a non-sequence-specific manner. Higher
CpG methylation density is strongly correlated with increased nucleosome occupancy (Collings

and Anderson 2017). Methylation of CGIs plays a crucial role in several significant biological

processes, including genome imprinting (Plass and Soloway 2002), transposon silencing

(Walsh, Chaillet, and Bestor 1998), and X-chromosome inactivation (Cotton et al. 2011). The

influence of DNA methylation on the binding dynamics of TFs has become a subject of
significant interest in the field. Historically, TF classification has been based on their affinity
for methylated DNA motifs. In a comprehensive study involving 519 TFs, it was discovered
that 33% of these factors do not contain CpG sites within their binding motifs. Furthermore, a
division was observed between those preferring unmethylated CpG sites (23%) and those
exhibiting a preference for methylated CpG sites (24%). Notably, the remaining TFs displayed
varying degrees of sensitivity to DNA methylation, with some showing minimal or negligible
effects. It is important to note that these proportions are specific to in vitro studies, and it is

expected that in vivo results may differ, necessitating further investigation (Y. Yin et al. 2017).

Additionally, the interaction between TFs and methylated DNA is finely modulated by the
presence of co-factors. For instance, experimental findings have shown that MAFF's binding to
methylated DNA exclusively occurs when its cofactors NFE2 and NFE2L2 are absent. This
underscores the intricate relationship between TFs and their associated co-factors in the context

of DNA methylation binding (Lin et al. 2020).

Understanding the interplay between DNA methylation and TF binding reveals distinct

scenarios (Figure 2) (H. Zhu, Wang, and Qian 2016):
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1. Many TFs primarily bind to non-methylated DNA motifs in open chromatin regions. DNA
methylation within their binding sites (BSs) hinders TF binding. Notable examples include AP-

2, MYC, E2F, NF-kB, and ETS (Héberlé and Bardet 2019; Tate and Bird 1993).

2. Conversely, some TFs, such as KAISO/ZBTB33 and CEBPA/B, preferentially bind to DNA

regions containing methylated cytosine (SmC) (Rishi et al. 2010).

3. Certain TFs can bind equally well to both methylated and non-methylated DNA, as they
possess binding sites accommodating both types of sequences. One example is the CTCF

protein (CCCTC-binding factor). In vitro experiments have demonstrated that CTCF can

interact with DNA sequences containing methylated cytosines (Stadler et al. 2011). However,

CTCEF has a preference for binding to DNA sequences that are unmethylated (Hao Wang et al.

2012).

4. Some TFs exhibit different target sequences depending on DNA methylation status. For
instance, KLF4 binds to two unmethylated sites (TACpGCC) and two methylated sites

(CCmCpGCC) (S. Hu et al. 2013).
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Figure 2. The Interplay of DNA Methylation and Transcription Factor Binding

The figure illustrates the categorization of TFs according to their affinity for binding methylated

DNA. The figure was created in Inkscape (https://inkscape.org/) and SciDraw

(https://scidraw.io/).

1.4 Pioneer Transcription Factors

Pioneer Transcription Factors (pTFs) represent an indispensable group of proteins that exert a
critical influence on the intricate mechanisms governing gene expression and the orchestration

of cellular destinies during the phases of development and differentiation (Mayran and Drouin

2018). The concept of pioneering transcription factors emerged as a distinct category of

regulatory proteins in 2002 (Cirillo et al. 2002). The nomenclature "pioneer" is ascribed to these

proteins due to their capacity to instigate alterations in chromatin configuration. This
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transformation renders chromatin structures more accessible, thus facilitating the subsequent
recruitment and activation or repression of target genes by other TFs and the transcriptional
apparatus. The inherent pioneering prowess plays a central role in the pivotal transition from a
condensed, inert chromatin state to an open, transcriptionally permissive condition, thereby
affording the opportunity for the expression of genes that hold sway over cellular identity and

functionality (Fernandez Garcia et al. 2019). The hallmark features of PTFs (PTFs) encompass

their remarkable capacity for DNA binding. PTFs are endowed with specialized DNA-binding
domains, enabling them to discern and engage with precise sequences within the genome. These
sequences are often intricately linked to genes pivotal in cell differentiation and developmental

processes (Soufi et al. 2015). One of the remarkable attributes of PTFs is their ability to recruit

chromatin-remodeling complexes and induce alterations in chromatin structure. This can entail
the relaxation of nucleosome positioning or the displacement of histones, thereby rendering
DNA more amenable to interaction with other TFs and the transcriptional machinery (Wolf et
al. 2023). During embryonic development and tissue-specific differentiation, PTFs emerge as
pivotal orchestrators, decisively influencing cell fate and differentiation. They can either
activate or repress specific target genes, ultimately governing the trajectory of diverse cell types

and tissues (Aydin et al. 2022). Crucially, PTFs exert their influence in a context-dependent

manner, their actions contingent upon the specific cellular milieu, signaling pathways, and
developmental stage. This versatility enables them to finely calibrate gene expression in
accordance with the needs of the cell. Notably, PTFs play an indispensable role in cellular
reprogramming, a process wherein one cell type is transmuted into another, as exemplified in

induced pluripotent stem cell (iPSC) generation (Xiao et al. 2016). In this context, PTFs serve

as catalysts, initiating the unwinding of chromatin within the target cell type. This event paves
the way for the introduction of factors capable of effecting a change in the cell's identity.

Nonetheless, it is critical to underscore that the dysregulation of PTFs has been implicated in
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various diseases, prominently including cancer. The misexpression of these transcriptional
pioneers can lead to the emergence of aberrant gene expression patterns and the disruption of

finely-tuned cell differentiation processes (Pavithran and Kumavath 2021).

1.5 DNA binding specificity of pioneer transcription factors

The DNA binding specificity of TFs is influenced by both the structural and chemical
characteristics of these proteins. These DNA binding domains come in various types, including
zinc fingers, helix-turn-helix motifs, leucine zippers, and homeodomains, each boasting unique

structures that enable the recognition and binding to precise DNA sequences (Jolma et al. 2013).

These motifs tend to be relatively short, usually spanning 6-12 base pairs, and are commonly

located within the regulatory regions of target genes (Inukai, Kock, and Bulyk 2017). For

instance, in zinc finger proteins, the coordination of zinc ions by cysteine and histidine residues
within the zinc finger structure significantly contributes to DNA binding specificity. TFs often

collaborate with other TFs to orchestrate gene expression regulation. In such instances,

cooperative binding can heighten specificity (Paillard, Deremble, and Lavery 2004). Multiple
TFs may simultaneously bind to adjacent or overlapping DNA sites, refining gene regulation

with precision (Hai and Curran 1991). This synergistic control offers a vast array of gene

regulatory possibilities and augments specificity (Todeschini, Georges, and Veitia 2014).

Moreover, epigenetic modifications, such as DNA methylation and histone acetylation, can
alter the accessibility of DNA regions and, consequently, affect the ability of TFs to bind to

their target sites (Y. Yin et al. 2017). Another crucial determinant is the recognition of DNA

shape. TFs don't solely rely on the DNA's specific sequence but also on its three-dimensional

structure or conformation. This phenomenon, known as DNA shape readout (Schnepf et al.

2020), involves some TFs recognizing the minor groove of the DNA double helix (Rodriguez

et al. 2015). While less common, some TFs can recognize the major groove of DNA, which
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relies on the shape and chemical properties of the major groove (Takayama and Marius Clore

2012). DNA is subject to bending or twisting in specific ways due to the sequence and stacking

of base pairs. Proteins interacting with DNA can detect and respond to these structural

variations,

allowing for sequence-specific binding based on the three-dimensional

conformation of DNA (Love et al. 1995). By recognizing the shape of DNA, TFs can

distinguish between different DNA sequences that may have similar base pair compositions but

possess distinct three-dimensional structures (Stadhouders, Filion, and Graf 2019).

Table 3. Determinants of Transcription Factor DNA Binding Specificity

Variations and
Dynamics

Bending, twisting, and fluctuations
in DNA structure

Determinant Description Characteristic
DNA Bindi Structural motifs within TF
o mang ructural Mot's Within 118 Unique structures for DNA recognition
Domains engaging with DNA
Recognition Specific DNA sequences Short motifs (6-12 base pairs); Often located
Motifs recognized by TFs in regulatory regions of target genes
Multiple TFs bind adj t lappi
Cooperative Collaboration of TFs for enhanced op .e > DING acjaceit of overtapping
. . DNA sites; Increases gene regulatory
Binding gene regulation e
possibilities
Epigenetic DNA methylation, histone Alters DNA accessibility; Affects TFs'
Modifications acetylation altering DNA ability to bind to target sites
Involves TF izi i
DNA Shape Recognition of DNA's three- nV.O ves T TS fecoghizing m.mor grcTove o.r
. . major groove; Shape-based interaction with
Readout dimensional structure
DNA
DNA Structural TFs detect and respond to structural

variations; Sequence-specific binding based
on three- dimensional conformation

Dynamic
Responses to
DNA Changes

Recognition and response to
dynamic aspects of DNA shape

TFs stabilize or induce specific DNA
conformational changes; Facilitates
transcription, replication, or repair
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1.6 Interplay of chromatin remodeling and pioneer transcription factors

PTFs possess the ability to bind to regions of the genome tightly ensconced in heterochromatin,

which is typically linked to gene repression (Swinstead et al. 2016). These pioneer factors wield

specialized DNA binding domains designed to recognize their target DNA sequences, even
when these sequences are partially obscured by nucleosomes or other repressive elements

(Felipe, Shin, and Kolomeisky 2022). The transition to an open chromatin state serves as the

gateway to the recruitment and assembly of the preinitiation complex. (Kubik, Bruzzone, and

Shore 2017). In contrast, closed chromatin is frequently associated with DNA methylation and

histone modifications known for their repressive influence (Mayran and Drouin 2018). Pioneer

factors possess the capability to interact with enzymes responsible for the removal or
modification of these epigenetic marks (Figure 3). For instance, they can recruit DNA
demethylases or histone acetyltransferases (HATs), countering DNA methylation and histone

deacetylation (Shakya et al. 2015; Fuglerud et al. 2018). This fosters a more permissive

chromatin environment for TF binding. Some pTFs can directly engage with nucleosomes,
inducing shifts, deformations, or repositions. Through pushing, pulling, or altering nucleosome
positions, these pioneer factors create openings in chromatin structure, exposing DNA for

binding by other TFs and the transcription machinery (Schiessel and Blossey 2020). Moreover,

pTFs can enlist the aid of chromatin remodeling complexes, exemplified by SWI/SNF or CHD

proteins (Wolf et al. 2023). These complexes harness the energy derived from ATP hydrolysis

to modify the structure of nucleosomes, thereby enhancing DNA accessibility for TF binding

(H. Zhang and Kuchroo 2019: Mivelaz 2021). Another pivotal mechanism involves the

recruitment of histone chaperones, such as the H2A-H2B histone chaperone FACT (Facilitates

Chromatin Transcription) (Echigoya et al. 2020). FACT interacts with nucleosomes and assist

in the displacement of one or both H2A-H2B histone dimers (Fujimoto et al. 2012). This action

destabilizes the nucleosome, effectively opening up the DNA for transcriptional access. The
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recruitment of FACT or similar histone chaperones by pioneer factors contributes to the

modification of chromatin structure, rendering the DNA more accessible to other TFs and the

RNA polymerase machinery (Cheloufi and Hochedlinger 2017).

Pioneer factor Relaxed chromatin
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Figure 3. Pioneer transcription factors drive chromatin remodeling.

The figure was created in Inkscape (https://inkscape.org/) and SciDraw (https://scidraw.io/).
The figure illustrates the process of chromatin remodeling by pTFs.

1.7 Classification of Pioneer Transcription Factors

A multitude of TF families exists, each distinguished by its unique characteristics and functions.

Here, we present an overview of some pTF families, offering brief descriptions and examples.
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Table 4. Functional Classification of Transcription Factors

polymerase binding or recruit co-repressor
proteins

Functional
Classification Description Examples

Amplify or activate transcription of target Heat Shock Factors (HSFs),

Transcription genes; bind to DNA sequences in promoter or Hypoxia-Inducible Factors

Activators enhancer regions; recruit co-activator proteins to | (HIFs), Nuclear Factor-
enhance transcription initiation kappa B (NF-xB)
Suppress or inhibit transcription of specific

. target genes; bind to DNA sequences in

Transcriptional .
regulatory regions; may obstruct RNA REST, Rb, MeCP2

Repressors

Stress Response TFs

Govern expression of genes aiding cells in
adapting to stress; examples include Heat Shock
Factors (HSFs) and Hypoxia-Inducible Factors
(HIFs)

Heat Shock Factors (HSFs),
Hypoxia-Inducible Factors
(HIFs)

Govern cell cycle progression; oversee

Nuclear Receptors

binding domains for binding to hormone
response elements (HREs) or nuclear receptor
response elements (NRREs)

Cell Cycle Regulators | expression of genes involved in DNA E2F TFs
replication, cell division, and checkpoints
Regulate development and patterning; establish
Homeotic TFs body plan and determine segmental identity MADS-Box
along the anterior-posterior axis of animals
Ligand-activated regulators of gene expression; | Estrogen Receptor (ER),
activated by specific ligands; possess DNA- Androgen Receptor (AR),

Thyroid Hormone Receptor
(THR), Retinoic Acid
Receptor (RAR),

Master Regulator TFs

Central role in governing gene expression
programs; determine cell fate or identity

MyoD, PAX6

Homeodomain pTFs feature a conserved 60-amino acid DNA-binding domain known as the

homeodomain (Hankey, Chen, and Wang 2020). Notably, the Homeobox (Hox) genes encode

a cluster of TFs instrumental in sculpting the body plan during embryonic development. Hox

proteins serve as pioneer factors by participating in the establishment of anterior-posterior axis

identity (Paul, Peraldi, and Kmita 2024). Oct4 (Octamer-binding TF 4) is a key regulator in
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preserving pluripotency and self-renewal in embryonic stem cells. Its significance extends to
early embryonic development, and it serves as a pioneer factor in the context of reprogramming
somatic cells into induced pluripotent stem cells (iPSCs).

Basic Helix-Loop-Helix (bHLH) PTFs exerts a pivotal role in gene expression and cell

differentiation (Donovan et al. 2023). A defining characteristic is their ability to form homo- or

heterodimers with other bHLH proteins. Dimerization plays a critical role in enhancing their

DNA-binding affinity and specificity (Nebert 2017). MyoD is instrumental in muscle

development and differentiation. It plays a crucial role in the activation of muscle-specific genes
by binding to closed chromatin regions and facilitating the recruitment of other regulatory

factors (Battistelli, Garbo, and Maione 2022).

Zinc finger pTFs are characterized by their DNA-binding domains, which contain zinc finger
motifs. They are often involved in recognizing specific DNA sequences and facilitating the

initial binding of the pioneer factor to the chromatin (Soufi et al. 2015). GATA-1 plays a crucial

role in the development of red blood cells (erythropoiesis) and is involved in the activation of

genes required for this process (Imanishi et al. 2010). By binding to this motif, GATA-1 helps

open the chromatin structure around key erythropoiesis-related genes, allowing other TFs and

regulatory proteins to access these genes and promote their expression (Y. W. Kim et al. 2020).

Nuclear Hormone Receptors (NHRs) represent a class of proteins with a distinctive role as

pTFs, exerting a crucial influence on gene regulation (Aranda and Pascual 2001). Their primary

function is to modulate the transcription of specific target genes in response to small, lipophilic
molecules, which are often a wide range of compounds, including steroid hormones, thyroid

hormones, retinoids, and fatty acids hormones or dietary metabolites (Beato and Klug 2000;

Yaffe and Samuels 1984; Tao et al. 2020). One well-recognized example within the NHR

family is the Estrogen Receptor (ER), which plays a central role in mediating the effects of

estrogen hormones (Lindberg et al. 2003). ER has two isoforms, ERa and ERP, and is
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instrumental in regulating the expression of genes associated with cell proliferation,
differentiation, and the development of female secondary sexual characteristics (Paige et al.
1999). ER operates as a pTF by engaging with estrogen response elements (EREs) situated in

the target genes (Yasar et al. 2017). In breast tissue, for instance, ER binds to EREs within gene

promoters such as ESR1 (estrogen receptor alpha) and progesterone receptor (PR), effectively

initiating their transcription (Murphy et al. 2000).

The Forkhead Box (FOX) pTFs, characterized by a conserved DNA-binding domain called the

Forkhead box or winged-helix domain (Lalmansingh et al. 2012). Their influence spans an

array of biological processes, including development, metabolism, and immune regulation. One
example from this family is FOXAI, a versatile factor integral to diverse biological processes,
ranging from development and metabolism to cancer. It wields the capability to engage with
compacted chromatin, aiding in its unfolding and rendering it accessible for other TFs (Lupien
et al. 2008). In the context of hormone-dependent breast cancer, FOXAT1 collaborates with the
estrogen receptor (ER). It homes in on enhancer regions in DNA, thereby facilitating the
binding of ER to its target genes. This synergy holds paramount importance for the expression

of genes responsive to estrogen and for the growth of cancer cells (Augello, Hickey, and

Knudsen 2011).

The Signal Transducer and Activator of Transcription (STAT) pTFs serve as essential
intermediaries in the transmission of extracellular signals, including cytokines and growth

factors, from the cell surface to the nucleus (Singh et al. 2012). Once in the nucleus, they

activate or repress the transcription of specific genes. One prime illustration is STAT1, which
operates significantly in the immune response to interferons. It assumes the role of a pTF,
initiating the transcription of genes that facilitate the antiviral response. An instance of this is
STATI!'s binding to the promoter regions of interferon-stimulated genes (ISGs), which are

instrumental in executing antiviral functions (X. Ren et al. 2023; Ruvolo et al. 2003). STATS
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plays an indispensable role in mediating the effects of a variety of cytokines, including
erythropoietin and prolactin and takes the lead in regulating genes associated with

hematopoiesis and milk protein synthesis (Nosaka et al. 1999). Peroxisome Proliferator-

Activated Receptors (PPARs) form a group of nuclear receptors with a pivotal role in

orchestrating gene expression and a wide array of physiological processes, particularly those

related to lipid and glucose metabolism (Chinetti, Fruchart, and Staels 2000).
MYB pTFs constitute a vital group of regulatory proteins, wielding a significant impact on gene
expression and regulation through their specific binding to DNA sequences, thus instigating

alterations in chromatin structure (Lemma et al. 2021). The defining characteristic of MYB

pTFs lies in their DNA-binding domain, typically composed of one to three MYB repeats. Each
MYB repeat, consisting of approximately 50 amino acids, assumes a helix-turn-helix structure,
endowing these factors with the capability to bind to particular DNA sequences (Ito 2005 Jin

and Martin 1999). One example in this category is c-MYB, which plays an indispensable role

in the development and upkeep of blood cells. By binding to the regulatory regions of genes
necessary for blood cell formation, c-MYB can catalyze their expression, even when embedded

within heterochromatin (Greig, Carotta, and Nutt 2008: Allen, Bender, and Siu 1999). In a more

complex context, certain MYB pTFs have been implicated in cancer. In this scenario, MYB
pTFs can contribute to the inception and progression of cancer by activating genes that fuel

uncontrolled cell growth, thus playing a role in the cancer's pathogenesis (Yihao Li et al. 2016;

Martinez and Dimaio 2011).
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Table 5. Structural Classification of Transcription Factors

Structural
Classification

Description

Helix-Turn-Helix

Consists of three helices; the recognition helix establishes contact with
DNA bases; the second helix enhances stability; modifications involve

(HTH) Motif zinc chelation and tetra-helical variants
. Core tri-helical bundle with a C-terminal B-strand hairpin wing; wing
nge%gigé:‘/HTH) provides additional interface for DNA contact, including interactions

with methylated adenine

Basic Helix—Loop—
Helix (b HLH) Motif

Consists of two amphipathic a helices separated by an intervening loop;
forms a dimeric structure binding to E-boxes in DNA; various families
with distinct functions

Forkhead Domain
(Winged-Helix
Domain)

Distinguished by a three-dimensional structure resembling a "winged
forkhead"; comprised of three alpha helices and two loops; recognizes
forkhead binding sites or forkhead response elements (FHRE:)

Ribbon-Helix-Helix
(RHH) Motif

Common in prokaryotes; utilizes an anti-parallel -sheet to recognize
nucleotide sequences; employs a-helices to secure the B-sheet within the
DNA major groove

Basic Leucine-Zipper

Positively charged region for interaction with DNA; leucine zipper
promotes dimerization; recognizes short, inverted, repeat DNA

(bZIP) Domains
sequences
Conserved DNA-binding domain with around 60 amino acids; binds to
Homeodomain homeoboxes or Hox binding sites; regulates transcription of target genes
in development
C2H2 Zinc Finger C.onta.ins‘ two cysteine and two histidine .residu§s coordipating with a
Motif zinc ion; compact, finger-like structure; multiple motifs recognize

specific DNA sequences

Beta-Scaffold (B-
Sheet) Motif

Defined by a distinctive beta-sheet structure; interacts with DNA bases
using convex and concave sides; stabilized by hydrogen bonds

Immunoglobulin-Like
(Ig Fold) Domain

Beta-sheet structure composed of antiparallel beta-strands; varying
numbers of domains; diverse domain composition expands DNA
recognition range

1.8 The role of pTFs in embryonic development

Embryonic development encompasses the intricate sequence of events through which a

fertilized ovum, or zygote, undertakes a meticulously orchestrated transformation to
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multicellular organism (Canse, Yildirim, and Yaba 2023). During fertilization, when a haploid

spermatozoon unites with a haploid oocyte, a diploid zygote is created (Egozcue et al. 2002).

Subsequent to fertilization, the zygote embarks on a swift series of cleavages. Though the
embryo's size remains relatively unchanged, the number of cells amplifies significantly,

manifesting as smaller units termed blastomeres (Z.-C. Wang, Zhang, and Li 2022). As

cleavage persists, blastomeres unite to form a compact cell mass, the morula. The morula, in
due course, undergoes transformation into a blastula. During gastrulation, the blastula's cellular
reorganization occurs, which gives rise to the establishment of the three primary germ layers:
the ectoderm, mesoderm, and endoderm. Cdx2, or Caudal-Type Homeobox 2, serves as a
pivotal pTF during early embryonic development, specifically guiding the differentiation of

trophoblast stem cells into trophectoderm cells (Blij et al. 2015). In this role, Cdx2 binds to

closed chromatin regions, effectively triggering the expression of genes essential for

trophectoderm formation (Dady et al. 2014).

Epigenetics plays a crucial role in the complex process of embryonic development, as it has
impact on how genes are turned on or off without changing the underlying DNA code.
Differentiating cells into specialized types, like muscle cells, neurons, or skin cells, heavily

relies on the intricate web of DNA methylation regulation (Smith and Meissner 2013). In the

realm of DNA methylation, two critical processes come into play: de novo methylation and

reprogramming (He and Feng 2022). De novo methylation is all about setting up DNA

methylation patterns during embryonic development. This process is crucial in primordial germ

cells (PGCs), which serve as the precursors to sperm and eggs (Andrews et al. 2023). After the

initial methylation of PGCs, there's a follow-up reprogramming process, which serves to wipe
away many of the methylation marks, ensuring that germ cells become eggs or sperm with an

epigenetic state suitable for fertilization and future embryonic development (Zeng and Chen

2019).
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DNA methylation also significantly influences placental development (Bianco-Miotto et al.

2016; Apicella et al. 2019). For instance, the PEG1/MEST gene is crucial for proper placental

development, and its methylation pattern is essential for healthy fetal growth (Hahn, Yang, and

Chung 2005). When it comes to heart development, DNA methylation is also significant. Genes
related to cardiac development, like NKX2-5, are under the regulation of DNA methylation

(Akazawa and Komuro 2005; Tong 2016; P. Zhou et al. 2022). Lastly, DNA methylation

patterns are pivotal for limb development. Genes involved in shaping and differentiating limbs,
such as HOXD genes, are influenced by DNA methylation. Any alterations in DNA methylation

can result in limb abnormalities (Fabre et al. 2018: Williamson et al. 2012).

Genomic imprinting is when specific genes are expressed in a manner determined by the parent

from whom they were inherited (Bartolomei, Oakey, and Wutz 2020). This relies on whether a

gene comes from the mother or father and entails distinct DNA methylation at imprinting

control regions (ICRs) (Matsuzaki et al. 2018). For instance, the /gf2 gene (insulin-like growth

factor 2) is only expressed from the father's allele, while the mother's allele is silenced through

DNA methylation (Toder et al. 1996). One crucial player in genome imprinting is the CCCTC-

binding factor (CTCF). CTCF binds to DNA, organizing the chromatin structure by creating
loops and boundaries that separate active and repressed regions of the genome (Weth and

Renkawitz 2011).

X-chromosome inactivation (XCI) is a crucial epigenetic process in female mammals that
serves to equalize gene expression between the sexes, as males have only one X chromosome

(Galupa and Heard 2018). DNA methylation and the long non-coding RNA XIST, derived from

one X chromosome, function as key players in gene silencing. XIST acts as a "silencer" by

enveloping the chromosome and inhibiting active gene transcription. (Aguilar et al. 2022;

Brockdorff2019). In X-chromosome inactivation, pioneer factors, notably CTCF, play a crucial

role in initiating the silencing of one X chromosome in female cells. CTCF binds to XIST RNA,

28



facilitating its spread across the inactive X chromosome and initiating the silencing process.

(Kung et al. 2015: H. Fang et al. 2023).

Epigenetic memory is a crucial aspect of preserving and passing on epigenetic information
during embryonic development. Epigenetic marks acquired early in development can influence
gene expression patterns and cell fate decisions as the embryo progresses and transforms into

different tissues and cell types (A. Bird 2002; Cheedipudi, Genolet, and Dobreva 2014). PTFs

lead in creating and sustaining epigenetic memory by transmitting gene expression patterns

through cell divisions without changing the DNA sequence. (Mayran et al. 2018; Pataskar et al.

2016; Reizel et al. 2021). One example of a pTF is Oct4, which is critical for maintaining the

pluripotent state of embryonic stem cells (ESCs). Oct4 binds to the regulatory regions of key
pluripotency genes and promotes an open chromatin structure by recruiting chromatin-

remodeling complexes (Whyte et al. 2013). This open chromatin state allows other TFs, like

Sox2 and Nanog, to bind and reinforce the pluripotent state of ESCs (Rizzino and Wuebben

2016; Swain et al. 2020). In summary, pTFs are central in establishing and preserving epigenetic

memory. They initiate changes in chromatin structure that enable other TFs to access and
regulate specific genes, ensuring the proper development and differentiation of cells.

Histone modifications are key players in the intricate process of embryonic development, as
they regulate gene expression and cell differentiation at various stages of growth (Macrae,

Fothergill-Robinson, and Ramalho-Santos 2023). Histones, proteins organizing DNA in the

nucleus, undergo changes that impact DNA packing, influencing the accessibility of specific
genes for transcription. Acetylation typically opens up the chromatin structure, making genes

more accessible for transcription, often associated with gene activation (Shvedunova and

Akhtar 2022). Histone acetylation of the Sox2 promoter region allows this gene to be expressed,

promoting the development of the neural tube (Ura et al. 2011; Karadkhelkar et al. 2023).

Methylation can either activate or repress gene expression, depending on the specific amino
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acids modified and the extent of methylation (Matoba et al. 2014). Histone phosphorylation
often occurs during the cell cycle's progression and influences the regulation of genes involved

in cell division, differentiation, and DNA repair (Wendt and Shilatifard 2006; Murakami 2019).

In embryonic stem cells, the ubiquitination of histone H2B is associated with gene activation,
enabling the expression of pluripotency genes that maintain the undifferentiated state of these

cells (Ooga, Suzuki, and Aoki 2015: M. K.-W. Ma et al. 2011). PTFs (TFs) play a crucial role

in directly influencing gene transcription by interacting with histone-modifying enzymes. They
often collaborate with other TFs to regulate gene expression. FoxAl, a pTFs essential in liver
development, binds to silent chromatin regions. It works with other TFs to recruit histone
acetyltransferases and methyltransferases, activating genes crucial for liver development and

function (Kohler and Cirillo 2010; Bommi-Reddy et al. 2022).

In summary, pTFs are pivotal players in the realm of histone modification and chromatin
remodeling during embryonic development. They enable precise control of gene expression,
allowing cells to differentiate and acquire specific identities. Their interactions with histone-
modifying enzymes shape the epigenetic landscape, which is crucial for gene regulation during

development.

1.9 The role of pioneer transcription factors in cell fate determination

The role of pTFs in cell fate determination is to initiate the transcription of specific genes that
are essential for the development and maintenance of a particular cell type or cell fate. They set
the stage for other TFs to bind and work together to establish and maintain cell identity.

During muscle cell differentiation, pTFs collaborate to initiate and facilitate muscle
development by unwinding chromatin structure. This regulatory network is crucial for
generating functional muscle cells and forming muscle tissue. Mef2 (Myocyte Enhancer Factor
2), particularly Mef2c, bind to enhancer regions of muscle-specific genes, helping to maintain
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an open chromatin structure required for gene expression in mature muscle cells (Taylor and

Hughes 2017).

In the context of adipogenesis, pTFs are indispensable for orchestrating the transformation of

precursor cells into mature adipocytes (Mueller 2014). PPARy (Peroxisome Proliferator-

Activated Receptor Gamma), often considered one of the master regulators of adipogenesis,

plays a central role in converting preadipocytes into mature adipocytes (Garin-Shkolnik et al.

2014). It activates genes responsible for lipid metabolism and storage, including those encoding

lipogenic enzymes such as fatty acid synthase and lipoprotein lipase (Nakamura, Yudell, and

Loor 2014).

PTFs play a critical role in initiating and shaping gene expression programs essential for the
differentiation of various cell types within the heart, including cardiomyocytes, cardiac
fibroblasts, and endothelial cells. GATA4 binds to closed chromatin regions during early heart

development, enabling access to cardiac-specific genes (Lili Zhu et al. 2022; P. Zhou et al.

2022). GATA4 activates genes related to cardiomyocyte differentiation, including those

encoding cardiac structural proteins like myosin, troponin, and actin (Davidson et al. 2005; Wu

et al. 2022). Additionally, GATA4 collaborates with other cardiac TFs, such as NKX2-5, to
coordinate gene expression during cardiomyocyte differentiation (Tong 2016).

PTFs are pivotal in the differentiation of blood cells, as they initiate the activation of genes and
guide hematopoietic stem cells toward specific blood cell lineages, such as erythrocytes,
myeloid cells, and lymphoid cells. PU.1 is a key pTF in myeloid differentiation, regulating the

development of granulocytes, monocytes, and dendritic cells (Nerlov and Graf 1998). It binds

to enhancer and promoter regions of myeloid-specific genes, facilitating chromatin accessibility

(Kueh et al. 2013). PU.1 also interacts with co-factors like C/EBPo and RUNXI1 to aid in

lineage commitment and myeloid cell differentiation (D. E. Zhang et al. 1996).
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PTFs are central to neural cell differentiation, establishing the initial transcriptional landscape
that dictates the fate of various neural cell types such as neurons, astrocytes, and

oligodendrocytes. (Horisawa and Suzuki 2023). Neurogenin (Ngnl and Ngn2) are essential for

the differentiation of neural progenitor cells into neurons (Kele et al. 2006; Q. Ma et al. 1999).

They bind to closed chromatin regions of target genes, including those encoding neural-specific

adhesion molecules and ion channels (Satoh et al. 2010; Hulme et al. 2020). These factors play

a critical role in initiating the neuronal differentiation program in neural progenitor cells.
PTFs are pivotal in the process of bone cell differentiation, initiating and maintaining the
transcription of genes associated with osteoblast development. Runx?2 is considered the master

TF in osteoblast differentiation (Vimalraj et al. 2015: Komori 2019). Runx2 binds to specific

chromatin regions, recruiting other TFs such as Osterix, and activating osteoblast-specific genes

(Hesse et al. 2010: X. Yin et al. 2022).

PTFs are pivotal in the differentiation of sperm cells, enabling the access of other TFs to specific
DNA regions and promoting the expression of genes necessary for the development and
maturation of sperm cells. CREM (cAMP-Responsive Element Modulator) is a pTF that plays

a critical role in post-meiotic spermatid development and sperm maturation (Peri and Serio

2000). It is involved in the process of histone displacement and chromatin remodeling in haploid

spermatids (Hogeveen and Sassone-Corsi 2006). CREM binds to chromatin, opening it up to

facilitate the expression of genes necessary for spermatid differentiation and the formation of

functional spermatozoa (Martianov et al. 2010).

PTFs play a crucial role in the process of female egg cell (oocyte) differentiation. LHXS is a
pTF associated with female reproductive development. It is involved in the differentiation of

primordial follicles, which house the oocytes (Y. Ren et al. 2015). LHXS8 helps open up

chromatin regions that regulate key genes in the folliculogenesis process. PTFs are critical in

oocyte differentiation because they are responsible for reshaping the epigenetic landscape of
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the genome, making it more permissive for subsequent stages of differentiation (Z. Wang et al.

2020: Jagarlamudi and Rajkovic 2011).

PTFs hold a pivotal role in both initiating and sustaining the differentiation of epithelial cells.
Kriippel-like factor 4 (KLF4) is a noteworthy pioneer factor, particularly in the context of
Epithelial-Mesenchymal Transition (EMT), is a process in which epithelial cells undergo a

transition into mesenchymal cells (N. Tiwari et al. 2013). KLLF4 activates genes responsible for

the loss of epithelial traits and the acquisition of mesenchymal characteristics (Cui et al. 2013).

It stimulates the activation of key EMT regulators such as Snail, Slug, and ZEB1 (A. Tiwari et

al. 2017: Z. Li et al. 2018).

PTFs are indispensable for pancreatic cell differentiation including both endocrine and exocrine
cells (Edlund 2001). FOXA2 stands out as a pivotal pTF, especially in the early stages of
pancreatic development, where it exerts its influence on both endocrine and exocrine cells (C.

S. Lee et al. 2005; K. Lee et al. 2019). FOXA2's primary function is to unravel the chromatin

structure surrounding genes essential for pancreatic organogenesis. It also plays a central role
in the differentiation of various cell types within the pancreas, including the insulin-producing

beta cells (Campbell and Hoffman 2016).

In eye cell differentiation, pTFs, exemplified by Pax6, play a central role in regulating diverse
cell types and establishing precise gene expression for functional eye structures. Pax6 is a
master regulator crucial for differentiating multiple eye cell types, including the cornea, lens,

and retina. (Ashery-Padan and Gruss 2001; Baker et al. 2018). Pax6 acts as a pTF by opening

up the chromatin structure, granting other TFs access to target genes (Elvenes et al. 2010; Cvekl

et al. 2004). In the lens, Pax6 triggers the expression of genes like crystallins, which are vital

for lens transparency and refractive properties (Shaham et al. 2012).

In summary, pTFs guide cell fate determination by initiating gene expression and cellular

differentiation. They bind to condensed chromatin, unlocking specific genes for transcription,
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enabling other TFs to regulate target genes and impact cell fate decisions. This fundamental
mechanism ensures proper tissue development and maintains tissue function.

1.10 Dysregulation of pioneer transcription factors in cancer

Transcription factor (TF) dysregulation is common in cancer, driving initiation, progression,
and metastasis by influencing target gene transcription. In breast cancer, specific TFs, such as
the Estrogen Receptor (ER), act as pTFs, exerting influence, particularly in hormone receptor-

positive cases (Reese et al. 2022). This subtype constitutes a significant portion of breast cancer

diagnoses. ER binds to estrogen response elements (EREs) within DNA, instigating the
transcription of genes linked to cell growth and proliferation (Klinge 2001). Targeted therapies
like tamoxifen and aromatase inhibitors effectively modulate ER activity, providing an effective

treatment strategy for ER-positive breast cancers (Tonetti and Jordan 1997; Adhikari, Baidya,

and Jha 2020; Qin et al. 2022). BRCA1 (Breast Cancer 1) is a tumor suppressor gene involved

in DNA repair and maintaining genomic stability (Yoshida and Miki 2004). Mutations in

BRCALI are associated with an increased risk of hereditary breast cancer and ovarian cancer

(Elstrodt et al. 2006). BRCA1 serves as a pTF by facilitating the recruitment of DNA repair

complexes to sites of DNA damage (Timms et al. 2014).

In the realm of kidney cancer, also known as renal cell carcinoma (RCC), these TFs exert their
impact on gene expression, contributing to the onset and advancement of the disease

(Bahadoram et al. 2022). HIF-1a (Hypoxia-Inducible Factor 1a) is a well-recognized pTF in

kidney cancer. The loss of the von Hippel-Lindau (VHL) gene leads to HIF-1a stabilization

(Schodel et al. 2016). HIF-1a promotes the transcription of genes involved in angiogenesis,

such as VEGF, facilitating tumor vascularization (Hoefflin et al. 2020). It also regulates

glycolysis and shifts cell metabolism toward a glycolytic state, promoting cancer cell survival

and proliferation (S.-H. Lee et al. 2020).
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Sarcoma is a heterogeneous group of cancers that arise from the mesenchymal tissues, which

include bone, muscle, fat, and connective tissues (Helman and Meltzer 2003). PTFs play a

crucial role in the development and progression of sarcoma cancers. EWS-FLII is a fusion
protein formed as a result of a translocation between the EWSR1 and FLI1 genes and is a

hallmark of Ewing's sarcoma (Shi et al. 2020). EWS-FLI1 acts as a pTF by binding to closed

chromatin regions and recruiting other TFs and co-activators (Sunkel et al. 2021: Griinewald et

al. 2018). This fusion protein promotes the expression of genes associated with cell proliferation

and tumorigenesis, such as MYC and CD99 (H. Sun et al. 2017; Rocchi et al. 2010). It also
inhibits the expression of genes that promote differentiation.

PTFs are essential for initiating and regulating gene expression in bladder cancer. GATA3 is
crucial for bladder cancer regulation. It plays a role in maintaining the differentiation of
urothelial cells and preventing them from undergoing malignant transformation (Inoue et al.
2017). In bladder cancer, the loss of GATA3 expression is associated with more aggressive and

invasive forms of the disease (Yi Li et al. 2014). GATA3 is involved in regulating genes like

CDHI1 (E-cadherin) and KRT20, both of which are important for maintaining the normal

differentiated state of urothelial cells (Guo and Czerniak 2019: B. Kim et al. 2021).

PTFs play a crucial role in the development and progression of prostate cancer. Androgen

Receptor (AR) is one of the most well-known pTFs in prostate cancer (Heinlein and Chang

2004). In normal prostate cells, AR regulates the expression of genes that control prostate

development and function (Labbé and Brown 2018). In prostate cancer, AR can become

hyperactive, leading to the uncontrolled growth of cancer cells (Tan et al. 2015). This

phenomenon is called androgen receptor signaling, and it is a key driver of prostate cancer

progression (Culig and Santer 2014). In prostate cancer, AR can facilitate the expression of

genes involved in cell proliferation, survival, and metastasis, such as PSA (Prostate-Specific
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Antigen) (J. Kim and Coetzee 2004) and TMPRSS2 (Transmembrane Protease, Serine 2) (Cai

et al. 2009).

PTFs play a crucial role in the development and progression of leukemia cancer, which is
characterized by the uncontrolled proliferation of white blood cells in the bone marrow. GATA-
1 is a TF essential for normal hematopoiesis, particularly in the development of erythrocytes

and megakaryocytes (Shimizu et al. 2004). Mutations in GATA-1 are associated with various

leukemia subtypes, such as Down syndrome-related acute megakaryoblastic leukemia (DS-

AMKL) (Hitzler et al. 2003). In DS-AMKL, GATA-1 mutations act as pioneer factors that bind

to specific sites on DNA and alter the transcriptional program, promoting the transformation of

hematopoietic cells into leukemia cells (Burda, Laslo, and Stopka 2010).

In melanoma, a highly aggressive and deadly form of skin cancer, pTFs play a crucial role in
initiating and maintaining the cancerous phenotype. MITF (Microphthalmia-Associated
Transcription Factor) is a key TF in melanoma, and it acts as a pioneer factor by regulating

genes involved in melanocyte differentiation and pigment production (Levy, Khaled, and Fisher

2006). In melanoma, MITF is often amplified or mutated, leading to its dysregulated
expression. This results in the activation of genes associated with melanoma proliferation and

survival (Hartman and Czyz 2015). MITF's pioneer activity helps maintain the melanoma

phenotype by binding to target genes, such as TYR (Tyrosinase) (Niu, Yin, and Aisa 2018) ,

TYRP1 (Tyrosinase-Related Protein 1) (D. Fang, Tsuji, and Setaluri 2002), and DCT

(Dopachrome Tautomerase) (Jiao et al. 2004).

In lymphoma, a type of blood cancer primarily affecting lymphocytes, the influence of pTFs is
considerable and can significantly impact disease progression and the formation of tumors

(Mugnaini and Ghosh 2016). PU.1 (SPI1) is a pTF predominantly expressed in lymphoid and

myeloid cells, crucial for B- and T-lymphocyte development and function (Ivascu et al. 2007).

Dysregulation of PU.1 in lymphoma can alter chromatin accessibility, influencing the
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expression of genes involved in lymphocyte differentiation and activation (Rosenbauer et al.

2006). For example, in chronic lymphocytic leukemia (CLL), a B-cell lymphoma,
downregulation of PU.1 is associated with disease progression and a less favorable prognosis

(Huskova et al. 2015; Okuno and Yuki 2012). PU.1 regulates numerous target genes critical for

lymphocyte development and function, establishing its role as a pivotal pioneer factor (Desai
et al. 2009).

In the context of colorectal cancer (CRC), pTFs are central to the dysregulation of key genes
and pathways that contribute to the oncogenic process. FOXO1 (Forkhead Box O1) is a pTF
that governs genes involved in apoptosis, DNA repair, and cell cycle control. In CRC,
dysregulated FOXO1 activity can drive uncontrolled cell proliferation and inhibit apoptosis (D.

Wang et al. 2019). For instance, the downregulation of FOXO1 can result in increased

expression of oncogenes like MYC and cyclin D1, contributing to tumorigenesis (Shang et al.

2020: Jiang et al. 2018).

In the realm of brain cancer, pTFs play a pivotal role in influencing tumor development,
progression, and responses to therapeutic interventions. SOX2 serves as a pTF in Glioblastoma
(GBM), preserving the stemness of glioblastoma stem cells (GSCs) by opening closed
chromatin regions. SOX2 overexpression in neural progenitor cells can induce gliomagenesis
instigating tumor formation bearing GBM-like characteristics, thereby underscoring its role in

tumor initiation (Caglar and Duzgun 2023). SOX2 is implicated in resistance against radiation

therapy by regulating DNA repair mechanisms, thereby enhancing the repair of radiation-
induced DNA damage in GBM cells and diminishing their susceptibility to treatment (Garros-

Regulez et al. 2016). SOX2 is also implicated in chemotherapy resistance through its

association with the upregulation of drug efflux pumps like ABCG2, which actively expel

chemotherapy drugs from cancer cells, thereby diminishing their efficacy (Wee et al. 2016).
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1.12 Experimental Techniques for Studying DNA Methylation

Accurate quantification and validation of 5-methylcytosine play a pivotal role in the field of

epigenetic investigation (Khodadadi et al. 2021). Scientists use two main methodologies for
understanding DNA methylation: molecular biology and bioinformatics. Molecular techniques,
like bisulfite conversion, DNA sequencing, and PCR amplification, discern and quantify 5-
methylcytosine. Bioinformatic methods analyze next-generation (next-gen) sequencing data for
methylated cytosines. This comparative analysis explores their strengths and limitations,
providing insights into optimal strategies for S5-methylcytosine quantification. Bisulfite
treatment, a widely used technique, distinguishes methylated and non-methylated cytosines,

allowing precise identification and quantification after PCR amplification (L. Zhang et al.

2015). Whole-genome bisulfite sequencing (WGBS) stands out as the method of choice for
DNA methylation analysis due to its remarkable capacity to accurately detect every methylated
cytosine within the genome, covering approximately 95% of all CpG sites in the human
genome. WGBS uses treatment of extracted DNA with sodium bisulfite. This chemical
treatment converts unmethylated cytosine residues to uracil, while methylated cytosines remain
unchanged. This conversion creates a difference that can be detected during sequencing

(Stirzaker et al. 2014). However, it's important to note that whole-genome bisulfite sequencing

(WGBS) has limitations, including the requirement for relatively large input material quantities
and the relatively recent development of protocols, making them less suitable for high-
throughput applications and potentially limiting their use in clinical contexts. (Olova et al.
2018). Additionally, it's widely acknowledged that the amplification of bisulfite-treated DNA

can potentially introduce unwanted biases (Bundo et al. 2012). Despite its precision and

comprehensiveness, WGBS is essential for deciphering DNA methylation patterns and their
implications for health and disease. Enrichment analysis, such as Methylated DNA

Immunoprecipitation (MeDIP), selectively isolates methylated DNA using antibodies. MeDIP

38



results, analyzed through various methods, may have limitations, including the need to assess
antibody specificity and potential bias towards hypermethylated regions, impacting result

accuracy. (Weber et al. 2005). Methyl-CpG binding domain-based capture (MBDCap) is

another potent technique in molecular biology for the isolation of methylated DNA fragments

(Brinkman et al. 2010). This method leverages methylation-affinity proteins to capture

methylated DNA fragments. Initially, the DNA 1is fragmented through sonication and
subsequently incubated with specific MBD proteins labeled with tags. These tagged MBD
proteins are then precipitated using antibody-conjugated beads that specifically target the

protein tags (Nair et al. 2011). MBDCap, when combined with next-generation sequencing, has

the potential to offer comprehensive coverage of SmC in densely CpG-methylated and repeat
regions. However, it is important to recognize certain limitations. MBDCap tends to show bias
towards hypermethylated regions and does not achieve the same single-base resolution as

whole-genome bisulfite sequencing (WGBS) (Bock et al. 2010).

Molecular methods for DNA methylation analysis involve bioinformatic analysis, which
processes and interprets sequencing or microarray data. Despite being a powerful tool for
understanding DNA methylation dynamics, bioinformatic analysis presents challenges,
including the complexity of selecting suitable tools and the requirement for proficient data
analysts experienced in processing and statistically analyzing large datasets. This underscores
the importance of expertise in both molecular biology and computational analysis to effectively

unravel DNA methylation intricacies in diverse biological contexts (Rauluseviciute, Drablgs,

and Rye 2019). The choice of a molecular method for DNA methylation analysis significantly
influences the quantitative nature of the data. Different methods, such as MeDIP-seq and
WGBS, provide distinct levels of resolution in methylation information. MeDIP-seq focuses on
comparing the relative abundance of methylated fragments, while WGBS offers individual

cytosine base-level resolution, enabling more detailed analyses like statistical testing of
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differential methylation, often focusing on differentially methylated regions (DMRs) (Laird
2010). WGBS is valuable, but it requires bisulfite conversion to distinguish methylated and
non-methylated cytosines. However, this process can lead to DNA degradation, necessitating
meticulous purification steps to eliminate residual sodium bisulfite and minimize the risk of

introducing artifacts during subsequent sequencing. (Ortega-Recalde et al. 2021). Attention to

detail in sample preparation is crucial for accurate and reliable methylation data from WGBS.
A challenge in bisulfite sequencing involves converting unmethylated cytosines to thymidines,
reducing sequence complexity and making accurate read alignment challenging. Ensuring
precise alignment of bisulfite-converted reads is critical for accurately identifying methylated
cytosines. Proper alignment algorithms and software tools are essential to mitigate this
challenge and obtain reliable DNA methylation data in bisulfite sequencing experiments.

(Meissner et al. 2008). The popularity of WGBS has led to the emergence of numerous

bioinformatics tools for managing large-scale sequencing data. The typical WGBS DNA
methylation analysis pipeline involves critical steps such as read alignment, quality control,
methylation information extraction, identification of DMRs), and downstream analyses
integrating methylation data with gene expression, histone modification, or TF binding site
annotation. Widely used tools, including FastQC, facilitate initial quality control by generating

comprehensive reports to assess sequencing read quality (Andrews and Others 2010). FastQ

Screen is employed to check the contamination and origin of sequences in a fastq file. It helps
identify potential issues such as contamination from other species or sample cross-

contamination (Wingett and Andrews 2018). Trim Galore is a tool designed for quality control

and trimming of sequencing data. It can be particularly useful for removing low-quality

sequences and adapter sequences from the raw data (“Babraham Bioinformatics - Trim

Galore!”). Trimmomatic is another popular tool for read trimming and quality control. It allows

users to remove adapters and low-quality bases, ensuring that the input data is of high quality
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before downstream analysis (Bolger, Lohse, and Usadel 2014). Tools like FastQC are crucial
for maintaining the quality and integrity of DNA methylation data obtained through WGBS,

ensuring result reliability in the bioinformatics pipeline for analysis. (Gong et al. 2022).

Mapping bisulfite-treated sequences to a reference genome is computationally demanding due
to altered DNA complexity and the challenge of decoding methylation states. Bisulfite
treatment reduces sequence complexity by converting unmethylated cytosines to thymines. This
increased degeneracy complicates mapping reads, and considering both Watson and Crick
strands further adds complexity, resulting in up to four possible DNA strands for each genomic
position. Accurate mapping requires considering all strands to determine the true origin of

bisulfite-treated reads. (M. Liu and Xu 2021). Bisulfite-treated DNA sequences differ from

standard DNA sequencing, representing a mix of methylated and unmethylated cytosines at
specific positions. This variability complicates mapping, addressed by sophisticated algorithms
and tools developed to accurately map bisulfite-treated sequences to a reference genome. These
tools consider bisulfite treatment complexities and methylation variability, enabling reliable
determination of methylation patterns across the genome. Advanced computational methods

are crucial for studying DNA methylation in diverse biological processes (H. Li and Homer

2010). To align reads from WGBS to reference genomes, specialized mapping tools like
Bismark and Bowtie2 are essential. These tools are designed to handle the unique characteristics
of bisulfite-converted DNA, accurately processing converted unmethylated cytosine bases
within reads. By using converted reference genomes accounting for bisulfite treatment, these
tools precisely align WGBS reads, facilitating downstream analyses and comprehensive
exploration of DNA methylation. Bismark, a widely used software for bisulfite-sequencing data
analysis, distinguishes between methylated and unmethylated cytosines, providing essential
functionalities like methylation extraction and downstream analysis of differentially methylated

regions. (Krueger and Andrews 2011). Bowtie2, a versatile and efficient sequence alignment
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tool, can be adapted for bisulfite sequencing analysis. Despite not being specifically designed
for bisulfite-converted DNA, its settings can be adjusted to handle the unique nature of bisulfite-
sequenced reads. Its speed and flexibility make it a valuable choice, especially for large-scale

WGBS datasets (Langmead and Salzberg 2012). These tools, utilizing converted reference

genome sequences, enable precise alignment of WGBS reads, forming the foundation for
downstream analyses. Essential for researchers, they explore genome epigenetic modifications,
revealing regulatory mechanisms influencing gene expression and cellular function (H. Kim et
al. 2022).

In DNA methylation analysis, pivotal tools like Bismark, MethylDackel, methylKit, and
BSmooth play a crucial role in methylation calling. These tools meticulously assess cytosine
methylation status across the genome, calculating the degree of methylation for all mapped
cytosines in sequenced data. MethylDackel, working in harmony with Bismark, aligns reads to
the reference genome, determining the methylation status of each cytosine (Ryan 2017).
MethylDackel excels in scrutinizing methylation patterns in large-scale bisulfite sequencing
datasets. Going beyond mere calling, methylKit, an R package, broadens the scope of
methylation analysis by enabling researchers to uncover differentially methylated cytosines and

regions (DMCs and DMRs) (Akalin et al. 2012). Empowering scientists to identify significant

methylation changes, methylKit, and BSmooth, both R packages, go beyond basic calling. They
enable the detection of DMCs and DMRs, crucial for understanding the functional implications

of DNA methylation fluctuations. (Hansen, Langmead, and Irizarry 2012). Tools like BSmooth

analyze bisulfite sequencing datasets, detecting methylation pattern shifts and uncovering
hypomethylated regions. Foundational in DNA methylation analysis, these tools rely on
disparities between methylated and unmethylated cytosines. BSmooth's adaptability allows
tailored analyses for specific objectives and domains, crucial in cancer research for customizing

parameters to account for cancer-specific DNA methylation patterns. Researchers leverage
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them for deeper insights into DNA methylation, advancing our understanding of complex

phenomena, including cancer.

Table 6. Methods and Tools for 5-Methylcytosine Quantification in Epigenetic Research

Methodology | Techniques/Tools Strengths Limitations
Distinguishes methylated Potential DNA
Molecular . . L
Biolo Bisulfite Treatment from non-methylated degradation, bias in
&y cytosines amplification
Accurate detection of Large input material,
Molecular . .
. WGBS methylated cytosines, new protocols, potential
Biology . . . .
comprehensive bias in amplification
Selectively isolates Potential antibody bias,
Molecular .
Biolo MeDIP methylated DNA, next-gen bias towards
4 sequencing hypermethylated regions
Captures methylated DNA Bias towards
Molecular
Biolo MBDCap fragments, next-gen hypermethylated
4 sequencing regions, lower resolution
. . Need for thorough
Precise alignment, 1 .
. . . . sample preparation,
Data Analysis | WGBS Analysis Tools methylation calling, P p' P
. . . potential DNA
identification of DMRs .
degradation
Alignment Accurate alignment, Need for converted
Tools for Bismark, Bowtie2 distinguish methylated from reference genome,
WGBS unmethylated cytosines computational demands

1.13 Databases for pioneer transcription factors

TF databases serve diverse molecular biology and genetics research needs. They fall into

categories: some provide comprehensive information on TFs, including sequences, structures,

modifications, and expressions. Others focus on documenting binding sites, offering insights

into how TFs interact with DNA. Some catalog target genes, revealing downstream

consequences and network complexities. Certain databases provide functional annotations,

enriching understanding of TFs in various contexts. Some offer predictive tools for identifying
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binding sites, aiding gene regulation investigations. Database choice depends on research needs,

often using multiple for a comprehensive understanding of TFs, binding sites, and target genes.

Table 7. Transcription Factor Databases

Database
Name Purpose and Features Special Features and Updates
Repository of two-dimensional TF Over 700 PWMs, cell type-specific
MethMotif motifs with CpG methylation data perspective, integrates pioneer factor
from ChIP-seq and WGBS datasets. information (2024 version).
Compilation of experimentally Expansive collection of PWMs,
TASPAR determined TF binding profiles inclusivity for a wide spectrum of
(PWMs) with a broad scope covering species, accuracy and reliability from
various species. empirical data (ChIP-seq).
. . Comprehensive information on human
Specialized repository focused on . .
.. . co-factors, detailed annotations,
human transcription co-factors, their . . .
TcoF-DB . . . . integration with external databases,
interactions with TFs, and genomic .
. . . expanded content in TcoF-DB v2 (2024
information about TF binding sites. .
version).
Versatility with data from diverse
Bioinformatics tool for systematic organisms, matrix profiles for predicting
TRANSFAC collection of data on TFs and their binding sites, in-depth functional
binding sites across various organisms. | annotations, interconnected with external
databases.
. . Mapping of bindi tifs for 1299
Database dedicated to mapping TF AppIng O1 HIRCHS HIOTIS “or
o . . human TFs and 890 mouse TFs across
binding sites within human and mouse . .
TFSyntax . . 382 cells and tissues, detailed
genomes, offering comprehensive . . . ..
L o information on motif positional
characterizations of TF binding syntax. . L
preferences, density, and co-localization.

1.13.1 Methmotif

The MethMotif database serves as a repository of two-dimensional TF motifs, which
encompass TF binding sites (TFBS) and associated position weight matrices (PWMs) (Xuan

Lin et al. 2019). MethMotif, a unique database, combines CpG methylation data from ChIP-seq

and whole-genome bisulfite sequencing datasets, offering a cell type-specific perspective.

Integrating TFBS motifs with TFBS DNA methylation patterns, it provides a comprehensive

44



portrayal of DNA loci recognized by TFs. With over 700 PWMs spanning species like human,
mouse, and Arabidopsis thaliana, MethMotif aids researchers in studying TF binding, gene
regulation, and the impact of DNA methylation. Its focus on cell type specificity and epigenetic
integration makes it invaluable for understanding transcriptional regulation in diverse biological

contexts (Dyer et al. 2022), MethMotif has advanced by incorporating pioneer factor

information from a comprehensive meta-analysis. This enhancement provides valuable insights
into the role of pioneer factors in transcriptional regulation and their interactions with DNA
methylation patterns.

1.13.2 JASPAR

JASPAR stands as a valuable resource, offering an extensive compilation of experimentally

determined TF binding profiles, commonly referred to as PWMs (Castro-Mondragon et al.

2022). JASPAR's expansive collection of PWMs reveals the specific binding preferences of
various TFs for distinct DNA sequences, providing detailed insights into gene regulation.
Notably inclusive, JASPAR offers binding profiles for a broad range of species, making it a
valuable resource for researching TF binding in diverse organisms. In essence, JASPAR stands
as a comprehensive repository, supporting scientific inquiry into gene regulation across species
with its extensive PWM collection.

1.13.3 TcoF-DB

The Transcription Co-Factors Database (TcoF-DB), initially developed by Schaefer and

colleagues in 2011 (Schaefer, Schmeier, and Bajic 2011) and later updated to TcoF-DB v2 by

Schmeier and team in 2017 (Schmeier et al. 2017), serves as a comprehensive and specialized

repository of information specifically focused on human transcription co-factors and their
interactions with TFs. TcoF-DB is a valuable resource that compiles comprehensive data on
transcription co-factors, including co-activators, co-repressors, and regulatory proteins. It

provides detailed information on the interactions between TFs and their co-factors, shedding
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light on complex gene regulatory networks. The database includes annotations, descriptions,
and genomic information on TF binding sites, crucial for understanding gene expression
regulation. TcoF-DB also serves as a potential resource for investigating links between co-
factors and diseases. In its updated version, TcoF-DB v2 offers expanded content, integrating
data from Gene Ontology, biological pathways, diseases, and molecular signatures. With 958
human TcoFs and additional entries for mouse co-factors, TcoF-DB is a centralized repository
enhancing research on gene regulation mechanisms and their implications in health and disease.
1.13.4 TRANSFAC

TRANSFAC (Matys et al. 2003), an acronym for "TRANScription FACtor database," serves

as a specialized repository for the systematic collection and arrangement of data pertaining to
transcription factors (TFs) and their corresponding binding sites across a wide spectrum of
organisms. Within TRANSFAC, researchers access comprehensive information about TFs,
including details about their structural characteristics, functional attributes, and DNA-binding

domains (Matys et al. 2006). TRANSFAC is a versatile database with comprehensive data from

diverse organisms, ideal for comparative genomics. Researchers use TRANSFAC to uncover
regulatory motifs, predict binding sites with matrix profiles, and explore functional annotations
for TFs, including their roles in gene regulation and associations with diseases. Its
interconnectivity with other databases allows seamless data integration, facilitating exploration
of complex networks in transcriptional regulation and gene function, advancing knowledge in
molecular biology, genetics, and genomics.

1.13.5 TFSyntax

TFSyntax is an extensive database that is dedicated to the intricate arrangement of TF binding

sites within the human and mouse genomes (Yongbing Zhao 2023). TFSyntax plays a pivotal

role in mapping the binding motifs of 1299 human TFs and 890 mouse TFs across 382 distinct

cells and tissues. This comprehensive effort positions it as one of the most exhaustive TF
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binding resources available. Beyond identifying TF binding sites, TFSyntax defines motif
positional preferences, density, and co-localization within accessible genomic elements. Its
user-friendly interface and functional modules allow researchers to search, browse, analyze,
and download data, making it invaluable for studying transcriptional regulation and the impact
of regulatory DNA variants on diseases. TFSyntax serves as a pivotal resource for investigating
transcriptional regulation mechanisms and understanding how variations in regulatory DNA

elements contribute to diseases.

1.14 The Need for Classification

PTFs play a crucial role in regulating gene expression and directing cellular behavior across
various biological processes, including development, differentiation, and responses to
environmental stimuli. The classification of these pioneering factors holds significant
importance for several reasons. Firstly, pTFs act as initiator of cellular differentiation and
maintaining cellular identity. By categorizing these factors, we gain valuable insights into the
mechanisms involved in establishing and preserving distinct cell types during embryonic
development and tissue regeneration. Moreover, understanding the classification and functions
of pTFs provides us with opportunities for therapeutic interventions. This knowledge enables
the development of strategies to precisely control and manipulate cell fate, offering potential
applications in regenerative medicine, disease therapeutics, and tissue engineering. Notably,
pTFs play a critical role in unpacking tightly condensed chromatin, making target genes
accessible to other regulatory factors. Deepening our understanding of their classification helps
unravel the complex landscape of gene regulation and the coordinated action of specific TFs.
PTFs are also pivotal in reprogramming somatic cells into induced pluripotent stem cells
(iPSCs), thereby advancing stem cell research and its medical applications. Furthermore, these

factors are closely linked to cellular responses to environmental changes, including stressors
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and signaling molecules. Developing the classification of pTFs enhances our comprehension of
how cells adapt and respond to their surroundings, which is crucial in fields such as cancer
biology and immunology. Additionally, comparative analyses of these factors across species
shed light on the evolution of gene regulation and its role in species-specific traits. In
biotechnology, pTFs can be utilized to produce custom proteins or metabolites. A detailed
understanding of their classification and functions can accelerate the development of more
efficient bioprocesses for industrial and medical purposes. Researchers can design pTFs to
precisely control the timing and level of gene expression. This customization allows for the
fine-tuning of metabolic pathways and the production of proteins or metabolites in specific
quantities. Conversely, disruptions in pTF activity can lead to various diseases, including
cancer. Therefore, classifying these factors is essential for uncovering disease mechanisms and
identifying potential therapeutic targets.

In summary, the classification of pTFs plays a pivotal role in unraveling the complexities of

gene regulation, cellular differentiation, and responses to environmental cues.
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I1. Materials and Methods

2.1 Data Collection and Compilation
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Figure 4. Systematic Methodology Overview

This formal flowchart outlines our methodology, utilizing dark blue squares for main analysis
steps, light blue figures for decision points and supplementary information, and grey squares
for newly created TF clusters. Positive outcomes are denoted by green circles, while negative

results are represented by red circles. The figure was created in Inkscape (https://inkscape.org/)

and SciDraw (https://scidraw.i0/).

In order to create a comprehensive classification system for TFs, this research project
underwent an extensive data collection process. The initial step in this data collection process
involved a thorough review of existing literature. This review aimed to identify relevant studies,
research articles, and databases containing information about TFs and their associated features.
A paper manager tool, Paperpile (https://paperpile.com/app), was utilized to track literature
specifically mentioning the pioneer status of TFs. Key sources included Google Scholar,
PubMed, and Google Search. We utilized specific search terms such as "TFs," "DNA
methylation," "TF binding sites," and "methylated DNA". Our collected data points included
the TF's name or symbol, NCBI gene symbol or protein ID, the organism or species it is
associated with, details about its DNA-binding domain, its regulatory functions and target
genes, its ability to bind to heterochromatin, its interaction with methylated DNA, its capacity
to enhance DNA accessibility, its potential influence on cell fate, its classification as a pioneer
factor, and any established roles in cancer. Data for these criteria was recorded using one of the
following options: 'YES,' 'NO," or 'N/A'. Any conflicted data was excluded from analysis. To
streamline the extraction process, a structured data extraction template was designed and
refined based on the data points identified. Data were extracted from both primary and
secondary sources to ensure the comprehensiveness of the dataset. Data preprocessing was a
crucial step in ensuring the quality and consistency of the collected information. During this

phase, we carried out data validation, ensuring the accuracy of the information through cross-
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referencing and verification of TF names and associated data. After this, we cleaned the data
by identifying and rectifying errors, inconsistencies, and missing values in the dataset, which
were excluded from analysis. We next standardized the format and representation of data to
ensure uniformity. Next, a data integration step included merging information from various
sources to create a single, cohesive dataset. Following data preprocessing, the curated dataset
was subjected to further curation to enhance its utility. This involved the elimination of
duplicate entries, the consolidation of data with synonyms or different naming conventions, and
the assignment of unique identifiers to each TF. The aim was to create a clean, well-organized
dataset that could serve as the basis for classification. The collected and curated data were
integrated into a comprehensive TF database, which served as the primary resource for
developing the classification model. This integrated dataset was designed to be easily accessible
and queryable, allowing for efficient retrieval and analysis of TF information. The data
collection and preprocessing phases were fundamental in creating a robust foundation for the
pTF classification system. By meticulously compiling and organizing TF data from existing
literature, we established a comprehensive dataset that would support subsequent stages of this
research. The next section will delve into the methodology for feature selection and model
development, leveraging this well-prepared TF dataset to construct a novel classification

system.

2.2 Feature Grouping and Categories

2.2.1 DNA Methylation Binding

The interaction between TFs and DNA, particularly in the context of DNA methylation, plays
a crucial role in gene regulation. To ensure that our research was both comprehensive and
current, we adopted a dual-pronged approach, combining a thorough literature review with

cross-referencing information from the MethMotif database. We harnessed the MethMotif
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database to augment our comprehension of TF-DNA methylation interactions. MethMotif is a
specialized database that houses a comprehensive collection of experimentally validated
binding motifs for TFs, with a particular focus on their preferences for methylated or
unmethylated DNA sequences. To corroborate our findings from the literature review, we
extracted data from MethMotif, emphasizing TFs known to exhibit specific binding preferences
for methylated DNA. Additionally, we gathered information regarding the DNA sequences to
which these TFs bind when DNA is methylated. The data sourced from the literature review
and MethMotif was integrated into our database. This enabled us to conduct a comprehensive
analysis of the collective evidence from both sources, allowing us to identify commonalities,

discrepancies, and emerging trends.

2.2.2 Heterochromatin Binding

Heterochromatin binding refers to the ability of a TF to interact with and regulate genes within
heterochromatic regions of the genome. Through an extensive literature review, we have
evaluated each TF's capacity to bind heterochromatin and classified them as either "yes" if they
exhibit this function, "no" if they do not, or "n/a" if data on their heterochromatin binding is

lacking.

2.2.3 DNA Accessibility Promotion

DNA accessibility promotion represents TF's role in enhancing chromatin accessibility,
allowing other regulatory elements to bind. The database includes the assessment of each TF
for this function, with a "yes" indicating its promotion of DNA accessibility, "no" if it does not,

and "n/a" for unreported cases.
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2.2.4 Cell Fate Alterations
Cell fate alterations involve TFs driving changes in cellular identity and differentiation. The
literature review categorizes TFs as "yes" if they are associated with cell fate alterations, "no"

if there is no such association, and "n/a" for instances with insufficient data.

2.2.5 Cancer
The cancer-related function of TFs is a critical aspect of this analysis. We have classified TFs
as "yes" if they are known to play a role in cancer development, "no" if they do not, and "n/a"

when data is lacking.

2.2.6 Identification of PTFs

For each PTFs identified, specific information regarding the genes they regulate and the context
in which their PTFs status was established was recorded. The compilation of PTFs in the
database allowed for a comprehensive examination of their characteristics and the evidence
supporting their PTFs status. PTFs are essential in understanding gene regulation in various

cellular contexts, including development, differentiation, and disease.

2.4 Heatmap Analysis

To visually represent our comprehensive analysis of multidimensional data, we used the
pheatmap package (Kolde 2019), version 1.0.12, in the R Studio software, version 1.1.463. The
clustering and arrangement of TFs within the heatmap considered a diverse set of criteria. These
criteria encompassed the TF's propensity to bind methylated DNA, its interaction capabilities
with closed chromatin regions, its role in modulating DNA accessibility, its influence on cell
programming or fate alterations, its association with cancer, and its potential function as a

pioneer factor in cellular processes. This systematic evaluation enabled the extraction of
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meaningful patterns and relationships embedded within the intricate landscape of TF

characteristics.

2.5 Gene Ontology (GO) Enrichment Analysis

Gene Ontology (GO) is a standardized system for the functional annotation of genes and their
products. To gain a deeper insight into the distinctions among recently identified TF groups,
we conducted a comprehensive analysis employing the Gene Ontology (GO) enrichment
approach. Our primary objective was to unveil the specific functionalities associated with each
TF group, elucidating the molecular intricacies that render them distinct.

For this detailed analysis, we utilized the bioinformatics tool Database for Annotation,

Visualization, and Integrated Discovery (DAVID), version 2023q2 (Sherman et al. 2022). For

the DAVID GO analysis, we employed a curated list of TFs of interest, specifically utilizing
their NCBI gene symbols. Our search was tailored to the species of interest, Homo sapiens,
with the 9606 accession code specified.

The GO term enrichment analysis yielded a comprehensive list of the most relevant GO terms
associated with the provided gene list. This list includes essential information such as "Count,"
indicating the number of genes encompassed within the specific term out of the total searched
genes. Additionally, the derived "Percentage" represents the proportion of both the overall
searched genes and those involved in the respective GO term. This percentage offers insight
into the relative significance of each GO term within the context of the entire gene set under
consideration. Furthermore, the result list featured Fold Enrichment values, representing the
ratio of genes within our list to those associated with a specific pathway. This Fold Enrichment
metric provides insight into the significance of the genes in our list relative to the broader

context of the pathway (T. Zhou, Yao, and Liu 2017).

The statistical values supporting the GO analysis encompassed several crucial metrics. The

EASE Score, denoting the modified one-tail Fisher Exact P-value, was employed to assess gene
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enrichment in annotation terms. Additionally, the adjusted p-values were provided, including

the Bonferroni, Benjamini, and FDR (false discovery rate) values (Akey et al. 2007). The FDR,

or false discovery rate, in DAVID employs adaptive linear step-up adjusted p-values for

approximate control over the false discovery rate (Reiner, Yekutieli, and Benjamini 2003).

Significantly, we carried out distinct GO enrichment analyses for each TF group and its
subgroups. In the final step of our work with DAVID, we exported the data resulting from our
search. This data exportation serves as a crucial step in consolidating the outcomes of our
analyses, facilitating further examination, interpretation, and integration with additional
research or datasets.

The outcomes of this analysis were visually represented using the R Studio software, version
1.1.463, taking advantage of its robust data visualization capabilities, facilitating the intuitive
interpretation of the enriched GO terms associated with each TF group. This not only helped us
interpret the findings comprehensively but also generated visually engaging representations of
the enriched GO terms.

Following the acquisition of separate datasets for each group and subgroup, we consolidated
them into a compiled dataset. This integrated dataset was then visualized through a scatter plot

using the ggplot2 package, version 3.4.2 (Wickham, Chang, and Wickham 2016). The figures

presented two key visual representations of the results. Firstly, the size of the dots conveyed the
percentage of DAVID genes in the list associated with a specific annotation term for each
category. Larger dots indicated a higher percentage of genes linked to the respective annotation
term. Secondly, a color gradient ranging from dark blue to light yellow was employed to
represent the -log10 false discovery rate (FDR). This color-coded approach provided a visual
indication of the statistical significance of the results, with darker colors denoting lower -log10

FDR values and, therefore, lower significance.
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2.6 Pathway Analysis

Pathway analysis is a bioinformatics method used in the interpretation of high-throughput
biological data, such as gene expression or protein interaction data. The goal of pathway
analysis is to gain insights into the biological processes and molecular interactions that are

relevant to a particular set of genes or proteins. Pathway analysis was conducted employing

the Reactome database (Gillespie et al. 2022). The ensuing results are meticulously presented
in dedicated tables for each group and subgroup, with a deliberate focus on spotlighting the top
25 pathways deemed most significant. These pathways are thoughtfully organized according to
their False Discovery Rate (FDR), offering enhanced clarity and a strategic prioritization of
relevance.

The decision to employ FDR as a sorting criterion was intentional, serving as a cornerstone for
a robust and statistically informed presentation of the pathway analysis outcomes. This
meticulous approach contributes significantly to the precision and interpretability of the results,
ensuring that the identified pathways not only bear relevance but also carry a statistically
validated weight, thereby enriching our comprehension of the biological contexts intertwined
with the analyzed gene or protein sets.

Following the creation of distinct datasets for each designated group and subgroup, we
integrated them to form a consolidated dataset. Subsequently, this unified dataset underwent
visualization using a scatter plot implemented in the ggplot2 package, version 3.4.2 (Wickham,

Chang, and Wickham 2016).

2.7 Gene Expression Analysis

Pathway analysis was conducted utilizing the Expression Atlas database (Papatheodorou et al.

2020). Through the meticulous querying of our predefined group/subgroup pTFs subset, we

compiled an exhaustive list detailing the specific experiments, tissues, and cell types wherein

57



the gene of interest is expressed. Furthermore, we have discerned the conditions under which
this gene functions as a marker for both baseline and differential expression profiles.

Baseline expression, denoting the standard level of gene or protein expression under specific
conditions, serves as the default observed in a standard or control group. This definition of
baseline expression establishes a reference point against which changes in expression can be
effectively compared. Our baseline expression data is sourced from three distinct projects,

employing a 0.5 Transcripts Per Million (TPM) cutoff (Yingdong Zhao et al. 2021). TPM,

representing the relative abundance of each transcript in a sample, ensures comparability across
diverse samples. The datasets were derived from three projects: first, RNA-Seq data from
individual human tissues and a composite of 16 tissues, known as the Illumina Body Map

(Goldstein et al. 2016); second, the Genotype-Tissue Expression (GTEX) project encompassing

RNA-seq data from 53 human tissue samples (GTEx Consortium 2015); and third, the RIKEN

FANTOMS project employing RNA-Seq CAGE (Cap Analysis of Gene Expression) analysis

of human tissues (Lizio et al. 2019). All results obtained were visualized in R using the ggplot2

package, version 3.4.2 (Wickham, Chang, and Wickham 2016), with a specific focus on

illustrating the TPM scale.

Differential expression, signifying alterations in gene or protein expression levels between two
or more experimental conditions or groups, brings attention to those genes or proteins
experiencing significant changes in response to specific factors like diseases, treatments, or
environmental variations. To investigate the distinctive patterns of differential expression for
our genes of interest, we utilized the 'differential expression' function within the Expression
Atlas. This function provides pairwise comparisons where the genes of interest exhibit
significant differential expression with an adjusted p-value < 0.05 and a log2 fold-change > 1.
The obtained results were visually represented in R using the ggplot2 package, version 3.4.2,

(Wickham, Chang, and Wickham 2016).
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III1. Results

3.1 Pioneer Transcription Factor Classification

3.1.1. Data Collection and Compilation

Our data collection process focused on gathering the TF's name or symbol, its affinity for
heterochromatin binding, its interaction with methylated DNA, its capability to enhance DNA
accessibility, its potential impact on cell fate, its classification as a pioneer factor, and any
established roles in cancer. The data for these criteria were documented using one of the
following response options: 'YES,' 'NO,' or 'NA." Through a rigorous compilation and
organization of TF data extracted from pertinent literature sources, we successfully refined our
database to encompass 61 TFs. This curation was designed specifically to identify the pioneer
status of a TF, as indicated by the responses "'YES' or 'NA' (Table 8). The resulting dataset
provides a comprehensive overview of TFs with notable implications for their role in
influencing DNA dynamics, cellular fate, and potential involvement in cancer, thus contributing

to a more nuanced understanding of their functional relevance.
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Table 8. Database of 61 Transcription Factors

Name of

TF

Ascll

CEBPA

CEBPB

CEBPD

CEBPG

DUX4
EBF1

FLI1

FoxAl

FoxA2

FoxA3

FoxCl1

FOXD3

FoxL1

Family

Basic helix-

loop-helix
factors

Basic
leucine

zipper
factors

Basic
leucine
zipper
factors

Basic
leucine
zipper
factors

Basic
leucine
zipper
factors

Homeobox

Rel
homology
region
factors

Tryptophan
cluster
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Binds
methylated
DNA

NO

YES

YES

YES

YES

NO
YES

NA

NO

NO

NO

NO

NO

NO

Binds to
closed
chromatin

YES

YES

YES

YES

YES

YES
NO

NO

YES

NO

NO

NO

YES

NA

Promotes
DNA
accessibility

YES

YES

YES

YES

YES

YES
YES

YES

YES

YES

YES

YES

YES

YES

Cell fate
alterations

YES

YES

YES

YES

YES

YES
YES

YES

YES

YES

YES

YES

YES

YES

Cancer

YES

YES

YES

YES

YES

YES
YES

YES

YES

YES

YES

YES

YES

YES

Pioneer

YES

YES

YES

YES

YES

YES
YES

NA

YES

YES

YES

YES

YES

NA
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FoxM1

FoxO1

FoxO3

FoxHI

FoxP1

FoxK1

FoxK2

FoxQl1

GATALI

GATA2

GATA3

GATA4

GATAS

GATAG6

GRHL2

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Fork head
factors

Other C4
zinc finger-
type factors

Other C4
zinc finger-
type factors

Other C4
zinc finger-
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Table 9. Database of 61 Transcription Factors

The database includes the transcription factor's name or symbol, ability to bind to
heterochromatin, interaction with methylated DNA, capacity to enhance DNA accessibility,
potential influence on cell fate, classification as a pioneer factor, and established roles in cancer.
The data for the last six criteria is visually represented using the options 'YES,' 'NO,' or 'NA'.
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3.1.2. Heatmap Analysis

Our heatmap analysis resulted in the identification of two distinct groups of TFs, each further
delineated into two subgroups (Figure 5). This classification was based on two crucial
categories: 'DNA methylation binding' and 'heterochromatin binding.' Our heatmap analysis
helped us to discerned two distinct clusters of TFs, each further stratified into two subgroups.
This taxonomic categorization was derived from the critical examination of two pivotal
attributes: 'DNA methylation binding' and 'heterochromatin binding.' In Group 1, we identified
transcription factors that exhibited a conspicuous absence of binding to 5-methylcytosine (5-
mC). Subsequently, we subdivided Group 1 into two discernible classes: 1A, comprising pTFs
that do not bind 5-mC and also do not interact with closed chromatin, and 1B, comprising pTFs
that do not bind 5-mC but engage with closed chromatin. On the other hand, Group 2
encompassed pTFs that demonstrated a clear propensity for binding to 5-mC. Further
refinement of Group 2 yielded two distinctive subclasses: 2A, characterized by pTFs binding
to 5-mC but refraining from interaction with heterochromatin, and 2B, featuring pTFs that bind
both 5-mC and heterochromatin. This comprehensive classification provides a nuanced
understanding of the varied binding patterns exhibited by transcription factors in relation to
DNA methylation and heterochromatin, shedding light on the intricate regulatory mechanisms

at play.
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Figure 5. Comprehensive Heatmap Analysis of Transcription Factors

The figure depicts the clustering of TFs exhibiting pioneer features. This clustering was
determined by evaluating various criteria, such as the TF's ability to bind methylated DNA, its
capacity to bind closed chromatin regions, its role in enhancing DNA accessibility, its
involvement in cell programming or fate alterations, its association with cancer, and whether it
functions as a pioneer factor. In the figure, red represents a positive response ('yes') for a
particular criterion, while yellow represents a negative response (‘'no'). When there is no
available information in the literature regarding a specific criterion, the corresponding cell is
depicted as violet.
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3.2. Gene Ontology (GO) Enrichment Analysis

3.2.1. Analysis of Cellular Component (CC)

The visualization of Gene Ontology (GO) analysis focusing on the cellular component revealed
common terms across all analyzed gene groups, including 'mucleus,' 'chromatin,’ and '"TF
complex.' This consistency is in line with the known characterization of the analyzed genes as
pioneer TFs. Specifically, the term 'C/EBP complex' emerged as particularly relevant to group
2, aligning with the presence of TFs from the C/EBP family, as illustrated in Figure 6. The

terms 'Golgi apparatus' and 'nucleolus,” were specific to group 1.
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Figure 6. GO analysis of Cellular Component

The presented figure delineates the outcomes of the DAVID Gene Ontology analysis,
specifically focusing on cellular processes within each category and subcategory. The figure
utilizes two visual representations. Firstly, the dot size corresponds to the percentage of DAVID
genes associated with a specific annotation term in each category. Secondly, a color gradient
ranging from dark blue to light yellow signifies the -log10 false discovery rate (FDR).
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Group TF Group TF
1A NF.Y.A.B.C 1A Dux4
1A Etv2 1A FoxA2
1A NEURODI1 1A FoxA3
1A HOXBI13 1B NANOG
1A TCF3 1B Myc
1A SPI1 1B MEF2
1A Sox9 1B FoxC1
1A Sox6 2A FLI1
1A Sox5 2A EBF1
1A Sox2 2A TFAP2.A.B.C
1A RUNX3 2A Klfl1
1A RUNXI1 2B MAFK
1A PBX3 2B FIf13
1A PBX2 2B KIf10
1A PBX1 2B K19
1A Pax7 2B KLF5
1A Pax5 2B Klf4
1A Oct4 2B GRHL2
1A GATAG6 2B GATA4
1A GATAS 2B FoxK2
1A GATA3 2B FoxHI1
1A GATA2 2B CEBPA
1A GATAI 2B CEBPB
1A FOXQI1 2B CEBPD
1A FOXK1 2B CEBPG
1A FOXPI1 1A FoxL1
1A FoxO3 1A FoxD3
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1A FoxOl1 1A FoxAl

1A FoxM1 1A Ascll

Table 10. Transcription factors groups classification

3.2.2 Analysis of Biological Process (BP)

The analysis successfully identified anticipated common terms related to transcriptional
regulation across all recently established groups of pTFs (Figure 7).

In particular, Group 1, pTFs lacking the ability to bind 5-mC, showcases a diverse involvement
in chondrocyte and erythrocyte differentiation. Conversely, Group 2, comprising TFs that bind
5-mC, exhibits a unique involvement in adipocyte differentiation and negative regulation of
transcription. Group 1 was also found to be involved in various chromatin related processes,

including histone PTM.
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Figure 7. GO Analysis of Biological Process

The figure presented illustrates the results of the DAVID Gene Ontology analysis, specifically
focusing on biological processes, for each category and subcategory. The figure employs two
visual representations of the results. Firstly, the percentage of DAVID genes in the list
associated with a particular annotation term associated with each category is represented by the
size of the dots. Secondly, the color gradient, ranging from dark blue to light yellow, represents
the -logl0 false discovery rate (FDR). The shared Gene Ontology (GO) categories between
Group 1 and Group 2 are highlighted in green, indicating the common biological processes.
Additionally, unique GO categories for Group 1, Group 1A, and Group 2 are highlighted in
blue, yellow, and pink, respectively.
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3.2.2 Analysis of Molecular Functions (MF)

In the context of Molecular Function, terms such as 'sequence-specific double-stranded DNA
binding' and various descriptors related to transcription regulation emerged, aligning with the
known TF nature of our genes of interest (Figure 8). Noteworthy terms include 'protein
dimerization activity' and 'histone deacetylase binding,' specific to Group 1, and 'co-SMAD

binding,' exclusive to Group 2.

GO analysis (MF)
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Figure 8. GO Analysis of Molecular Functions

The figure provides a visual representation of the outcomes from the DAVID Gene Ontology
analysis, with a specific emphasis on molecular functions within each category and
subcategory. The size of the dots corresponds to the percentage of DAVID genes in the list
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associated with a specific annotation term for each category. The color gradient, transitioning
from dark blue to light yellow, is utilized to portray the -log10 false discovery rate (FDR).

3.3. Pathway Analysis

Pathway analysis, utilizing the Reactome database, was executed to visualize the top 25
pathways considered highly significant for each group and subgroup (Figure 9). Several
pathways were identified as common across all groups, primarily associated with
developmental biology processes such as gastrulation, cell fate determination, and transcription
regulation—attributes inherent to TFs. Group 1, consisting of TFs unable to bind methylated
DNA was found to take part in the transcriptional regulation of pluripotent stem cells and
involvement in gene expression in endocrine cell specificity and immune cell development.
Group 2, known for its role in adipose tissue regulation, corroborated similar findings in the
Gene Ontology analysis. Furthermore Group 2 has a connection to the reaction to
environmental stimuli. Additionally, Group 2 demonstrated an association with the sumoylation

of TFs and protein metabolism.
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The figure provides a visual representation of results obtained from Reactome pathway
analysis. On the left side, Reactome pathways are categorized and listed. The gradient of dots
for each pathway represents the -logl0 transformation of the False Discovery Rate (FDR),
transitioning from dark blue to light yellow. This color spectrum indicates the significance of
each result, where blue corresponds to the least significant values.
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3.4. Gene Expression Analysis

3.4.1. Baseline Gene Expression

The baseline gene expression analysis of the entire set of transcription factors of interest
identified three primary baseline gene expression groups, each providing unique insights into
the transcriptional landscape (Figure 10).

The first group comprises TFs that exhibit high expression levels across numerous tissues,
suggesting a ubiquitous and widespread nature. This finding implies a potential role for these
TFs in fundamental and essential cellular processes that transcend tissue-specific boundaries.
Conversely, the second group showcases an opposing trend, featuring TFs with consistently
low overall expression levels across all studied tissues. This pattern suggests a distinctive class
of TFs that maintain a basal expression state, potentially highlighting their regulatory relevance
under specific conditions or in response to particular stimuli.

The third group introduces a fascinating dimension, encompassing TFs characterized by high
expression levels in specific tissues while concurrently maintaining low expression levels in
others. This distinctive specialization implies a tissue-specific regulatory role for these TFs,
indicating their potential involvement in the modulation of cellular processes exclusive to
certain tissues.

A crucial observation stemming from the analysis is the apparent divergence within a single
family of TFs. Notably, discrepancies in baseline expression patterns are evident within the
CEBP family. Specifically, CEBPB and CEBPD exhibit widespread expression across multiple
tissues, while CEBPA demonstrates high expression exclusively in breast and adipose tissues,

as illustrated in Figure 10.
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Figure 10. Baseline Gene Expression - Illumina Body Map

The figure depicts a matrix with tissue names along the bottom axis and the names of TFs of
interest on the right side. The expression levels, denoted by Transcripts Per Million (TPM)
values, are presented numerically in the table. The matrix is visually enhanced with color
fillings corresponding to the TPM values. A gradient of colors ranges from blue, representing
low values, to red, indicative of high values, with white blanks representing NA.

78



TPM
800 [
600
400

200

GTEx Basic Expression Human Adult

pooiq
1sealq

Alayie A1euoloo

XIAI820)08
XIAISO0pUS

uonoun( ouysebobeydose

esoonw snbeydosa

esoonw suenosnw snbeydosa

agn) ueidoj|ey
wnjuawo Jayealb

upjs bBa| 1omoj|

Bun|

anss|] asodipe snosueNagns

0T O 0w = = c
£ 3TvEcogTg s
o288 8% 23
< gQ ) o o
- 3 o 9 3 Q

© c 20
@ g o2 =
o 0O< @ 8_
=] ) o
o = o)
5 =

1SB|gOIql UIMS pawlojsuel)

CEBPD
FOXD3
NEUROD1
PAXS5
KLF9
CEBPB
KLF5
KLF4
MYC
SPI1
FOXA1
PAX7
HOXB13
GATA3
ASCLA1
FOXM1
GATAS5
DMRT1
RUNX3
SOX9
SOX2
CEBPA
TFAP2C
FOXQ1
TFAP2A
GRHL2
DUX4
FOXA3
TFAP2B
FOXA2
RUNX1
TCF7
ETV2
SOX5
POUS5F1
SOX6
NANOG
FOXH1
FOXL1
GATA1
KLF1
GATA4
GATA6
PBX2
FOXO1
FOXO3
KLF13
MEF2A
NFYB
KLF10
MAFK
FOXC1
TCF3
PBX3
GATA2
PBX1
NFYA
NFYC
EBF1
FLIM
FOXP1

FOXK2
FOXK1

79



Figure 11. Baseline Gene Expression - Genotype-Tissue Expression (GTEx) Project

The illustration showcases a matrix where tissue names align along the horizontal axis, and the
names of the TFs of interest are positioned on the right side. The numerical presentation of
expression levels, indicated by Transcripts Per Million (TPM) values, is provided in the table.
The matrix is visually enriched by employing color fills that align with the TPM values. The
color spectrum transitions from blue, denoting lower values, to red, signifying higher values,
with white blanks representing NA.

80



FANTOMS5 Baseline Expression

SOX9
FOXO1
FOXK2

FOXK1

NEUROD1

FOXH1

GATA4

TCF3

TFAP2B

RUNX3

FOXQ1

SOX6

PAX5

TFAP2C

TFAP2A
KLF5
S0X5
KLF13

PBX2

KLF10

MYC

FOXL1

FOXD3
Fs00

DMRT1
KLF1
FOXA1
GATA2
CEBPD
ETV2
HOXB13
GATAS
FOXA3
® (=3 Qo =~ o O ©* &
28883523883 % %
$§ 3% %822 25% 3 & B
o % B =%z e 0 F s B =
DB = o D x o D 2 g
T 29 o o % 5 % 2
52522 2% §§ =@
5 2%8% 9 g °
5 B geg 7
)

P

Et
2
2
g
ey
)
2

81



Figure 12. Baseline Gene Expression - FANTOMS project

This figure features a matrix with tissue names arranged along the horizontal axis and the names
ofthe specified TFs along the vertical axis. The table provides a numerical display of expression
levels, denoted by Transcripts Per Million (TPM) values. The matrix incorporates color fills
corresponding to the TPM values. The color spectrum transitions from blue, indicating lower
values, to red, signifying higher values.
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3.4.2. Differential Gene Expression

In our exploration of distinct patterns of differential expression among our genes of interest, we
utilized the 'differential expression' function within the Expression Atlas. This function
facilitated pairwise comparisons, pinpointing genes with notable differential expression
(adjusted p-value < 0.05 and log> fold-change > 1). The ensuing data is visually depicted in
Figure 13 for upregulated genes and Figure 14 for downregulated genes.

Particularly noteworthy are certain processes in the analysis that showcase a plethora of
differentially regulated genes. For instance, the comparison between 'induced pluripotent stem
cell' and 'fibroblast of dermis' in both Klinefelter's syndrome and the normal condition reveals
over 10 genes that are either upregulated or downregulated. This richness in differential
regulation suggests that certain TFs may participate in a myriad of processes and pathologies,

distinguishing them from TFs with more limited functional roles.
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Figure 13. Differential Gene Expression — Upregulation

The figure showcases a list of upregulated genes on the left side, with the names of comparison
pairs listed along the bottom axis. The visualization utilizes a color gradient transitioning from
dark blue to yellow, effectively portraying the increasing -log10 p-value. Additionally, the size
of the data points corresponds to the fold change.
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Figure 14. Differential Gene Expression — Downregulation

The figure presents a list of downregulated genes on the left side, accompanied by the names
of comparison pairs listed along the bottom axis. The visualization employs a color gradient
that smoothly transitions from dark blue to yellow, effectively illustrating the increasing log10
p-value. Simultaneously, the size of the data points aligns with the fold change, providing a
comprehensive visual representation of both the statistical significance (indicated by color) and
the magnitude of fold change for each gene across the diverse comparison pairs.
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IV. Discussion

This study reveals pioneer TFs and their roles in cellular processes. It identifies 61 TFs data
collection, categorizing them based on criteria including heterochromatin binding, interaction
with methylated DNA, DNA accessibility, cell fate impact, and cancer roles. Heatmap analysis
demonstrates distinct TF groups based on DNA methylation and heterochromatin binding
patterns.

Group 1 encompassed TFs not binding to 5-methylcytosine (5-mC), further divided into
subgroups 1A and 1B based on their interactions with closed chromatin. Group 2 consisted of
TFs binding to 5-mC, with subgroups 2A and 2B distinguishing between those binding only to
5-mC and those binding to both 5-mC and heterochromatin.

The members of Group 1A, exemplified by OCT4, and SOX2, have been identified as pTFs
with a notable capacity to interact with heterochromatin, distinct from their known interactions
with 5-mC. This interaction implies a regulatory role in gene expression within these genomic
regions. Recent studies corroborate this notion, particularly observing OCT4 and SOX2's ability
to selectively perturb nucleosomal DNA (Michael et al. 2020), aligning with their classification
as Yamanaka pluripotency factors (Xiao et al. 2016). Their unique capability to bind
heterochromatin underscores their pivotal role in modulating chromatin architecture, crucial for
maintaining pluripotency in stem cells and orchestrating cell fate determination during
developmental processes (Rizzino and Wuebben 2016). Analyzing the binding preferences of
TFs sheds light on cellular identity maintenance and differentiation mechanisms. TFs unable to
bind to 5-mC-marked regions may lead to gene silencing (Vanzan et al. 2021), while those
binding to heterochromatin can regulate gene expression through chromatin remodeling. This
insight holds therapeutic promise (Stolzenburg et al. 2012), as evidenced by studies showing
efficacy in treating drug-resistant breast cancer using specific cytotoxic T lymphocytes

targeting OCT4 and SOX2 combined with a PD-1 inhibitor like nivolumab (Peng et al. 2022).
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The group 1B examples, including NANOG, MYC, MEF2, and FoxCl1, are notable for their
unique characteristic of not binding to either 5-mC or heterochromatin. Despite this, they
possess chromatin-modulating capabilities (Choi et al. 2022), raising intriguing questions about
their mechanism of action (Gonzalez-Rico et al. 2020). It's noteworthy that they may exert their
effects through interaction with other TFs. A prominent illustration of this is the association
between NANOG, MYC, and the subgroup 1A factors OCT4 and SOX2 (Amaya and Bryan
2015). These partnerships are pivotal for maintaining and inducing pluripotency (Kashyap et
al. 2009). This suggests that direct binding to 5-mC and heterochromatin may not be essential
for certain activities such as nucleosome disintegration, as some pTFs can compensate by
collaborating synergistically with others possessing these abilities (Nepon-Sixt, Bryant, and
Alexandrow 2019).

The group 2A includes pTFs that bind 5-mC but do not bind the heterochromatin. The examples
are FLI1, EBF1, KLF1. Their ability to bind 5-mC but not heterochromatin is interesting as it’s
commonly supposed that heterochromatin region is usually tightly methylated which means
that this region is repressed and not active. This unique pattern is consistent with the event of
chromatin priming. Chromatin priming refers to the process by which specific genomic regions
are marked or prepared for subsequent transcriptional activation or repression. This preparation
involves the recruitment of various factors, including TFs, chromatin modifiers, and chromatin
remodeling complexes, to modify the chromatin structure and establish a conducive
environment for gene expression or repression. This suggests that group 2A might contain and
therefore differentiate the pTFs which act specifically as a priming agent. TFs that interact with
5-mC contribute to the priming of chromatin by integrating epigenetic signals, modifying
chromatin structure, and preparing genomic regions for subsequent transcriptional activation or
repression. An illustrative example is EBF1 — pTF responsible for initiation of B cell

differentiation (Strid et al. 2021). This factor stands out as the primary driver of cell-specific
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gene expression initiation. Remarkably, EBF1 exhibits the unique capability to bind to
chromatin independently of other factors (Boller et al. 2016). Consequently, EBF1 earns
recognition for its role in priming and inducing a permissive chromatin state, essential for
subsequent hematopoiesis processes.

Group 2B comprises factors that exhibit a unique dual affinity for both 5-methylcytosine (5-
mC) and heterochromatin. Notable examples within this group include CEBPB, GATA4, and
MAFK. Their remarkable binding versatility implies a crucial role in gene expression
regulation, as they can autonomously bind without reliance on other factors. Consequently,
these factors possess the direct ability to activate target genes (He et al. 2014). Moreover, their
distinctive binding properties suggest involvement not only in chromatin landscape modulation
but also in mediating repressed chromatin assembly. For instance, MAFK has been observed
binding to intronic regions of IRF8, serving as a chromatin repressive element and influencing
histone post-translational modifications (PTMs) (Fourier et al. 2020). This highlights a
suggestive characteristic of this group: the maintenance of a repressive state in regions abundant
in binding sites.

The classification rationale outlined above underscores the significance of diverse chromatin
interaction patterns as a crucial criterion for categorizing these proteins. It highlights that
binding preferences and the influence on chromatin dynamics are far more significant
differentiating factors than any attributes related to the molecular structure alone. This approach
recognizes that the functional role of these proteins in gene regulation is intricately tied to their
ability to interact with chromatin in various ways, reflecting a nuanced understanding of their
biological activity.

The Gene Ontology (GO) enrichment analysis conducted in Section 3.2 examined the
functional implications of the TF groups. For cellular component analysis, common terms

across all groups such as 'mucleus,' 'chromatin,’ and '"TF complex' were identified as shared
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cellular components. Additionally, group-specific terms like 'C/EBP complex' for Group 2 and
'Golgi apparatus' and 'nucleolus' for Group 1 were highlighted. This unexpected finding may be
elucidated by the presence of E-twenty six (ETS) family TFs within Group 1. Notably, the
transcriptional activity of ETS family members in Group 1 is associated with the regulation of
spliceosome function and the induction of cell death, both of which are linked to Golgi stress
(Baumann et al. 2018).

Regarding the biological procceses, Group 1demonstrates a diverse involvement in chondrocyte
and erythrocyte differentiation. Notably, the regulation of erythrocyte differentiation, primarily
governed by the GATA family of TFs, aligns well with the composition of Group 1 pTFs
(Welch et al. 2004). Furthermore, the presence of RUX and SOX families in Group 1
corresponds with their documented roles in chondrocyte differentiation (Komori 2018; C.-F.
Liu et al. 2017). Conversely, Group 2, was found in adipocyte differentiation, which is
consistent with the presence of the CEBP TF family. Additionally, this group plays a role in the
negative regulation of transcription—an intriguing finding that supports our classification
process. This is because the ability to bind 5-mC regions is associated with inactive transcription
(Miller and Grant 2013).

In the context of Molecular Function, noteworthy terms include 'protein dimerization activity'
and 'histone deacetylase binding,' specific to Group 1, and 'co-SMAD binding,' exclusive to
Group 2. The significance of protein dimerization for transcription activation (Ortega et al.
2018; Peterson et al. 2012) with our earlier findings for Group 1. Moreover, the identification
of 'histone deacetylase binding' aligns coherently with our prior results, where Group 1
demonstrated a substantial impact on histone acetylation regulation and therefore transcription
activation (Mizzen and Allis 1998; Shvedunova and Akhtar 2022; Kim et al. 2023). The specific
term 'co-SMAD binding' in Group 2 gains significance as Common SMAD (co-SMAD) is a

subtype of the main signal transducers for receptors of the transforming growth factor-beta
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(TGF-B) (Moustakas, Souchelnytskyi, and Heldin 2001). TFs in Group 2 actively recruit
SMADs, forming a complex of coregulators that modify chromatin structure (Hill 2016). This
observation aligns with the fact that Group 2 includes TFs known as pioneer factors,
demonstrating an affinity for binding methylated DNA. In summary, the comprehensive GO
analysis not only underscores the shared functional aspects between groups but also highlights
specific molecular functions that substantiate and enrich the rationale behind our classification.
Pathway analysis revealed intriguing insights into the functional roles of Group 1 and Group 2
TFs (TFs). Group 1, known for its pioneer status, was found to exert influence over the fate of
pluripotent stem cells, indicating its pivotal role in early developmental processes (Ng et al.
2021). Additionally, Group 1 TFs were implicated in gene expression related to endocrine cell
specificity (Drouin 2014) and immune cell development (Yuan et al. 2022; Recaldin and Fear
2016), highlighting their multifaceted involvement in diverse cellular processes. On the other
hand, Group 2, recognized for its significance in adipose tissue regulation, exhibited similar
patterns in the Gene Ontology analysis, further affirming its role in metabolic pathways and
adipogenesis. Notably, novel findings emerged for Group 2, indicating its association with the
response to environmental stimuli, such as amino acid and heme deficiency. CEBPB, group 2,
was found to be upregulated in the response to amino acid deficiency detected by EIF2AK4
(GCN2) (Thiaville et al. 2008; Averous et al. 2003). Moreover, Group 2 TFs demonstrated an
intriguing association with the sumoylation of TFs. SUMOylation, a crucial post-translational
modification mediated by small ubiquitin-like modifiers, has been linked to the regulation of
gene expression, often resulting in transcriptional repression (Du, McConnell, and Yang 2010).
This connection suggests a potential mechanism by which Group 2 TFs, with their ability to
bind methylated DNA, may exert regulatory control over target genes by modulating the

activity of other transcriptional regulators through SUMOylation. Overall, these comprehensive
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analyses deepen our understanding of the functional roles of Group 1 and Group 2 TFs,
shedding light on their involvement in diverse biological processes and regulatory mechanisms.
The Gene Expression Analysis conducted in Section 3.4 introduced additional complexity to
the study by categorizing TFs into distinct groups based on their baseline expression patterns.
The first pattern comprises TFs with consistently low expression levels across all examined
tissues. Examples include FOXM1, FOXK2, and FOXCI1. This suggests that TFs in this
category may need to be present in high quantities to support normal cellular processes, and
elevated expression levels could indicate malignancy. Notably, FOXM1 has been observed to
be overexpressed in cancer (Barger et al. 2019; Rachmadi et al. 2022).

The second pattern consists of TFs that exhibit high expression in three or more tissues.
Examples include CEBPB, CEBPD, and KLF9. This indicates that these TFs are abundant
across multiple tissues but are maintained at higher expression levels compared to those in the
first group. For instance, CEBPD has been identified as critical for various tissues such as
prostate, lung, adipose, and colon. This finding aligns with existing literature, which identifies
CEBPD as a key regulator of adipose tissue differentiation (Kusuyama et al. 2017). Moreover,
CEBPD is activated through direct binding by the androgen receptor, contributing to normal
apoptosis levels in prostate tissue (Yang et al. 2001).

The third pattern comprises TFs with high expression restricted to a specific tissue. Examples
include CEBPA, SPI1, and GATA4. Despite belonging to the same family as CEBPB and
CEBPD, CEBPA is predominantly expressed in breast tissue. Research indicates that CEBPA
binds to the progesterone receptor and serves as a regulator of cell growth in hormone-
dependent breast cancer (Nacht et al. 2019).

The utility of the results obtained from the Genotype-Tissue Expression (GTEx) and
FANTOMS projects was not as pronounced compared to the insights derived from the Illumina

Body Map. Several factors could contribute to the perceived lower utility of GTEx and
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FANTOMS results such as tissue coverage, methodological variances, sample size and
resolution. While the results from GTEx and FANTOMS may not have been as immediately
useful in the current context, it's essential to consider their strengths and limitations. The
comparative analysis of multiple datasets can enhance the robustness of conclusions and
provide a more comprehensive understanding of TF expression across diverse tissues. This
emphasizes the pivotal significance of categorizing TFs not only according to their functional
roles but also based on their expression levels within specific processes. The plethora of
differentially regulated genes identified in these comparisons strongly suggests the direct
participation of TFs in orchestrating these intricate biological processes. Furthermore, the
adoption of this classification approach emerges as a valuable instrument for refining and
predicting the enigmatic properties of pTFs, leveraging their observed behavior.

The analysis of differential gene expression revealed distinct patterns akin to those observed in
baseline expression, resulting in the categorization of two main groups. The first group
comprises factors exhibiting differential expression, either positively or negatively, across three
or more processes. For instance, RUNX1 demonstrated overexpression in processes such as
esophageal cancers and erythroleukemia. Notably, RUNXI is among the most frequently
mutated genes in various hematological malignancies and has been implicated in cancer
metastasis modulation (Liau, Ngoc, and Sanda 2017; K. Liu et al. 2021). This suggests the
potential utility of RUNXI1 as both a cancer biomarker and a target for pharmaceutical
intervention. On the other hand, the second group encompasses factors with highly specific
functions. For example, CEBPD was found to be overexpressed in gliomas. It is well-
established that CEBPD plays a critical role in the synthesis of nerve growth factor,
underscoring its specific involvement in neural-related processes, which supports our findings

(McCauslin et al. 2006).
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The urgency in devising an innovative classification method arises from the recognition that
TFs within the same family may possess distinct functional peculiarities, as evidenced by their
disparate baseline expression profiles. A more nuanced classification approach, potentially
integrating expression data and functional characteristics, becomes essential for accurately
delineating the roles and regulatory impact of pTFs. This shift towards a more functionally
informed classification methodology is pivotal for advancing our understanding of
transcriptional regulation and its intricate complexities.

While this study provides valuable insights, it is essential to acknowledge and address potential
limitations to enhance the robustness and applicability of the findings.

Firstly, the incorporation of datasets introduces the concept of Dataset Selection Bias. The
investigation heavily depends on specific datasets, namely Illumina Body Map, GTEx, and
FANTOMS, each potentially carrying inherent biases related to tissue representation and
experimental conditions. Maintaining data consistency across diverse databases is another
significant challenge. Updates or modifications made in one database may not propagate
correctly to others, leading to inconsistencies unless robust synchronization mechanisms are in
place. Performance variability is also a concern. Each database architecture performs differently
based on factors like query complexity and data volume. Achieving consistent performance
across different systems requires careful optimization tailored to each architecture. To
overcome this challenge, additional datasets should be incorporated to validate and cross-
reference findings.

Another critical aspect to consider is the criteria employed to categorize TFs as pioneer factors,
which are susceptible to interpretation and may not completely encapsulate the nature of their
functions. Continuous refinement of classification criteria by staying attuned to emerging

literature and experimental evidence is advisable. Fostering collaborative efforts with domain
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experts ensures that the classification criteria remain dynamic and reflective of the evolving
understanding in the field.

The outcomes of Gene Ontology (GO) analysis can be impacted by the thoroughness and
precision of gene annotation databases, introducing the possibility of biased functional
interpretations. To mitigate this challenge, a proactive strategy involves the routine updating of
gene annotation databases. Additionally, exploring alternative functional annotation methods
enhances the robustness of the analysis.

Furthermore, conducting supplementary experimental validations becomes essential to validate
and affirm the predicted functions of TFs across diverse cellular contexts. This multifaceted
approach ensures a more reliable and comprehensive understanding of functional implications
derived from GO analysis.

The integration of diverse datasets and the subsequent interpretation of results can introduce
complexities and potential errors. To address these challenges, a recommended strategy
involves the utilization of advanced bioinformatics tools and methods specifically designed for
data integration. Collaborating with experts in data integration and statistics is crucial to
ensuring a robust analysis and accurate interpretation of the integrated data. This collaborative
approach not only enhances the reliability of the results but also leverages specialized
knowledge to navigate the intricacies associated with diverse datasets, ultimately contributing
to a more comprehensive and accurate understanding of the integrated data.

The findings from the current research on pTFs open up avenues for several follow-up studies
to deepen our understanding of the molecular mechanisms and functional implications of these
TFs. For example, cross-species comparative studies could be conducted to assess the
conservation and divergence of pTFs across different organisms. Investigating whether the
identified pTFs in human cells have homologs or functional equivalents in model organisms

would provide valuable insights into the evolutionary aspects of these TFs. In summary, this
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research not only contributes significantly to our current understanding of pTFs but also sets
the stage for further studies that can deepen our knowledge of their molecular mechanisms and
functional implications across diverse organisms and cellular contexts.

In conclusion, this comprehensive research significantly contributes to the understanding of
pTFs, unraveling their diverse roles, regulatory mechanisms, and implications in various
cellular processes. The findings presented in each section offer a multi-faceted view of TFs,

enriching our knowledge in the field of transcriptional regulation.
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