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ABSTRACT

Stem cells are self-renewing cells present at the apex of the lineage hierarchy and,

therefore, serve as the founder cells during organismal development. Embryonic Stem

Cells (ESCs) are pluripotent cells that can differentiate into all the cell types belonging

to the three germ layers: ectoderm, mesoderm, and endoderm. However, human ESCs

are not considered ideal for cell therapy applications because of ethical issues and their

inability to be used for autologous therapy. Circumventing these limitations, a ground-

breaking study was published in 2006, in which pluripotency was induced in terminally

differentiated cells (fibroblasts) by the introduction of a cocktail of transcription factors,

namely OCT3/4, SOX2, KLF4, and c-MYC (popularly called Yamanaka factors) in mouse

fibroblasts to generate induced Pluripotent Stem Cells (iPSCs). Subsequently, the first

human iPSCs were reported from fibroblasts using retroviral and lentiviral transduction

of reprogramming factors. Since its inception, various reprogramming approaches and

combinations of reprogramming factors have been explored to generate iPSCs with

higher efficiency and quality. Among these, a pluripotent cell-specific transcription factor

Undifferentiated embryonic cell Transcription Factor 1 (UTF1) was believed to be a

promising factor for the generation of quantitatively and qualitatively better human

iPSCs due to its high expression in pluripotent stem cells. Therefore, our aim was to

elucidate the role of human UTF1 in the generation and maintenance of human iPSCs.

Firstly, the thesis delves into the generation and characterization of a human

fibroblast-derived iPSC line IITGi-001A by transfection of oriP/EBNA-1 based episomal

plasmids expressing OCT3/4, SOX2, KLF4, L-MYC, LIN28 and a p53 shRNA. This

iPSC line expressed core pluripotency markers, maintained normal karyotype, and

showed trilineage differentiation potential. Further, genomic PCR confirmed the absence

of episomal plasmid integration in this iPSC line, which indicated that the cell line

generated was indeed integration-free. In addition, DNA fingerprinting of fibroblasts

and iPSCs DNA by microsatellite analysis confirmed the genetic identity of this cell line.

This iPSC line was free from mycoplasma contamination.
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Secondly, the thesis focuses on establishing the importance of human UTF1

in reprogramming by generating a UTF1 knockout toolbox using the CRISPR/Cas9

technology. Previously, murine studies have successfully generated iPSCs from UTF1

knockout or UTF1 knockdown fibroblasts with typical pluripotency features, and only

one study reported a significant reduction in reprogramming efficiency. However, the

essentiality of UTF1 in human iPSC generation remained unexplored to date. Here, the

generation of human iPSCs from UTF1 knockout fibroblasts revealed that the targeted

deletion of the human UTF1 gene exhibited a significant decline in the reprogramming

efficiency of human iPSCs. Moreover, the few iPSC clones that did emerge in the absence

of UTF1 showed instability upon expansion, hinting at the importance of UTF1 in

maintaining pluripotency.

Thirdly, the thesis explores the effect of UTF1 knockout in iPSCs. Various

studies have deleted the mouse Utf1 gene in vivo and observed a spectrum of outcomes,

ranging from developmental arrest to embryonic lethality or developmental delay result-

ing in death within two days of birth. These outcomes indicated that UTF1 is crucial for

proper murine embryonic development at different stages. Here, we established that,

the absence of human UTF1 protein resulted in a loss of viability of iPSCs due to the

induction of apoptosis.

Lastly, the thesis delves into understanding the effect of reduced UTF1 levels

in human iPSCs. To achieve this, a shRNA against UTF1 was expressed in iPSCs. The

decline in UTF1 levels was slower than UTF1 levels observed in UTF1 knockout iPSCs.

Also, the effects were not as pronounced as observed upon UTF1 knockout iPSCs. These

iPSCs did not undergo apoptosis but showed spontaneous differentiation of human

iPSCs.

In this thesis, we report the generation and characterization of a human iPSC

line named IITGi001-A, derived from a human fibroblast cell line, using a non-integrative

reprogramming method. Subsequently, we explored the involvement of human UTF1

in both the reprogramming of human fibroblasts to iPSCs and their maintenance. This

investigation of the importance of human UTF1 was carried out by loss of function

studies. This was achieved by using a CRISPR/Cas9 gene editing tool to generate human

UTF1 knockout fibroblasts and iPSCs, and gene silencing was achieved using a shRNA

targeting human UTF1. The thesis collectively indicates that human UTF1 plays a vital

role in the generation and maintenance of human iPSCs.
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INTRODUCTION

An article based on this chapter is published as follows:

Raina K, Dey C, Thool M, Sudhagar S, Thummer RP (2021). An insight into the role

of UTF1 in development, stem cells, and cancer. Stem Cell Reviews and Reports. DOI:

10.1007/s12015-021-10127-9.

Figure 1.1: Schematic representation of the role of UTF1 in Embryonic Development,
iPSCs, Embryonic Stem cells, Spermatogonial Stem Cells, and Cancer.
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CHAPTER 1. INTRODUCTION

BRIEF OVERVIEW OF CHAPTER

Chapter 1 offers an introduction about stem cells and the organisms in which these cells

have been identified, specifically focusing on induced Pluripotent Stem Cells (iPSCs) and

the pluripotency factor UTF1. Commencing with a historical overview of the terminology

"stem cells" and their sources, the chapter then proceeds to the emergence of iPSCs, de-

tailing the characteristics of the human iPSC colonies, crucial for their identification and

establishment. These cells, possessing embryonic stem cell-like potential yet sidestep-

ping ethical dilemmas, demonstrate pluripotency by differentiating into ectodermal,

mesodermal, and endodermal cell lineages. The intricate pluripotency gene regulatory

network (PGRN) is regulated by the core pluripotency factors OCT4, SOX2, and NANOG.

These three factors cooperatively regulate gene expression to maintain the pluripotent

state in human iPSCs.

Pluripotency networks have been of interest since the first human iPSCs were

generated. Various other pluripotency-associated genes have been discovered and studied.

Based on the critical review of the literature, we choose human UTF1 as our gene of

interest. The chapter delves into the UTF1 gene and its protein structure. Highlighting

the pivotal role of UTF1, the chapter underscores its significance in embryonic develop-

ment, Embryonic Stem Cells (ESCs), Spermatogonial stem cells (SSCs), and in cancer

and iPSCs. In conclusion, the chapter elucidates the motivation and rationale driving

the research within this thesis. The primary objective is to unravel the role of UTF1 in

human somatic cell reprogramming and to understand its importance in maintaining

the pluripotency network.

2
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1.1. INTRODUCTION OF THE TERM “STEM CELL”

1.1 Introduction of the term “Stem Cell”

A German biologist, Ernst Haeckel was the first to use the term “stem cell” in

scientific literature from an evolutionary point of view as early as 1868 [48]. In this

study, the phylogenetic trees were called “Stammbäume” (German for family trees or

“stem trees"). These Stammbäume represented the evolution of organisms by descent

and the term “Stammzelle” (German for stem cell) described the unicellular organism

from which all multicellular organisms evolved, supporting the Darwinian theory of

evolution [48, 49]. In subsequent research, the focus of the term "stem cells" transitioned

from evolutionary studies to embryology [50]. This terminology referred to a distinct

cell in the embryo capable of giving rise to more specialized cells. This terminology was

supported by others too in the late 19th century. Embryologists of this era believed that

there were specialized cells (now referred to as the germ cells) that would be distinct from

the rest of the body (now referred to as the somatic cells) [147]. Further, Theodor Boveri

while working on nematode Ascaris, proposed that the stem cells are cells along the

germline lineage between the fertilized egg and committed germ cells [14, 15]. Another

researcher, Valentin Häcker, stated that the stem cell undergoes asymmetrical cell

division, giving rise to mesoderm and germ cells [51]. This work was popularized in the

book “The Cell in Development and Inheritance” [155], and stem cell was used to refer to

an unspecialized mother cell of the germline [112]. Interestingly, in 1896, Pappenheim

used the term “stem cell” to describe a precursor cell capable of giving rise to red and

white blood cells [105]. Thereafter, the term “stem cell” gained popularity in the early

1900s in hematology and histology to denote the blood precursor cells in bone marrow

[23]. During wartime, the lifesaving potential of bone marrow transplants in irradiated

animals was discovered [121]. Eventually, the existence of the hematopoietic stem cells

was established [7, 134, 135]. By 1983, Potten compiled a comprehensive collection of

reviews, expanding the concept of stem cells beyond hematology to encompass similar

cells in epithelial tissues, tumors, and lower organisms [110]. Lajtha’s chapter in this

volume marked a pivotal moment, solidifying the modern definition of stem cells [70]. The

definition was based on the perceptions of radiation biologists, hematopoiesis specialists,

and leukemia specialists that hematopoietic stem cells endure as long as the organism,

and divide more slowly than their progeny. Lajtha’s contribution significantly shaped the

contemporary understanding of stem cells, while rooted in hematological tradition, it

integrates concepts from embryology [121]. These combined influences create the modern

3
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CHAPTER 1. INTRODUCTION

definition of stem cells, which reads as follows:

1. Stem cells reproduce themselves.

2. Stem cells generate progeny destined to differentiate into functional cell types.

3. Stem cells persist for a long time.

4. Stem cell behavior is regulated by the immediate environment (the niche).

The key features of stem cells are illustrated in 1.2. The first two points emphasize

their ability to renew themselves and produce an offspring. "Destined to differentiate"

means cells divide for a limited time before specializing. The third point distinguishes

stem cells by their ability to grow indefinitely in tissue culture or persist throughout an

organism’s lifespan. The fourth point highlights that stem cells operate within specific

microenvironments, controlling their division and differentiation. Even when grown

in vitro, stem cells require specialized media mimicking natural conditions. Stem cell

behavior is influenced by their intrinsic properties and environmental factors such as

animal lifespan, niche characteristics, or culture medium composition. Understanding

stem cells necessitates considering both their inherent traits and their surrounding

environment [121].

1.2 Do all living beings have stem cells?

As previously described, one of the defining properties of stem cells is their ability

to give rise to themselves and a progeny that can differentiate into other cell types. They

are limited to multicellular eukaryotic organisms; therefore, stem cells are absent in

prokaryotic cells and unicellular eukaryotes. Further, these cells play an essential role

in the development, growth, tissue repair, and regeneration of living beings, thereby

functioning as a critical component of their biology [30]. The cellular structure, growth,

and development of eukaryotic protists and fungi are much simpler, and thereby, the

term stem cells is limited to plants and animals [117].

In plants, the term “meristem” is more commonly used to denote stem cell-like

functions. These meristematic cells are responsible for the growth and regeneration

of plants. Interestingly, these cells are present throughout the plant body and are not

restricted to specific regions, which is the case in animals [52]. In animals, “stem cells”

4
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1.2. DO ALL LIVING BEINGS HAVE STEM CELLS?

Figure 1.2: An illustration depicting stem cell dynamics. The stem cells reside within a
specialized environment, known as a niche (represented by yellow shading), facilitating their self-
renewal through divisions. Additionally, they produce differentiated cells through a population of
committed transit-amplifying cells. It is important to note that not all stem cell types generate
multiple cell types. Adapted from Slack JM. What is a stem cell?. Wiley Interdisciplinary Reviews:
Developmental Biology. 2018.

can be observed in simple organisms like sponges and complex organisms like humans.

Therefore, stem cells are limited to plants and animals and are not present in all living

organisms.

1.2.1 Stem cells in animals

The simplest animals with stem cells are in the phylum Porifera, commonly known

as sponges. Sponges are simple, aquatic, filter-feeding animals that lack complex tissues

and organs. These sponges have specialized cells known as “archaeocytes”, often referred

to as amoeboid cells or totipotent cells [28, 35]. These archaeocytes are distributed

throughout the sponge’s body and can transform into various cell types as and when

needed. Thereby functioning in tissue repair, nutrient transport and reproduction [90, 35].

These archaeocytes possibly demonstrate a primitive form of stem cells, allowing sponges

to maintain their simple body plan and carry out essential functions.

The phylum Cnidaria hosts one of the extensively studied animals for stem

5
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cells, called Hydra. Its potential immortality and extensive capacity to regenerate and

self-renew is due to the presence of three distinct stem cell lineages: ectodermal and

endodermal epithelial stem cells and interstitial stem cells [13]. If a Hydra is cut into

pieces or injured, the multipotent somatic interstitial stem cells can rapidly differentiate

to replace lost or damaged cells and tissues, enabling the organism to recover and regen-

erate [55]. Despite morphological and functional differences and more than 500 million

years of phylogenic separation between Hydra and humans, common signaling pathways

are responsible for stem cell maintenance, lineage determination, and differentiation

[13].

The phylum Ctenophora, commonly known as comb jellies, is not believed to

possess stem cells but is thought to provide insights into the early origins of regeneration.

They have shown undifferentiated cells, which are not as highly regulated as stem

cells, and interestingly, they can dedifferentiate and reorganize the existing cells to

replace missing structures. This can also be attributed to the fact that the degree of

differentiation is less in Ctenophores in comparison to complex animals [113].

The phylum Platyhelminthes, commonly known as flatworms, have evolved

a remarkable stem cell system with a single pluripotent adult stem cell type called

“neoblast”. This cell can give rise to the entire range of cell types and organs in the

planarian body plan [115, 108]. Neoblasts are abundantly present and drive the rapid

self-renewal of the entire animal within a matter of weeks [108].

Annelids, such as earthworms and leeches, have been found to possess stem

cells that play crucial roles in their remarkable regenerative abilities [3, 91, 166]. These

stem cells are involved in forming buds that differentiate into new head or tail segments

during anterior and posterior regeneration of missing body parts [166].

Arthropods, including insects, have been a focus of stem cell research, with

stem cells identified in both embryonic and adult tissues. However, much of the emphasis

on insect stem cell research has been limited to Drosophila [20]. Mollusca, which

includes organisms like snails, clams, and octopuses, have also been found to possess

stem cells. Notably, one cell line, the Biomphalaria glabrata embryonic or Bge cell line,

has been successfully established in the long history of molluscan tissue culture research

[163]. Echinoderms, such as sea urchins, have undifferentiated coelomocytes and

amebocytes, as well as differentiated phagocytes, which are recruited to damaged areas

during regeneration, forming a blastema of undifferentiated, proliferating cells until the

missing tissues are restored [32].

6
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1.2. DO ALL LIVING BEINGS HAVE STEM CELLS?

Hemichordata have been found to possess stem cells that play a crucial role

in their extensive regeneration capabilities. Research has shown that hemichordates

deploy functional homologs of critical genes in the mammalian reprogramming factor

gene network, such as Oct4, Sox2, Nanog, and Klf4, during regeneration, suggesting the

presence of stem cell reprogramming genes in these organisms [58].

In chordates, the urochordates have remarkable regenerative abilities. They

can asexually propagate to form colonies [136, 141]. In contrast, in cephalochordates,

the scanning electron microscopy of amphioxus (lancelet) suggests that stem cells may

participate in adult notochord growth [54], and in the vertebrates, proliferating cells

called chordoblasts in the notochord cortex might be stem cells [54].

In summary, stem cells or stem cell-like cells have been identified in most of

the subphylum of the kingdom Animalia.

1.2.2 Stem cells in humans

The earliest cell known in human development is the fertilized egg, which is a

totipotent cell that can give rise to an entire individual. The first-lineage specification

gives rise to trophectoderm and the inner cell mass (ICM); the latter houses the primitive

stem cells called the ESCs (typically between days 4-8 after fertilization). These cells can

give rise to all three germ layers (ectoderm, mesoderm, and endoderm) [131]. Another

pluripotent cell called the embryonic carcinoma cell (ECC) originates from germ line tu-

mors and was extensively used for experimental studies before in vitro ESC culture came

into existence, as the latter lacked any tumor identity [123]. As the embryo transitions

into a fetus, the stem cells transition from pluripotent to multipotent [12]. With the birth

of the baby and its growth into an adult, the role of stem cells shifts from development

to repair and maintenance of the somatic cells. Commonly studied adult stem cells are

hematopoietic stem cells, mesenchymal stem cells, neural stem cells, epithelial stem

cells, and skin stem cells. These multipotent cells are often called somatic stem cells

(Mayo Foundation for Medical Education and Research).

With ESC use strongly limited by ethical limitations and adult stem cells

limited by their potency, the birth of iPSCs brought a spur in the field of stem cells [64].

Being pluripotent, they could be used to study development. As they could be autologous,

the absence of immunosuppressants could become a reality in human tissue transplants.

They also brought a new outlook to disease modeling and drug testing.

7
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1.3 Timeline of cellular reprogramming and the birth

of iPSCs

The curiosity of understanding how life begins laid the foundation for generating

iPSCs about five decades before they actually came into existence (Figure 1.3). De-

velopmental biology contributed to understanding the sequential events that a single

cell undergoes, giving birth to offspring. Differentiation, one of the primary cellular

events was believed to be unidirectional. Waddington’s landscape (1957) depicted this

phenomenon where a totipotent cell is depicted as a ball rolling down the hilly landscape

into the bottommost inescapable valleys [144]. This doctrine did not believe in the pos-

sibility of reprogramming [126]. However, in Cambridge, two researchers, Briggs and

Kings, with a contradictory belief, transplanted Rana pipiens (Northern leopard frog)

nuclei from blastula into enucleated frog eggs, which produced adult frogs. However,

the results were challenged because the nuclei were from an undifferentiated state [16].

John Gurdon, in the early 1960s, transplanted tadpole intestinal epithelial cell nucleus

(differentiated) in Xenopus laevis (African clawed frog) enucleated egg, which gave birth

to fertile adults [46]. Extending this success in mammals was a task accomplished by

Ian Wilmut in 1997 with the birth of media sensation Dolly sheep using the technique

now referred to as somatic cell nuclear transfer [154]. These studies established that

nuclei of differentiated cells retain their totipotency and shed light on the cytoplasm’s

potential to change the chromatin state and, thus, expression, resulting in the altered

cellular state [114, 122].

The next breakthrough came in 1981 when two groups, Martin Evans and Matthew

Kauffman and Gail R Martin, cultured the first in vivo mouse ESCs [83, 29]. Subse-

quently, Thomson and group isolated human ESCs from donated cleavage stage embryos

in 1998 [131]. Even though a breakthrough, this study could not be used to its full

potential because of the ethical concerns involving the destruction of a human embryo.

Circumventing this ethical concern required using human cells which were

pluripotent but not acquired from an embryo. The fact that such cells were not present

in nature once an embryo developed into an adult led to the development of the first-ever

iPSCs derived from differentiated adult cells. The pioneering discovery of these cells

was accomplished by generating murine ESC-like cells, now referred to as iPSCs [125].

8
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1.4. MORPHOLOGY AND CHARACTERISTICS OF HUMAN IPSCS

Figure 1.3: Evolution of cellular reprogramming towards the conceptualization and
development of iPSCs.

Soon, this pioneering study was performed on human cells by over-expression of the

four Yamanaka factors: OSKM (OCT4, SOX2, KLF4, and c-MYC) through retroviral

transduction in human fibroblasts [127]. Thomson lab was also able to generate human

iPSCs using lentiviral vectors overexpressing a different set of reprogramming factors:

OCT4, SOX2, NANOG, and LIN-28 [164].

Since then, numerous groups have studied iPSC generation in other mammals.

The studies range from rats to the elephants. Some of the mammals studied to date are

listed in Table 1.1.

1.4 Morphology and characteristics of human iPSCs

Human iPSCs have distinct morphological characteristics that distinguish them

from differentiated cells. They are as follows:

1. Colony morphology: iPSC colonies have a smooth, well-defined border with a

compact appearance [92, 84]. The human iPSC colonies have a refractile appear-

ance, giving them the appearance of a shiny boundary [31].

2. Cell morphology: Individual iPSCs have a high nucleus-to-cytoplasm ratio and

prominent nucleoli [145, 47]. They exhibit an epithelial-like morphology with

9
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Table 1.1: A list of mammals whose iPSCs have been derived or studied.

Mammal Common Name Scientific Name Reference

Monkey Rhesus Monkey Macaca mulatta [78]
Rat Brown Rat Rattus norvegicus [75]
Pig Domestic Pig Sus scrofa domesticus [148]
Dog Domestic Dog Canis lupus familiaris [150]
Cat Domestic Cat Felis catus [26]
Horse Domestic Horse Equus ferus caballus [151]
Cattle Domestic Cattle Bos taurus [109]
Rabbit Domestic Rabbit Oryctolagus cuniculus [1]
Sheep Domestic Sheep Ovis aries [79]
Ferret Domestic Ferret Mustela putorius furo [38]
Rhinoceros Sumatran Rhinoceros Dicerorhinus sumatrensis [168]
Elephant African Elephant Elephas maximus [4]
Gorilla Gorilla Gorilla gorilla [42]
Chimpanzee Chimpanzee Pan troglodytes [36]
Bonobo Bonobo Pan paniscus [160]
Orangutan Orangutan Pongo pygmaeus [42]
Gibbon Lar Gibbon Hylobates lar [6]
Baboon Olive Baboon Papio anubis [124]

Bat
Horseshoe bat Rhinolophus ferrumequinum

[25]
Mouse-eared bat Myotis myotis

Platypus Platypus Ornithorhynchus anatinus [152]

specialized cell-cell junctions [87, 149].

3. Cytoskeleton: iPSCs show actin localization under the upper cytoplasmic mem-

brane [81]. The cytoplasm contains ribosomes, glycogen associated with lipid

droplets, and elongated mitochondria [43].

4. Nuclei: iPSC nuclei are euchromatic with reticulated nucleoli [22]. The expres-

sion of endogenous pluripotency markers such as OCT4, SOX2, and NANOG, as

well as surface markers like TRA-1-60 and SSEA-4, are commonly used for the

characterization of human iPSCs [145, 9].

5. Differentiation: Upon differentiation, iPSCs can give rise to cells of all three

germ layers: ectoderm, mesoderm, and endoderm [127]. iPSCs lose their distinct

colony morphology [84]. Partially reprogrammed iPSCs can be identified by the

lack of transgene repression [22].
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1.5. THE PLURIPOTENCY GENE REGULATORY NETWORK

These morphological and molecular characteristics are used to identify and

monitor the pluripotent state of human iPSCs during generation, culture, and differenti-

ation. Automated image analysis and machine learning algorithms have the potential to

be used for identifying iPSC colonies based on these features [47].

1.5 The Pluripotency Gene Regulatory Network

The pluripotency gene regulatory network (PGRN) is a complex, interconnected

network of genes that cooperatively regulate gene expression to maintain the pluripotent

state in human iPSCs [74, 73]. Key features of the PGRN in human iPSCs include:

1. Core pluripotency factors: The PGRN is centered around core transcription

factors like Oct4, Sox2, and Nanog that are essential for maintaining pluripo-

tency [74, 73]. These factors form an interconnected network that regulates the

expression of genes involved in self-renewal and differentiation.

2. Extrinsic signals: Specific extrinsic signals and signaling pathways, such as

LIF, BMP, FGF, and Wnt, provide important inputs into the PGRN to regulate

pluripotency [74].

3. Heterogeneity: The PGRN exhibits transcriptional heterogeneity in self-renewing

iPSC cultures, with core pluripotency factors showing variable expression levels

[74]. This heterogeneity may be part of the regulatory assets of the network.

4. Pluripotent states: The PGRN can stabilize iPSCs in distinct pluripotent states,

such as the ground state, primed state, and alternative pluripotent states, which

have different transcriptional and epigenetic features [74]. These states are inter-

convertible in vitro.

5. Post-transcriptional regulation: In addition to transcriptional regulation, the

PGRN is also subjected to post-transcriptional controls, particularly those induced

by RNA-binding proteins and alternative splicing [74].

In summary, the PGRN in human iPSCs is a complex, dynamic system that

integrates multiple layers of regulation to maintain the pluripotent state and control

differentiation potential.
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1.6 UTF1 gene

Since the inception of the first iPSCs, various combinations of factors have been

investigated for their generation. Among these less explored human pluripotency factors

is a single GC-rich gene, no other gene having a similar sequence - the Undifferentiated

embryonic cell Transcription Factor 1 UTF1 (Table 1.2). This gene exists only in placental

(eutherian-specific) mammals [99]. It is localized on mouse chromosome 7 at 7F5, and

in humans, it is located on chromosome 10 at 10q26 [34, 96]. The 5’ region of the

gene comprises a TATA-less promoter with four GC boxes (Figure 1.4), typical of a

housekeeping gene [96]. Of these four GC boxes, the first GC box serves the most

significant function as its mutation showed a 60% decline in promoter activity with

lower or no effect in the case of other boxes [96]. Multiple transcription start sites are

reported to exist downstream of the promoter, of which 15 have been identified so far

[102, 96]. Interestingly, some of these transcription start sites are present after the start

codon because a second methionine codon is present downstream of the first start codon

(Figure 1.4). As a result, two different mouse UTF1 proteins co-exist in nature, with the

longer 339 amino acid (aa) protein being more abundant than the shorter version (297

aa) [96]. However, in humans, only one UTF1 protein of 341 aa is reported [34, 67]. In

the 3’ region of the gene, an enhancer region was identified with a regulatory element

called M1 (Figure 1.4), a conserved octamer sequence essential for NANOG expression

[116, 128]. This is soon followed by another regulatory element, namely the Octamer and

Sox binding motifs (Figure 1.4) selectively interacting with UTF1 regulators, OCT4, and

SOX2 [102, 98], which, when mutated, resulted in a drastic decrease in the expression

levels of UTF1 [95]. Therefore, it is a transcriptional target of key pluripotency regulators

OCT4 and SOX2 in ESCs.

Figure 1.4: The human UTF1 gene. The promoter region of the gene contains four GC boxes.
The coding region contains two start codons. The 3’end has an enhancer region with NANOG,
OCT, and SOX binding motifs. GC1: GGGCGG; GC2: GGGCGG; GC3: GGGCGG; GC4: GGGCGG;
M1: GTCTGGGT; Oct: ACTAGCAT; Sox: AACAATG. Not drawn to scale.
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Table 1.2: Physicochemical parameters of human UTF1 sequence.

Parameters Values

Protein-coding DNA Sequence

Number of nucleotides 1026 bp
Average GC% 78.16%
Nucleotide composition Adenine (A): 11.99% (123 bases)

Thymine (T): 9.84% (101 bases)
Guanine (G): 31.87% (327 bases)
Cytosine (C): 46.29% (475 bases)

Protein

Number of amino acids 341
Molecular weight 36.438 kDa
Theorerical pI 10.9
Amino acid composition Proline (P): 19.4% (66 residues)

Alanine (A): 12.3% (42 residues)
Arginine (R): 11.7% (40 residues)
Leucine (L): 10.9% (37 residues)
Glycine (G): 7.0% (24 residues)

Total number of negatively charged residues Aspartic acid+Glutamic acid: 31
Total number of positively charged residues Arginine+Lysine+Histidine: 50

1.7 UTF1 protein

The sequence of UTF1 protein was found to be proline-rich (5-273 aa), with a

majority of basic amino acids like arginine contributing to its high isoelectric point

(Table 1.2). Moreover, the sequence of UTF1 protein is unique as it shows no homology

to any previously reported protein sequences apart from a Myb/SANT domain and the

presence of a leucine zipper motif [34, 139, 67]. Furthermore, two highly conserved

regions were identified in UTF1 protein, one at the amino-terminal end and the other at

the carboxyl-terminal end, giving rise to their names, i.e., conserved domain (CD)1 and

CD2, respectively (Figure 1.5); [34, 139, 67]. A comparison between human and mouse

UTF1 protein sequences showed a 63% similarity (Figure 1.6). Further, a comparison

between CD1 and CD2 of human and mouse protein sequences showed 84.5% and 85.9%

similarity, respectively (Figure 1.6). The determination of the secondary structure of the

human UTF1 protein using bioinformatics software showed that it primarily constitutes

of random coils and α-helices (Table 1.3). The CD1 is homologous to a Myb/SANT DNA-

binding domain [139, 67]. UTF1 protein is localized to the nucleus (excluded from the
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nucleoli) and is associated with DNA during all the stages of cell cycle [139, 67, 132]. The

deletion of CD1 resulted in the mislocalization of the protein to the cytoplasm [139, 67],

indicating that CD1 is responsible for the nuclear localization of the protein. Moreover,

studies showed that both human and mouse UTF1 proteins were tightly bound to the

chromatin [139, 67]. The earlier mentioned leucine zipper motif is present in the CD2

domain and was reported to contribute to long-term immobilization by tightly binding

to the DNA, much like the histones [102, 34, 139, 67, 133]. Functional characterization

of two missense single nucleotide polymorphisms (rs11599284 (G73R) and rs4480453

(L275M)) present in each CD, when mutated together, enhanced the mobility of UTF1

protein, indicating a decrease in chromatin association [133]. Whether this change

in chromatin association has altered chromatin structure, target gene specificity, or

differentiation defects in pluripotent cells remains to be investigated. However, the

nuclear localization and transcriptional repressor activity remained unaffected [133].

Figure 1.5: The human UTF1 protein. The 341 amino acids long UTF1 protein comprises of a
Myb/SANT-like DNA binding domain (in CD1 domain) and a protein-protein interaction leucine
zipper motif (in CD2 domain). N: amino-terminal; C: carboxyl-terminal; CD: conserved domain.
Not drawn to scale.

It was also reported that UTF1 is likely to undergo phosphorylation at S18,

T35, S42, S54, and S245 residues [34, 153, 140]. Furthermore, UTF1 is likely to get

dephosphorylated by carboxyl-terminal domain small phosphatases [56] the latter are

involved in various functions, including cell cycle regulation and differentiation. It was

recently observed that UTF1 is a sumoylation target, and sumoylation modulates the

chromatin association of UTF1 [21]. A detailed investigation is required to understand
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Figure 1.6: Sequence similarity between human and mouse UTF1 proteins. The amino
acids conserved between human and mouse proteins are marked with an asterisk (*). The CD1
and CD2 domains are represented by light green and light yellow, respectively. The alignment
was generated using the Expert Protein Analysis System (ExPASy) SIM with default parameters

Table 1.3: Predicted secondary structure of human UTF1 protein using different bioinformatics
software.

Software α-helix β-sheet Random coil Other

PSIPRED [61] 36.3% - 63.6% -
(124 residues) - (217 residues) -

SOPMA [41] 33.72% 3.52% 59.53% 3.23%
(115 residues) (12 residues) (203 residues) (11 residues)

GOR4 [39] 32.84% 1.76% 65.40% -
(112 residues) (6 residues) (223 residues) -

PSIPRED: PSI-blast based secondary structure PREDiction; SOPMA: Self-Optimized Prediction Method with Alignment;

GOR4: Garnier-Osguthorpe-Robson fourth version

the biological significance of the phosphorylation and sumoylation sites in the UTF1

protein.
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1.8 Role of UTF1 in embryonic development

UTF1 is expressed during early embryogenesis (Figure 1.7). It exhibited no mea-

surable expression at the early cleavage stages before blastocyst formation. In the early

blastocyst stage, UTF1 expression was observed only in ICM, followed by its expres-

sion in the epiblast [102, 37]. Further, UTF1 mRNA expression was restricted to the

primitive ectoderm (an ICM derivative), and a faint expression was observed in the

extra-embryonic ectoderm (a trophectoderm derivative) [102]. Upon the development of

the primitive streak, a decrease in UTF1 expression was observed from the posterior

to the anterior part of the embryo [102]. Further, through the embryonic development,

expression of UTF1 was gradually lost in the neural fold and the chorion, restricting itself

to the PGCs in the developing embryos [5, 37, 63, 99, 102, 24]. The highest expression

of UTF1 was detected in the epiblast and PGCs during mouse embryonic development

(Figure 1.7) [37].

To further understand the requirement of UTF1 during embryonic develop-

ment, the effect of its genetic deletion was studied in mice. At least one functional Utf1

allele in both the parental germline was critical to contributing to the complete devel-

opment of Utf1 null embryos, suggesting an intergenerational epigenetic inheritance of

UTF1 protein or mRNA in parental germ cells [5]. Genetic deletion of Utf1 in mice either

resulted in a developmental arrest [5], or embryonic lethality [63], or developmental

delay in midgestation embryos and newborn mice and delay in placental growth, possibly

due to placental insufficiency [99]. Notably, the Utf1 homozygous mutant mice could not

survive for more than two days after birth [99]. The ubiquitous inactivation of Utf1 in

mice with a hybrid (C57BL/6×129) genetic background resulted in embryonic lethality

at E10.5 [63]. The developmental arrest observed in Utf1-/- embryos, generated from

heterozygous Utf1 parents, was reabsorbed in the uterus and identified by their residual

placenta [63]. On the other hand, the Utf1-/- pups born, irrespective of their genetic

backgrounds, were smaller in size than the Utf1+/+ and Utf1+/- pups, suggesting that

the absence of UTF1 resulted in the developmental delay, which could be explained by

placental insufficiency [99, 63, 5]. UTF1 expression was observed in the placentas of

wild-type mice till the late developmental stage; thus, the placenta of knockout mice was

phenotypically smaller in size, resulting in placental insufficiency [99]. Therefore, the

deletion of Utf1 in vivo displayed all possibilities ranging from developmental arrest to

embryonic lethality to death within two days of birth (Table 1.4). These variations could
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Figure 1.7: Expression of UTF1 during mouse embryogenesis. Post-fertilization, UTF1
is not expressed till the blastocyst stage. A rapid onset occurs during the early blastocyst stage,
with enhanced expression in the epiblast of the late blastocyst stage. Moreover, its expression
decreases in the extra-embryonic ectoderm and is restricted to the primitive ectoderm. Further,
along with the formation of the primitive streak, UTF1 expression becomes restricted to the
extra-embryonic ectoderm. It shows a gradual decrease from the posterior to the anterior side of
the embryo. Eventually, the expression gets restricted to primordial germ cells (PGCs) only.

be attributed to the variable genetic backgrounds of the mice under experiment (Table

1.4), contributing to UTF1-mediated translational and epigenetic outcomes [99, 5, 63].

Overall, it contributed to proper murine embryonic development.

1.9 Role of UTF1 in ESCs

UTF1 was first identified in undifferentiated mouse and human pluripotent cells

(ESCs and ECCs) [102, 34]. This restricted expression, specifically in undifferentiated

cells, contributed to its name, “Undifferentiated Embryonic cell Transcription Factor 1”

[102]. The core pluripotency regulators, OCT4 and SOX2, are known to control UTF1

expression [128, 5, 97, 98]. Though the expression pattern of UTF1 is similar to OCT4
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and SOX2, these two factors act as self-renewal and pluripotency regulators, whereas

UTF1 contributes towards proper differentiation of pluripotent cells and PGCs in the

presence of differentiation cues [59, 139, 68, 5]. Upon differentiation, a decrease in

expression was observed for UTF1 and other pluripotency factors like OCT4 and SOX2,

though the decline in expression was more rapid for UTF1 [102, 34, 95].

Understanding the molecular role of UTF1 in pluripotent cells, Eggen lab

silenced UTF1 expression to study its effect in mouse ESCs and ECCs [139]. This

study showed that UTF1-depleted pluripotent cells maintained their self-renewal and

pluripotency characteristics but failed to differentiate properly, i.e., particularly towards

mesodermal and endodermal lineages [139]. The depletion of UTF1 also leads to an

increase in the doubling time of ESCs and ECCs [139]. Additionally, slow-growing

ESCs showed reduced UTF1 expression [98]. The role of UTF1 in ensuring the rapid

proliferation of ESCs could be due to its ability to block Myc-mediated activation of the

Arf feedback loop [60]. Although the role of UTF1 in cell proliferation was demonstrated

[139, 98], it was dispensable for ESC self-renewal [139, 60]. Further, overexpression

of UTF1 in ESCs and ECCs interfered with their differentiation potential [132]. Thus,

UTF1 levels can alter the differentiation potential of pluripotent cells. In summary,

UTF1 plays a crucial role in the proliferation and differentiation of ESCs but not for

maintaining self-renewal and pluripotency.

Functionally, the role of UTF1 as a transcriptional regulator has been controver-

sial in pluripotent cells. Although its exact role as a classical transcription factor has not

been determined to date (no consensus DNA binding sequence reported so far), various

studies have reported that it can function either as a transcriptional coactivator [102, 34]

or as a transcriptional repressor [34, 139, 67, 68]. As a coactivator, UTF1 mediates

the physical interaction between the activating transcription factor-2 (ATF-2) and the

transcriptional machinery (possibly through basal transcription factor II D), thereby con-

tributing to transcriptional activation in an ATF-2-dependent manner [102, 34]. On the

other hand, in the absence of ATF-2, UTF1 showed repressor activity [34]. Also, luciferase

reporter-based studies showed it acts as a transcriptional repressor [139, 67]. Both CD1

and CD2 domains are reported to be essential for their transcriptional repressor activity

in the case of mouse UTF1 [139]. In contrast, only the CD2 domain is responsible for

the same in the case of human UTF1 [67]. Complying with this observation, microarray

analysis on mouse UTF1-depleted cells showed an upregulation of 1090 genes (including

NANOG, a core pluripotency transcription factor) and a downregulation of only 131
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genes [68], suggesting that it primarily functions as a transcriptional repressor.

Mechanistically, UTF1 acts as a critical chromatin constituent, preventing

superfluous chromatin decondensation and aberrant gene expression in ESCs to facilitate

proper differentiation during exit from pluripotency [68]. It may be crucial for the

decrease in transcriptional noise [68], which is vital for reducing the transcription

of differentiation-inducing genes [167]. Subsequently, it was reported to regulate the

multiprotein enzyme complex Polycomb repressive complex 2 (PRC2), which establishes

the repressive epigenetic mark histone 3 lysine 27 trimethylation (H3K27me3) and they

compete for the same bivalent genes to control their expression in ESCs [60]. The bivalent

state of the chromatin in ESCs is created by both the repressive and active epigenetic

marks, H3K27me3 and histone 3 lysine 4 trimethylation (H3K4me3), respectively [8].

This characteristic feature of pluripotent cells keeps the developmentally essential

genes in a poised state, which becomes committed upon induction of differentiation [8].

Functional attribution of UTF1 was also observed in mRNA pruning. It involves the

tagging of mRNAs transcribed from insufficient silencing of these bivalent genes for

cytoplasmic degradation by the mRNA decapping complex [60]. These opposing functions

on the bivalent genes, i.e., preventing the establishment of repressive H3K27me3 mark

and regulating translation of mRNA from bivalent genes, are believed to maintain

the “just right” level of bivalency [60, 71]. Interestingly, the UTF1 gene itself is also

regulated by the H3K27me3 mark and regulates its expression by a feedback mechanism

[5]. Furthermore, upon differentiation, loss of UTF1 resulted in a shift of bivalency

towards the repressive mark (H3K27me3) on developmental genes (OLIG2, NESTIN,

and T) and a decrease in pruning activity of the HOXA1 gene [60]. Possibly, UTF1 is

involved in the effective reduction of “transcriptional noise” in ESCs by performing

various functions at different levels (Figure 1.8), and upon induction of differentiation, it

prepares the cells for proper lineage specification.

1.10 Role of UTF1 in spermatogonial stem cells

During early embryogenesis, germ cells differentiate to form male and female

gametes. In mice, UTF1 is implicated in male germ cell development, with studies

demonstrating its necessity in this process but not in ovarian development [5, 63].

Failure of spermatogenesis, occurring in the seminiferous tubules of the testes at the

onset of puberty can lead to male infertility [57].
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Figure 1.8: UTF1 maintains bivalency and regulates cell proliferation in ESCs. UTF1
regulates the bivalent genes by mRNA pruning and maintaining the epigenetic threshold. It
prevents excessive loading of PRC2, thereby preventing excessive establishment of the repressive
epigenetic mark H3K27me3. Further, it recruits Dcp1a for decapping mRNA transcripts from
insufficiently silenced bivalent genes. These decapped mRNAs are eventually degraded in the
cytoplasm by exonucleases, preventing their translation. Additionally, UTF1 ensures rapid
proliferation of ESCs by inhibiting the Myc-mediated activation of Arf. PRC2: Polycomb repressive
complex 2; Dcp1a: decapping mRNA 1a. Figure prepared from observations and results of [60].

UTF1 emerges as an excellent biomarker for PGCs and spermatogonial stem

cells (SSCs) in various studies [138, 129, 119, 94]. Its inactivation resulted in decreased

gonocyte numbers at birth and defective spermatogenesis in adult mice [63]. Notably,

UTF1 expression is detected in gonocytes, P0 testes, and a subset of spermatogonia but

not in spermatocytes or spermatids [63]. Additionally, UTF1-positive spermatogonia

exhibit quiescent characteristics, maintaining their ability to differentiate [143, 138].

In contrast, although UTF1 mRNA and protein are present in metaphase II

oocytes during female murine ovarian development, no ovarian defects are observed in

knockout mice [119, 63]. Furthermore, UTF1 expression is reported in spermatocytic

seminomas, suggesting its role in the self-renewal of SSCs and seminomas [69]. UTF1
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is crucial for the proper development and functioning of male gonads, contributing to

male fertility [5]. Its absence leads to compromised testicular vasculature and inefficient

spermatogenesis, indicating potential male infertility [63]. Overall, UTF1 plays a vital

role in embryonic gonocyte development and postnatal spermatogenesis.

1.11 Role of UTF1 in cancer

UTF1 expression is documented in various cancer tissues of both germ cell and

non-germ cell origin, with notable abundance in ECCs, testicular germ cell neoplasms,

and central nervous system germinoma, among others [139, 67, 146, 77, 132, 69, 104].

Elevated UTF1 levels are observed in endometrial and prostate cancer, while reduced

levels are noted in colon, renal, and breast cancer compared to normal tissues [89, 161].

Additionally, UTF1 is overexpressed in endometriosis, suggesting potential hormonal

regulation of its expression [33].

In cervical cancer, conflicting reports exist regarding UTF1 expression. One

study associates its overexpression with hypermethylation of the UTF1 promoter, while

another suggests downregulation due to promoter hypermethylation [45, 159]. Its po-

tential as a prognostic marker in brain cancer is notable, with implications for tumor

grading and prognosis [85].

Functionally, UTF1 is essential for ECC proliferation, probably similar to

its role in ESCs, possibly altering chromatin structure and gene expression profiles to

facilitate proliferation [139, 60, 98]. Depletion of UTF1 reduces teratoma tumorigenicity,

while its overexpression promotes tumor formation in mice, hinting at an oncogenic

function [60, 98].

On the contrary, UTF1 may act as a tumor suppressor by upregulating p27Kip1

and inducing G1/S arrest [159]. Notably, hypermethylated UTF1 is observed in cervical

and pharyngeal cancers, but its relationship with gene expression is complex [45, 159,

93].

The variability in UTF1 expression across cancers suggests its potential as

a diagnostic biomarker, particularly in endometriosis, cervical cancer, and germ cell

tumors [11, 103, 69, 146]. Its DNA methylation status holds promise for diagnostic

applications, though conflicting data in cervical cancer necessitates further investigation

[45, 103, 159, 93]. Understanding its roles in cancer development offers insights into

prognosis and therapy.
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1.12 Role of UTF1 in iPSCs

The discovery of iPSCs has unfolded a new research area in stem cell biology

due to their wide-scale applications, ranging from understanding developmental biology,

disease modeling, drug discovery and toxicity testing, and autologous cell therapy. These

cells have a functional and molecular resemblance to ESCs. The similarity in the gene

expression profiles of ESCs and iPSCs is directed towards using other pluripotency-

associated genes and/or genes involved in early embryonic development for the generation

of iPSCs. The first iPSCs derived were by reprogramming mouse fibroblasts using a

cocktail of four transcription factors (OCT3/4, SOX2, KLF4, and c-MYC; abbreviated as

OSKM; also popularly known as Yamanaka factors) [125]. This reprogramming cocktail

was identified from a list of 24 potential factors [125]. Though UTF1 was one of the

factors screened, it did not qualify among the four key reprogramming factors in this

study. However, the importance of UTF1 in cellular reprogramming was soon highlighted

when human foreskin fibroblasts were reprogrammed with UTF1, small interfering

RNAs against p53, and the Yamanaka factors, generating iPSCs with enhanced quality

and efficiency (>200-fold higher efficiency) (Figure 1.9) [165]. This could be attributed to

the improved transition of pre-iPSCs to iPSCs, resulting in enhanced reprogramming

efficiency. UTF1 may have aided in establishing a favorable chromatin state or epigenetic

profile ideal for switching to pluripotency [165]. Additionally, the removal of oncogenic

c-MYC from this six-factor cocktail enhanced reprogramming efficiency by 100-fold

compared to the Yamanaka factor cocktail alone. Also, UTF1 (in the presence of OSK or

OSKU and a small interfering RNA against p53) resulted in emergence of a majority of

iPSC colonies in comparison to other reprogramming cocktails used in this study [165].

In mouse ESCs, MYC shares ∼20% of UTF1 target genes [71]. Furthermore, UTF1 was

identified to suppress the leaky expression of bivalent genes by tagging their mRNA for

cytoplasmic degradation, possibly regulating the expression of the alternative reading

frame (ARF) (an inhibitor of ESC proliferation), whereas MYC was known to activate

ARF in ESCs. The repression of this MYC-ARF feedback loop in mouse ESCs by UTF1

ensures rapid cell proliferation [60]. Moreover, the UTF1 KO study showed enhanced

ARF protein levels and suggested that the proliferation of ESCs was supported by UTF1

[99]. It possibly inhibits the cell cycle inhibitor ARF gene to enhance proliferation during

the reprogramming process to facilitate reprogramming. To date, the actual mechanism

of how UTF1 stimulates reprogramming in the presence or absence of exogenous MYC is
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unknown and requires investigation.

Figure 1.9: Effect of UTF1 on the generation of human iPSCs. (A) The introduction of
UTF1 in the reprogramming cocktail along with the Yamanaka factors (OSKM) enhanced the
efficiency of iPSC generation. Further, the addition of a p53 siRNA into this cocktail enhanced
the efficiency even more. Also, UTF1 could replace oncogenic c-Myc from the reprogramming
cocktail. (B) The efficiency of colony generation with p53 siRNA (P) and UTF1 (U) was higher
in comparison to the same cocktail along with c-Myc. Additionally, the presence of UTF1 in the
reprogramming cocktail mostly generated iPSCs with very few transformed colonies, unlike the
colonies obtained in the absence of UTF1 in the reprogramming cocktail. O: Oct3/4; S: Sox2; K:
Klf4; M: c-Myc; U: Utf1; P: p53 siRNA. Adapted from [165].

The role of UTF1 in cellular reprogramming was evident as one of the crucial

genes for the formation of mature iPSCs [162]. Recently, a study reported that UTF1-

depleted cells displayed significantly reduced reprogramming efficiency [118]. On the con-

trary, studies have also shown that UTF1 is dispensable in forming mouse iPSCs [5, 99].

These studies have reported that UTF1-null mouse fibroblasts could be reprogrammed

to iPSCs with typical pluripotency characteristics but with very low reprogramming

efficiency. Therefore, a detailed investigation is required to examine the importance of

UTF1 in iPSC generation. Other studies have reported the importance of UTF1 as a

biomarker in iPSC formation. Notably, UTF1 is an early-stage indicator for successful

reprogramming [17]. Further, its expression is crucial for identifying clones/cells that will

attain full pluripotency [17, 37, 18]. For instance, somatic and partially reprogrammed

cells have significant methylation in the enhancer region of UTF1, whereas mature iPSCs

lack methylation in the same region [86]. To date, many studies have used UTF1 as one
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of the markers to confirm pluripotency [153, 44, 76, 157, 162]. Furthermore, UTF1-based

reporters are highly sensitive in identifying mature pluripotent stem cells and, therefore

can provide a platform to derive and/or maintain homogeneous pluripotent cells with a

high degree of pluripotency [17, 37, 88, 107, 120, 128].

1.13 Study Objectives

Motivated by the current scope and necessities in the field, we have designed the following

four objectives in this thesis work.

1. Generation of human induced pluripotent stem cells using a non-integrative ap-

proach

2. Generation of UTF1 knockout human fibroblasts and determining its role in iPSC

formation

3. Generation of UTF1 knockout human iPSCs and determining its role in mainte-

nance of stem cell characteristics

4. Generation of UTF1 knockdown human iPSCs and determining its role in mainte-

nance of stem cell characteristics
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GENERATION OF HUMAN INDUCED PLURIPOTENT STEM CELLS

USING A NON-INTEGRATIVE APPROACH

An article based on this chapter is published as follows:

Raina K, Joshi G, Modak K, Premkumar C, Priyanka S, Rajesh P, Velayudhan SR,

Thummer RP (2023). Generation and characterization of induced pluripotent stem

cell line IITGi001-A derived from adult human primary dermal fibroblasts. Stem Cell

Research. DOI: 10.1016/j.scr.2023.103159.

Figure 2.1: Schematic representation of the nucleofection of human fibroblast cells
with three episomal plasmids encoding for six reprogramming factors. During the
reprogramming process, the mesenchymal phenotype of fibroblasts undergoes a transition to
epithelial phenotype, eventually giving rise to iPSCs. Generated iPSCs were further characterized
by immunofluorescence microscopy, real-time PCR, and karyotyping.
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CHAPTER 2. GENERATION OF HUMAN INDUCED PLURIPOTENT STEM CELLS
USING A NON-INTEGRATIVE APPROACH

BRIEF OVERVIEW OF CHAPTER

Adult human primary dermal fibroblast cells were electroporated with a reprogramming

cocktail of oriP/EBNA-1-based episomal plasmids expressing OCT3/4, SOX2, KLF4,

L-MYC, LIN28, and a p53 shRNA. Initially, these cells were cultured in fibroblast growth

medium and then seeded on a matrigel-coated dish with mTeSRTM-E7TM reprogramming

medium for the next 15 to 20 days. All the embryonic stem cell-like colonies were picked

based on morphology and expanded on a matrigel-coated dish. Out of 14 clones that were

picked, one was further characterized to confirm its identity as a pluripotent cell. This

clone showed the expression of core pluripotency nuclear (OCT4, SOX2, and NANOG)

and surface (SSEA-4 and TRA-1–81) markers using immunofluorescence staining. Addi-

tionally, the expression of pluripotency markers OCT4, SOX2, NANOG, and REX1 was

confirmed by real-time PCR. Further, in vitro trilineage differentiation into the three

germ layers showed the expression of ectodermal (PAX-6, DLK1, and OTX1), mesodermal

(Brachyury, HAND1, and TBX6), and endodermal (SOX17, CER1, and FOXA2) markers.

The absence of any episomal vector integration in the generated iPSC line was confirmed

by genomic PCR. The iPSCs showed normal karyotype (46, XX) after 14 passages, and no

mycoplasma contamination was detected. DNA fingerprinting analysis of the fibroblast

DNA and iPSC DNA confirmed the genetic identity of the cell line. Altogether, we have

generated an integration-free human iPSC line, which can be used for various biomedical

applications and basic research.
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2.1. MATERIALS AND METHODS

2.1 Materials and Methods

2.1.1 Generation of iPSCs from human fibroblasts

Adult human primary dermal fibroblast cells [ATCC (PCS-201-012)] were cultured

in Dulbecco’s modified Eagle medium (DMEM) (MP Biomedicals) supplemented with

10% fetal bovine serum (FBS) (Goibco), 2 mM L-glutamine, 100 U/mL penicillin and 100

µg/mL streptomycin (Thermo Fisher Scientific). A total of 0.5×106 fibroblasts at passage

13 were nucleofected with three reprogramming episomal plasmids, at a concentration of

1 µg each, namely pCXLE-hOCT3/4-shp53-F (Addgene ID: 27077), pCXLE-hSK (Addgene

ID: 27078) and pCXLE-hUL (Addgene ID: 27080) with Neon Transfection system (Life

Technologies) and seeded on a 35 mm dish for the next 6 days. The cells were cultured in

fibroblast culture medium comprising of DMEM supplemented with 10% FBS and 1%

Penicillin-Streptomycin (Thermo Fisher Scientific) and the medium was changed every

48 hours. The cells were then re-seeded on a matrigel (Corning) coated 35 mm dish with

TeSRTM-E7TM medium for Reprogramming (2-Component) (STEMCELL Technologies)

until human iPSC-like colonies appeared. The medium was changed every day during

reprogramming. Between days 19 and 25, these colonies were picked and mechanically

dissociated and seeded on a fresh matrigel-coated plate containing Essential 8 complete

medium (E8)TM (Life Technologies) with media changed every day. The colonies were

dissociated using 0.5 mM EDTA (Thermo Fisher Scientific), and split in a 1:4 ratio every

3–4 days till 14 passages. The colonies were cryopreserved for the long term using stem

cell banker (Amsbio). Fibroblasts and derived iPSCs were maintained in humidified 5%

CO2 incubator (Eppendorf).

2.1.2 Immunofluorescence staining

Immunofluorescence staining was performed as described in a previous study [10].

Briefly, passage 4 cells were fixed using 4% paraformaldehyde in Phosphate-bufferred

Saline (Hyclone) for 20 minutes at room temperature. Post-fixation, the cells were

incubated in a blocking buffer (1% bovine serum albumin and 5% FBS) for 45 minutes at

room temperature. For nuclear markers, 0.2% triton X-100 (Sigma) was also added to

the blocking buffer. Treated cells were then incubated with primary antibody overnight

at 4 °C followed by incubation with respective secondary antibody for 2 hours at room

temperature. Nuclei was stained with 1 µg/mL DAPI (Thermo Fisher Scientific) prepared
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USING A NON-INTEGRATIVE APPROACH

in 1X PBS for 5 minutes and imaged using a fluorescence microscope (DS60000, Leica

Microsystems) and DAPI filter.

2.1.3 Real-time PCR

For quantitative real-time PCR, RNA was extracted from passage 14 iPSC line, and

cDNA was synthesized by reverse transcribing the RNA using Prime ScriptTM reverse

transcription kit (Takara). Real-time PCR was performed relative to pluripotency gene

expression of the established iPSC line named TJC8iCas9 [82, 130] (a gift from Prof. R.V.

Shaji from Christian Medical College, Vellore, India) and was normalized with GAPDH

expression. The real-time PCR was run with GoTaq q-PCR master mix (Promega) using

gene-specific primers (Table 2.1) and analyzed using QuantStudioTM 6K Flex (Applied

Biosystems).

Table 2.1: Pluripotency gene-specific primers used for PCR.

Target Forward primers (5’-3’) Reverse primers (5’-3’) Product Size
(bp)

OCT4 GTGGAGGAAGCTGACAACAATG TCTCACTCGGTTCTCGATACTG 105
SOX2 GCACAACTCGGAGATCAG TAATCCGGGTGCTCCTTC 126
NANOG GTCAAGAAACAGAAGACCAG GCCACCTCTTAGATTTCATTC 184
REX1 TTGCATACGCCTGTGTTCC GGCTCTTGCTGTTATCCAGTC 127
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 131

2.1.4 Trilineage differentiation

iPSCs (passage 4 and 15) were differentiated into all three germ layers (ectoderm,

mesoderm and endoderm) as per the manufacturer’s protocol using STEMdiffTM Trilin-

eage Differentiation Kit (STEMCELL Technologies). Briefly, iPSCs were cultured on

matrigel-coated dishes and treated with an ectoderm differentiation medium for 7 days

and mesoderm or endoderm differentiation medium for 5 days, with media change every

day. For immunofluorescence staining, cells were fixed and incubated overnight with

the primary antibodies against PAX-6 (ectoderm), Brachyury (mesoderm), and SOX17

(endoderm) (Table 2.2) followed by a secondary antibody (Goat anti-rabbit IgG Alexa-fluor

488) and then imaged using a fluorescence microscope (DS60000, Leica Microsystems).

Real-time PCR was performed as mentioned previously. The expression of trilineage
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markers DLK1 and OTX1 (ectoderm), HAND1 and TBX6 (mesoderm), and CER1 and

FOXA2 (endoderm) were calculated relative to undifferentiated IITGi001-A and was

normalized with GAPDH expression. Primer sequences are mentioned in Table 2.3.

Table 2.2: Antibodies used for immunofluorescence assay.

Antibody Dilution Company Cat# RRID

Pluripotency Markers

Rabbit anti-OCT4A 1:200 Cell Signaling Technology, Cat# 2840 RRID:AB_2167691

Rabbit anti-SOX2 1:200 Cell Signaling Technology, Cat# 3579 RRID:AB_2195767

Rabbit anti-NANOG 1:200 Cell Signaling Technology, Cat# 4903 RRID:AB_10559205

Mouse anti-SSEA-4 1:200 Cell Signaling Technology, Cat# 4755 RRID:AB_1264259

Mouse anti-Tra-1-81 1:200 Cell Signaling Technology, Cat# 4745 RRID:AB_2119060

Differentiation Markers

Rabbit anti-PAX6 1:200 Biolegend, Cat# 901301 RRID:AB_2565003

Rabbit anti-Brachyury 1:200 Cell Signaling Technology, Cat# 81694 RRID:AB_2799983

Rabbit anti-Sox-17 1:200 Cell Signaling Technology, Cat# 81778 RRID:AB_2650582

Secondary antibodies

Goat anti-rabbit IgG Alexa-
fluor 488

1:400 Thermo Fisher Scientific, Cat# A-11034 RRID:AB_2576217

Goat anti-mouse IgG Alexa-
fluor 594

1:400 Thermo Fisher Scientific, Cat# A-11032 RRID:AB_2534091

Table 2.3: Trilineage gene-specific primers used for RT-qPCR.

Target Forward primers (5’-3’) Reverse primers (5’-3’) Product Size
(bp)

DLK1 CCCCAAAATGGATTCTGCGAGG GGTTCTCCACAGAGTCCGTGAA 119
OTX1 TACGCCCTCCTCTTCCTACT GCATGTGGGTGGTGATGATG 138
HAND1 TCAAGGCTGAACTCAAGAAGG TGCGTCCTTTAATCCTCTTCTC 120
TBX6 CAGGACAGTGCCCTTCAGCCA ACAGTGAGAGCAGGAGGTATGG 137
CER1 CAGGACAGTGCCCTTCAGCCA ACAGTGAGAGCAGGAGGTATGG 142
FOXA2 GGAACACCACTACGCCTTCAAC AGTGCATCACCTGTTCGTAGGC 134

2.1.5 Karyotyping

Karyotyping was performed as described earlier [10]. Firstly, the IITGi001-A

cells (passage 8) were arrested in metaphase by exposure to 200 µg/mL of Colcemid
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for 20 minutes. Secondly, the cells were harvested with 0.05% trypsin and treated with

hypotonic KCl solution for 12 minutes in a CO2 incubator at 37 °C. Thirdly, the cells

were fixed with Carnoy’s fixative and centrifuged at 1000 rpm for 10 minutes at room

temperature. These fixed cells were resuspended in 5 mL of modified Carnoy’s fixative

and spread on a slide, where they were stained according to standard cytogenetics

protocol. Images were acquired using the AxioImager A1 (Carl Zeiss, Germany) and

G-banded metaphases were analyzed using Ikaros Software (Metasystems, Germany).

40 metaphases were counted per spread.

2.1.6 Analysis of genome integration of plasmids

PCR was performed on genomic DNA isolated from human iPSCs (passage 14)

with primers designed against the OCT4, SOX2, and KLF4 regions of the episomal

plasmids. Post-harvest, cells were treated with cell lysis solution (Qiagen) for 2 hours at

37 °C followed by treatment with protein precipitate (Qiagen) and centrifuged. The clear

supernatant was then mixed well with an equal volume of isopropanol and centrifuged

to obtain the DNA pellet. The DNA pellet was then dissolved in a DNA hydration buffer

(Qiagen). Genomic DNA was amplified using Emerald (Takara) PCR mix and specific

primers (as mentioned in Table 2.4) with the following parameters: denaturation at

98 °C for 30 seconds and 35 cycles at 98 °C for 10 seconds, annealing at 60 °C for 30

seconds, and extension at 72 °C for 30 seconds. The PCR products were analyzed by

electrophoresis on 2% agarose gel. The adult human dermal fibroblast (passage 15) DNA

was used as a negative control, and 5 ng of pCXLE-hSK, pCXLE-hOCT3/4-shp53-F, and

pCXLE-hUL were used as positive controls.

Table 2.4: Primers designed to detect integration of reprogramming plasmids in iPSCs by PCR.

Target Forward primers (5’-3’) Reverse primers (5’-3’) Product Size
(bp)

Oct4 epi-Tg CATTCAAACTGAGGTAAGGG TAGCGTAAAAGGAGCAACATAG 124
Klf4 epi-Tg CCACCTCGCCTTACACATGAAGA TAGCGTAAAAGGAGCAACATAG 156
L-Myc epi-Tg GGCTGAGAAGAGGATGGCTAC TAGCGTAAAAGGAGCAACATAG 954
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2.1.7 DNA fingerprinting analysis

DNA from human fibroblasts (passage 15) and fibroblast-derived iPSCs (passage

14) were analyzed for short tandem repeats (STRs) at multiple loci using the Promega

GenePrint 10 System STR kit. The loci were amplified and analyzed using ABI 3130

Genetic Analyzer (Applied Biosystems).

2.1.8 Mycoplasma testing

Mycoplasma detection was carried out using MycoAlert Plus Mycoplasma Detection

Kit (Lonza) as per the manufacturer’s instructions. Briefly, the cells (passage 7) were

cultured till they were 80% confluent and the supernatant was collected for mycoplasma

testing.

2.2 Results and Discussion

2.2.1 Generation of human iPSCs from adult primary dermal

fibroblast cells

The human adult primary dermal fibroblasts were reprogrammed as previously

described [100] with minor modifications. The cells were transfected to introduce the

episomal vectors expressing OCT3/4, SOX2, KLF4, L-MYC, LIN28, and a p53 shRNA

on day 0 (Figure 2.2A). The cells showed typical mesenchymal morphology and were

cultured in DMEM containing 10% FBS for 6 days. On day 7, the cells were harvested and

re-seeded on a matrigel-coated dish at 0.8×104 cells per 35 mm dish in mTeSRTM-E7TM

(STEMCELL Technologies) medium. Around day 13, a morphological transition was

observed, typical for fibroblast to iPSC reprogramming and referred to as mesenchymal

to epithelial transition (Figure 2.2B, C). From day 19 onwards, colonies with typical iPSC

morphology, such as a flat colony with packed round cells and large nuclei with scant

cytoplasm, were observed (Figure 2.2D). From 1.6×104 cells, a total of 14 colonies were

picked by mechanically disaggregating them into small clumps without any enzymatic

action. Each colony was then seeded in separate matrigel-coated 24 well plates and cul-

tured in (E8TM) medium for 3 passages. After which, they were cultured in StemMACSTM

iPS-Brew XF medium for further experiments.
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For complete characterization, one of the 14 colonies was selected based on

morphology and processed for further characterization. It was named as IITGi001-A,

based on the rules set by hPSC Reg. The name IITGi001-A stands for Indian Institute of

Technology Guwahati iPSC 001 (first donor)-A (donor’s first cell line).

Figure 2.2: Generation of human iPSC line IITGi001-A from human dermal fibroblast
cells. (A) Schematic of the protocol followed for the generation of human iPSCs from human
fibroblasts using an episomal plasmid combination of pCXLE-hOCT3/4-shp53, pCXLE-hSK and
pCXLE-hUL and culturing in reprogramming media TeSRTM-E7TM for 25 days. (B) Morphological
transitions observed during reprogramming of fibroblasts with typical mesenchymal phenotype to
iPSCs with a typical epithelial phenotype. An intermediate mesenchymal to epithelial transition
was observed during reprogramming. (C) Brightfield image of the morphological transition of
fibroblasts to the intermediate mesenchymal to epithelial transition. (D) Brightfield image of
iPSC colony picked for further characterization at different magnifications. Lower magnification
showing the bright border of the colony and the higher magnification showing the high nucleus
to cytoplasm ratio of the iPSCs. (E) PCR amplification of genomic DNA of the iPSC line to ensure
the absence of any episomal plasmid integration. hOCT3/4: human OCT3/4 and shRNA against
p53; hSK: human SOX2 and KLF4; hUL: human LIN28 and L-MYC.

2.2.2 Generated human iPSCs were integration-free iPSCs

Firstly, to examine the presence of any episomal vector persisting in the iPSC

colony, we extracted the genomic DNA after 10 passages, as reported by previous studies

[19, 80] from the tenth passage. Three primers targeting plasmid-specific regions for each

of the three reprogramming episomal plasmids were used for genomic PCR amplification.

The amplified samples, when analyzed on agarose gel, showed amplification only for the
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reaction with the reprogramming plasmid used as template. No amplification was seen

for the genomic DNA of the iPSC line IITGi001-A, and the samples were without any

template (Figure 2.2E). Therefore, it was confirmed that the iPSC line was free of all

three reprogramming plasmid integrations, and the episomal vectors were spontaneously

lost over passages after they were introduced.

Given their morphological resemblance and absence of episomal plasmid inte-

gration, these iPSCs were further characterized with established pluripotency markers

and their ability to give rise to cells of all three germ layers.

2.2.3 Generated human iPSCs expressed pluripotency markers

In general, human iPSCs expressed pluripotency nuclear proteins, namely OCT4,

SOX2, and NANOG, and surface antigens SSEA-4 and TRA-1-81 (Figure 2.3A). Further,

real-time PCR confirmed the expression of human iPSC-marker genes OCT4, SOX2,

NANOG, and REX1 at levels equivalent to or higher than a control iPSC line (Figure

2.3B). Although the expression levels of OCT4, SOX2, and NANOG increased more than

one-fold, the expression level of REX1 was less than the expression in the control cells.

The presence of these markers indicated strong evidence for the IITGi001-A cell line

being pluripotent.

2.2.4 Directed differentiation of the generated iPSCs into all the

three germ-layers

To further confirm their ability to give rise to cell types from all three develop-

mental germ layers, namely ectoderm, mesoderm, and endoderm, these iPSCs were

differentiated using the STEMdiffTM Trilineage Differentiation Kit as mentioned above.

Once the cells were grown in the differentiation-specific media for the desired time, they

were either fixed or their RNA was extracted based on the downstream application. The

fixed cells were stained with their respective lineage-specific antibodies and showed suc-

cessful signals for ectoderm-specific marker PAX6, mesoderm-specific marker Brachyury,

and endoderm-specific marker SOX17 (Figure 2.4A). This preliminary data was further

supported by real-time PCR analysis of the two more markers for each trilineage germ

layer. The expression of ectodermal markers DLK1 and OTX1, mesodermal markers

HAND1 and TBX6, and endodermal markers CER1 and FOXA2 confirmed the successful
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Figure 2.3: IITGi001-A iPSC line showed expression of pluripotency markers. (A) The
immunofluorescence assay showed the expression of nuclear markers OCT4, SOX2, and NANOG
as well as surface markers SSEA-4 and TRA-1-81. (B) Real-time PCR showed the expression of
pluripotency markers OCT4, SOX2, NANOG, and REX1 in comparison to an established iPSC
line.

trilineage differentiation potential of the cell line IITGi001-A (Figure 2.4B).

2.2.5 Human iPSCs were derived from adult primary dermal

fibroblasts and not from cross contamination

PCR of genomic DNA of human iPSC line IITGi001-A was tested for 17 STRs.

These 17 STRs were distributed on 10 different loci, namely D5S818, D13S317, D7S820,

D16S539, CSF1PO, TH01, D21S11, AMEL, vWA, and TPOX. Results showed that the

patterns of all 17 STRs were a complete match between human iPSC IITGi001-A and

the starting cell source, the human dermal fibroblasts (Figure 2.5). This confirmed that

the iPSC line was derived from fibroblasts and did not result from cross-contamination

with other pluripotent cell lines in culture.
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Figure 2.4: Trilineage differentiation of the iPSC line IITGi001-A. (A) Immunofluores-
cence assay showed the expression of nuclear markers PAX6 for ectodermal lineage, Brachyury
for mesodermal lineage, and SOX17 for endodermal lineage. (B) Real-time PCR showed the
expression of ectodermal markers DLK1 and OTX1, mesodermal markers HAND1 and TBX6,
and endodermal markers CER1 and FOXA1 in comparison to control. The mRNA expression
levels in differentiated cells were plotted against the expression levels shown by undifferentiated
IITGi001-A cells grown in iPSC media.

Figure 2.5: Short tandem repeat analysis of the fibroblast cell line and fibroblast-
derived iPSC line IITGi001-A

2.2.6 Generated iPSC line IITGi001-A was free of mycoplasma

and showed stable karyotype

Confirming the absence of mycoplasma contamination is crucial when establishing

a new cell line to ensure the integrity of scientific research. This iPSC line was shown to

be free from mycoplasma contamination (Figure 2.6A). Karyotyping of a newly generated

iPSC line provides critical information about the genetic stability and integrity of the

cells. The number and structure of chromosomes in the iPSCs identified the maintenance
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of the typical number and appearance of chromosomes.

Chromosomal abnormalities, such as aneuploidy (an abnormal number of

chromosomes), can arise during reprogramming, affecting the cells’ differentiation po-

tential and increasing the risk of tumorigenicity. The chromosomal G-band analysis

for IITGi001-A showed a normal karyotype of 46, XX (Figure 2.6B), indicating that no

chromosomal abnormalities occurred during the reprogramming process.

Figure 2.6: iPSC line IITGi001-A was mycoplasma-free and showed a stable karyotype.

2.3 Conclusion

Taken together, our results demonstrated the establishment of a novel iPSC line

IITGi001-A. This line was reprogrammed from adult human primary dermal fibrob-

lasts [ATCC (PCS-201-012)] by electroporation using a NeonTM transfection system

with oriP/EBNA-1 based reprogramming plasmids expressing OCT3/4, SOX2, KLF4,

L-MYC, LIN28, and a p53 shRNA. An embryonic stem cell-like colony was picked based

on morphology and then expanded on a matrigel-coated dish. This clone showed the

expression of core pluripotency nuclear and surface markers using immunofluorescence

staining. Additionally, the expression of pluripotency markers OCT4, SOX2, NANOG,

and REX1 was quantified by real-time PCR. Furthermore, trilineage differentiation in

vitro demonstrated the expression of ectodermal, mesodermal, and endodermal markers.

Genomic PCR confirmed the absence of episomal vector integration in the generated

iPSC line. After 14 passages, the iPSCs maintained a normal karyotype (46, XX), and

no mycoplasma contamination was observed. Additionally, DNA fingerprinting analysis

of the fibroblast DNA and iPSC DNA confirmed the genetic identity of the cell line.
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2.3. CONCLUSION

Altogether, we have established a human fibroblast cell-line derived iPSC line and stored

a clinically-safe iPSC line.

This integration-free human iPSC line generated in this study can be used as

a control cell line and generate mutant iPSC lines by genome editing methods, which

will be helpful in basic research, disease modeling, drug screening, and understanding

human developmental biology.
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3
GENERATION OF UTF1 KNOCKOUT HUMAN FIBROBLASTS AND

DETERMINING ITS ROLE IN IPSC FORMATION

An article based on this chapter is currently under review as follows:

Raina K, Modak K, Premkumar C, Velayudhan SR, Thummer RP (2024). UTF1 expres-

sion is important for the generation and maintenance of human iPSCs.

Figure 3.1: Schematic representation of the nucleofection of human fibroblast cells
with three episomal plasmids encoding for six reprogramming factors. During the
reprogramming process, the mesenchymal phenotype of fibroblasts undergoes a transition to
epithelial phenotype, eventually giving rise to iPSCs. Generated iPSCs were further characterized
by immunofluorescence microscopy, real-time PCR, and karyotyping.
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CHAPTER 3. GENERATION OF UTF1 KNOCKOUT HUMAN FIBROBLASTS AND
DETERMINING ITS ROLE IN IPSC FORMATION

BRIEF OVERVIEW OF CHAPTER

The first study of iPSC generation included UTF1 (because of its high expression in ESCs)

as a reprogramming factor amongst a cocktail of 24 genes that were selected as potential

genes for reprogramming the somatic cell’s differentiated state to a pluripotent state. It

was reported that iPSCs still emerged after the withdrawal of UTF1 from the cocktail

of 24 reprogramming factors. Although iPSC colonies did appear, the reprogramming

efficiency showed a significant reduction upon removal of UTF1 from the cocktail. The

importance of UTF1 was first presented in a 2008 study [165], wherein the addition

of UTF1 to the reprogramming cocktail (OCT4, SOX2, KLF4, and c-MYC) observed

a drastic increase in the generation of iPSC colonies. Additionally, the presence of

UTF1 in the reprogramming cocktail showed a preference for inducing bonafide iPSC

colonies over transformed cell clusters, thereby demonstrating its ability to enhance

the reprogramming efficiency and hinting at its involvement in defining the pluripotent

state.

In this study, we performed knockout experiments targeting the human UTF1

gene in differentiated cells, namely fibroblasts. To achieve this, we designed dual guide

RNAs (gRNAs) and cloned them in a dual gRNAs vector, targeting each of the two UTF1

exons. The cloned dual gRNAs, along with Cas9 vectors, were employed to generate

lentiviruses. Subsequently, fibroblasts were transduced with the generated viruses,

aiming to knockout the human UTF1 gene from fibroblasts prior to reprogramming.

The UTF1 gene-edited cells were then subjected to reprogramming using the episomal

vectors as previously described, followed in Chapter 2.

Interestingly, our findings indicated that the absence of UTF1 during the

reprogramming process led to a significant reduction in the reprogramming efficiency.

Furthermore, the few iPSCs that did emerge exhibited expansion only for the first

passage. Beyond passage 1, spontaneous differentiation was observed in UTF1 knockout

fibroblast-derived iPSCs. This underscores the significance of UTF1 in the generation of

human iPSCs and in the stability of human iPSCs.
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3.1 Materials and Methods

3.1.1 Cell Culture

The adult human primary dermal fibroblasts [ATCC (PCS-201-012)] and lentivirus

producer cell line Human Embryonic Kidney 293 T-antigen cells (HEK293T) were cul-

tured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin

and 100 µg/mL streptomycin. All the reagents for cell culture experiments were pur-

chased from Thermo Fisher Scientific. To culture human iPSC colonies picked after

reprogramming of fibroblasts, a complete E8TM medium (Gibco) was used with 50 U/mL

penicillin and 50 µg/mL streptomycin. The established clones were grown in complete

StemMACS iPSC-Brew XF medium (Miltenyi Biotec) with 50 U/mL penicillin and 50

µg/mL streptomycin. The cells were cultured as a monolayer in a humidified incubator

at 37 °C in the presence of 5% CO2. Fibroblasts and HEK293T were passaged at 70–80%

confluency, with 0.25% trypsin–EDTA (Gibco) whereas iPSCs were passaged with 0.5

mM EDTA (Invitrogen).

3.1.2 Designing the dual gRNAs targeting the human UTF1 gene

The human UTF1 gene has two exons flanking an intron. The full-length gene se-

quence of the two exons of the human UTF1 gene were obtained from the UCSC Browser.

Exon 1 is a 549 bp sequence and exon 2 is a 476 bp sequence. To design the dual gRNAs of

each exon, we used the Broad Institute CRISPRko tool (https://portals.broadinstitute.org/

gpp/public/analysis-tools/sgrna-design). For the best efficiency in gene editing, we se-

lected the gRNA sequences with high on-target efficiency score/on-target rank for each

UTF1 exons. We selected a pair of gRNAs to ensure that the resulting deletion fragment

formed after inducing double-strand breaks (DSBs) in both exons is under 100 base

pairs in length. We finalized two pairs of gRNAs generating either a 48 bp or 62 bp

long deletion fragments for exons 1 and 2, respectively. A 5’ ‘G’ is required for efficient

transcription initiation by the U6 promoter; therefore, we selected the gRNAs either

starting with ‘G’ or adding a ‘G’ at the beginning of the gRNA sequence. When an addi-

tional ‘G’ was added at the beginning of the gRNA forward oligo, a base ‘C’ was added at

the 3’ end of the reverse oligo to facilitate proper annealing of the gRNAs. These dual

gRNAs were cloned sequentially, and therefore it was ensured that the first gRNAs did

not have the restriction site for the enzyme that was used for the second gRNA cloning.
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For successful cloning, the restriction site for BbsI (CACCG) was added at the 5’ end of

the sense guide sequence, while the restriction site for SapI (AAAC) was added at the 5’

end of the antisense guide sequence for cloning of the second gRNA, before synthesizing

the oligonucleotides.

3.1.3 Generation of dual gRNAs and Cas9 expressing lentiviral

vector

As discussed above, a pair of gRNAs (Table 3.1) were designed to target exons

1 or 2 of the human UTF1 gene. The ordered gRNAs were then annealed and cloned

into a modified version of the dual-cassette pKLV2.2-h7SKgRNA5-hU6gRNA5-PGKpuro-

BFP-W lentivector (Addgene ID: 72666), generously provided by Kosuke Yusa [137]. In

this modified version of the vector, the genes encoding for puromycin (puro) resistance

and blue fluorescent protein (BFP) sequences were replaced with the gene coding for

EGFP sequence, and therefore, it is hereafter referred to as the pKLV2.2-h7SKgRNA5-

hU6gRNA5-PGK-EGFP-W vector. This plasmid was first digested with SapI (New Eng-

land BioLabs) for cloning the first gRNA followed by a digestion with BbsI (New England

BioLabs) for cloning the second gRNA (Figure 3.2A).

Table 3.1: gRNA sequences used for targeting human UTF1 gene.

Exon 1 Forward sequence (5’-3’) Reverse sequence (5’-3’)

gRNA 1 CACCGGCCTCGCCGCCGCTCCCCG AAACCGGGGAGCGGCGGCGAGGCC

gRNA 2 CTCGAGCAGATCCGGAAGCTCATG AACCATGAGCTTCCGGATCTGCT

Exon 2 Forward sequence (5’-3’) Reverse sequence (5’-3’)

gRNA 3 CACCGCCGCCCTGCTGCAGACCCTG AAACCAGGGTCTGCAGCAGGGCGG

gRNA 4 CTCGCTCGCCGCCCGGCCGCCCCG AACCGGGGCGGCCGGGCGGCGAG

3.1.4 Generation of dual gRNAs and Cas9 expressing

lentiviruses and their transduction

Second-generation lentiviral vectors were co-transfected with the transfer vectors

in HEK293T cells. The lentiviral envelope plasmid pMD2.G (Addgene ID: 12259) and

the packaging plasmid psPAX2 (Addgene ID: 12260) (gifts from Didier Trono) were co-

transfected with the transfer vector (pKLV2.2-h7SKgRNA5-hU6gRNA5-PGK-EGFP-W
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or TransEdit Cas9 EFS Blast) either encoding for the dual gRNAs or Cas9, using the

jetOPTIMUS transfection reagent (Polyplus), following the manufacturer’s protocols. The

viral supernatants were collected at 48, 60, and 72 hours, pooled and filtered through a

0.45 µm filter. These viral harvests were stored for transduction of fibroblasts at -80 °C

till further use.

The human fibroblasts were co-transduced with the viruses generated from

the TransEdit Cas9 EFS Blast lentiviral vector (TransEDIT plasmid TECC 1002) along

with either the empty or the cloned dual gRNAs lentiviral vector. The empty vector was

introduced to generate the control fibroblasts, while the cloned dual gRNAs vector was

introduced to target the human UTF1 gene to generate the knockout fibroblasts. After

48 hours, the transduced fibroblasts were flow-sorted followed by blasticidin selection

(7 µg/mL) for one week to establish stable dual gRNAs and Cas9 expressing fibroblasts

(Figure 3.3A).

3.1.5 Flow cytometry and sorting

Cells were cultured and transduced as mentioned earlier. After 48 hours of trans-

duction with lentiviral dual gRNAs, fibroblasts were harvested in their respective culture

medium and sorted for the expression of EGFP using BD AriaIII flow cytometer (BD

Biosciences) (Figure 3.3A). The analysis of transduction efficiency was analysis was

carried out using the FlowJo software (BD Biosciences). The EGFP-positive cells were

cultured and expanded for further experiments and cryopreservation.

3.1.6 SDS-PAGE and Western blotting

Whole-cell lysates were harvested using RIPA cell lysis buffer (150 mM sodium

chloride, 1% (v/v) NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),

25 mM of Tris, and 10 mg/mL PMSF) containing HaltTM Protease and Phosphatase

Inhibitor Cocktail (Thermo Fisher Scientific) for immunoprecipitation assay. The protein

concentrations of the samples were estimated using the Bradford assay kit (Bio-Rad) with

bovine serum albumin as a standard. The protein samples were incubated with Laemmli

buffer at 95 °C for 5 minutes, resolved on 12% SDS-polyacrylamide gel electrophoresis

(PAGE), and transferred to a nitrocellulose membrane. The blots were blocked with

5% non-fat dry milk in 1X TBST buffer for 2 hours at room temperature. This was

followed by their incubation with the Guide-itTM anti-Cas9 primary antibody (Takara
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Bio, Cat# 632607) in a dilution of 1:1000 and anti-actin Ab-5 (BD Biosciences, Cat#

612657) overnight at 4 °C. Subsequently, the Cas9 and the actin blots were incubated

for two hours at room temperature with anti-rabbit (Invitrogen, Cat# 31460) and anti-

mouse horseradish peroxidase-conjugated secondary antibodies, respectively, in a dilution

of 1:5000. The immunoblots were developed in the presence of a chemiluminescence

substrate (Bio-Rad), and the image was recorded using a ChemiDocTM XRS+ molecular

imager equipped with Image LabTM software (Bio-Rad). The quantification of the Western

blots was performed using the ImageJ (1.53) software.

3.1.7 Deletion detection by genomic PCR and agarose gel

electrophoresis

To check the deletion of targeted exons, the EGFP and Cas9-encoding cells were

cultured in the presence and absence of doxycycline (DOX). Next, the control fibroblasts

(with the empty gRNA lentiviral vector and the Cas9 vector) and the UTF1 knockout

fibroblasts (with the dual gRNAs lentiviral vector and the Cas9 vector) were harvested.

Post-harvest, the cells were lysed with cell lysis solution (Qiagen) for 2 hours at 55 °C,

followed by exposure to protein precipitate (Qiagen), and subsequently it was centrifuged.

The clear supernatant was then mixed thoroughly with an equal volume of isopropanol

and centrifuged again to extract the DNA pellet. The obtained DNA pellet was then

dissolved in DNA hydration buffer (Qiagen) and quantified using a NanoDrop One/OneC

Microvolume UV-Vis Spectrophotometer (Thermo Scientific).

PCR was performed on the extracted genomic DNA with primers flanking the

intended UTF1 deletion site for either exons 1 or 2 (Table 3.2) in combination with the

EmeraldAmp MAX HS PCR Master Mix (Takara). For exon 1, primers were designed

to amplify a 191 bp PCR product in control cells and a 143 bp PCR product in UTF1

knockout cells. Similarly, for exon 2, primers were designed to amplify a 298 bp PCR

product in control cells and a 236 bp PCR product in UTF1 knockout cells.

Table 3.2: Primer sequences flanking the targeted region of the human UTF1 gene.

Exon Forward primers (5’-3’) Reverse primers (5’-3’) Product Size
(bp)

Exon 1 CGTCCCCACCGAAGTCTG GCTGGTTCAAGGTCAGCAG 191
Exon 2 CGTCCCCACCGAAGTCTG TGGTTCAAGGTCAGCAGCT 298
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3.1.8 Deletion detection by capillary electrophoresis and Sanger

sequencing

For capillary electrophoresis-based detection, one round of PCR was carried out

with previously designed primers, that flanked the target region of the human UTF1 gene.

Using the first round of PCR products, a second round of PCR was performed with a 5’

FAM labeled forward primer 5’-TTTCCCTACACGACGCTCTTTACACGACGCTCTTCCG

ATCT-3’, and the same reverse primer was used in the first round of the PCR (Table

3.2). The second round PCR products were denatured in deionized formaldehyde and

analyzed by capillary electrophoresis using an ABI 3500 Genetic Analyzer (Thermo

Fischer Scientific). The peak sizes and peak heights of the amplified products were

determined using the Peak Scanner software (Thermo Fisher Scientific). For Sanger

sequencing, the first round of PCR was carried out similarly to genomic PCR. The second

round was performed with the PCR products of the first round, using a reaction setup

containing fluorescently labeled dideoxynucleotides and a DNA polymerase. The resulting

samples were then purified and sequenced using Brilliant DyeTM v3.1 Terminator Cycle

Sequencing Kit (Nimagen) on the 3500 Genetic Analyzer. The sequencing results were

aligned to the normal sequences using SnapGene to check for deletion of the desired

fragment.

3.1.9 Somatic cell reprogramming using episomal vectors

For episomal-mediated reprogramming, control and UTF1 knockout fibroblasts

were transfected as mentioned previously in Chapter 2, Section 2.1.1: Generation of

iPSCs from human fibroblasts.

3.2 Results and Discussion

3.2.1 Generation of UTF1 knockout human fibroblasts using the

CRISPR/Cas9 system

We first generated UTF1 knockout human fibroblasts using the CRISPR/Cas9 gene

editing approach. To achieve this, a pair of lentiviral vectors were employed: one vector

for constitutive expression of the Cas9 protein and the other to express dual gRNAs. In
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the Cas9 vector, the expression of Cas9 gene was under the EF1α-modified promoter

called EFS and had a selectable blasticidin resistance gene (Figure 3.2A). In the dual

gRNAs vector, the first gRNA was regulated by the human 7SK promoter and the second

gRNA was regulated by the human U6 promoter. This was followed by the expression of

EGFP under the PGK promoter (Figure 3.1A). We designed two pairs of dual gRNAs:

one pair of gRNAs targeting exon 1 and the other pair targeting exon 2. The cloning

of gRNAs in the desired vector was confirmed by Sanger sequencing (Figure 3.2B). To

induce DSBs to render a non-functional human UTF1 gene, the lentiviruses encoding

for Cas9 protein and gRNAs were produced. These lentiviruses were then transduced

into adult human primary dermal fibroblasts to generate UTF1 knockout cells (Figure

3.3A). After 48 hours, the cells were sorted for EGFP expressing-positive cells (Figure

3.3B), which was followed by selection for blasticidin resistance of Cas9 expressing cells

for one week to ensure selection of dual gRNAs and Cas9 co-expressing fibroblasts. The

cells were checked for expression of Cas9 protein by Western blotting. A Cas9 band was

observed at the expected size (160 kDa), whereas no band was observed in control cells,

indicating no endogenous Cas9 expression (Figure 3.3B). These cells were then expanded

for 12 passages to obtain UTF1 knockout fibroblasts. Simultaneously, an empty gRNA

lentiviral vector backbone was used to obtain control cells.

To ensure successful gene editing, the UTF1 gene knockout was confirmed

using genomic DNA PCR. This was performed as the UTF1 gene is not expressed in

human fibroblasts [165] and its expression is specifically restricted to pluripotent stem

cells, gametes and during early embryonic developmental stages [102, 99, 37, 5, 111].

The dual gRNAs was designed to generate a deletion of 48 or 62 bp fragments targeting

exons 1 or 2, respectively, of the human UTF1 gene (Figure 3.3C).

To confirm the deletion, we used a pair of primers flanking the target site

in each exon to amplify the targeted region. When run on agarose gel, PCR products

showed two amplified fragments, indicating partial deletion of human UTF1 gene in

fibroblasts (Figure 3.3D). The 143 bp or 236 bp (as shown by a red arrow) indicated the

deletion and the 191 or 298 bp indicated the absence of deletion in both, the UTF1 exons

1 and 2 targets, respectively. Additionally, capillary electrophoresis gave an estimate

of the percentage of UTF1 gene deletion from the fibroblast population. Fibroblasts

targeted for exon 1 deletion were 65.2%, and for exon a total of 60.2% deletion was

observed (Figure 3.3E). Further, Sanger sequencing confirmed the precise deletion (48 bp

in exon 1 and 62 bp in exon 2) of the targeted region in both the UTF1 exons, indicating
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Figure 3.2: CRISPR-Cas9 vectors were used to generate the UTF1 knockout toolkit. (A)
A schematic figure representing the vectors used for Cas9 generation and dual gRNA cloning.
(B)(C) Confirmation of the dual gRNAs cloned in the gRNA vector targeting two regions on exon
1 and exon 2 of the human UTF1 gene by Sanger sequencing. EFS: EF-1α Short; h7SK: human
7SK; iScaffold: improved tracrRNA scaffold; hU6: human U6; PGK: Phosphoglycerate kinase;
EGFP: Enhanced green fluorescent protein; gRNA: guide RNA

the applicability of the knockout system used (Figure 3.3F). The fibroblasts obtained

were a mixed population, with some cells undergoing deletion while others did not,

irrespective of the targeted region of the UTF1 gene. We hypothesize that the partial

deletion in human fibroblasts could be because of the presence of the UTF1 gene within
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an inaccessible heterochromatin region in some cells for Cas9 to induce DSBs. Given

the lack of UTF1 expression in human fibroblasts [165], we hypothesize that the UTF1

gene was inaccessible to CRISPR/Cas9 machinery, possibly due to a closed chromatin

structure. It has been previously reported that decreased binding of Cas9 protein is

observed in the highly condensed portion of DNA [158, 142], which may be due to less

accessibility of the Protospacer adjacent motif (PAM) sequence [53]. Also, it is reported

that the heterochromatin state of the target sequence can reduce the diffusion of Cas9

[65] and CRISPR-Cas9-mediated mutagenesis by seven-fold [62].

Figure 3.3: Generation of UTF1 knockout human fibroblasts. (A) Schematic representation
of the experimental workflow followed for the generation of UTF1 knockout fibroblasts. (B)
Western blot confirming the expression of Cas9 protein followed by flow cytometry for EGFP
expression for control (empty backbone) and two knockout fibroblast types (exon 1 and exon
2 targeting dual gRNA pairs). (C) The size of the deletion fragment is based on the binding
site of the dual gRNAs for both exons. (D) Results of PCRs using genomic DNA with a forward
primer that binds upstream of the first gRNA site and a reverse primer binding downstream
of the second gRNA site for control and knockout fibroblasts for both the exons. (E) Capillary
electrophoresis of the same knockout fibroblasts confirmed a partial deletion of the UTF1 gene for
both exon 1 and exon 2 as peaks matching the size of the position of their respective controls were
observed indicated by the presence of a peak near 240 for exon 1 knockout and the presence of a
peak near 320 for exon 2 knockout fibroblasts. (F) Sanger sequencing for exons 1 and 2 targeted
regions indicating their precise deletion. dgRNA: dual guide RNA; M: Protein Marker; C: Control;
kDa: kilo Dalton.
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3.2.2 UTF1 deficiency significantly reduced reprogramming

efficiency

To gain insights into the role of human UTF1 in the generation of iPSCs, we repro-

grammed the previously generated partial UTF1 knockout fibroblasts using episomal

vectors expressing six reprogramming factors, OCT3/4, SOX2, KLF4, L-MYC, LIN28,

and a p53 shRNA (Figure 3.4A) [101]. UTF1 knockout fibroblasts transduced with Cas9

and empty gRNA lentiviral vector backbone were used as a control. iPSC-like colonies

emerged in both the knockout conditions (exon 1 knockout and exon 2 knockout) and

the control cells (empty gRNA lentiviral vector backbone) of fibroblasts used for repro-

gramming. The iPSC-like colonies were identified based on morphological characteristics

(Figure 3.4B). These colonies exhibited distinct iPSC morphology, characterized by small,

compact cells with large nuclei. The iPSC-like colonies emerged around day 19 in control

cells whereas the colonies appeared around day 21 for the knockout conditions. The

number of iPSC-like colonies from both the knockout conditions and the control were

quantified from three independent experiments. A total of 12, 9, and 13 iPSC colonies

emerged from control fibroblasts against 3, 3, and 1 for knockout cells, each emerging

from 7,700 fibroblasts from three independent experiments. Importantly, the results

showed that the number of iPSC-like colonies generated from UTF1 knockout fibroblasts

were significantly lower than those generated from empty vector backbone fibroblasts,

used as a control (Figure 3.4C). The iPSC-like colonies were then picked from the control

and the two knockout conditions on day 24 and day 26, respectively, and expanded for

further analysis.

While it is a limitation of our study, that complete UTF1 knockout fibroblast

cells were not generated using genome editing. Also, we were interested in understanding

if the knockout of the human UTF1 gene would affect the reprogramming process or

alter the characteristics of the generated iPSCs. For this, we used the human fibroblasts

which showed a mixture of UTF1 knockout and wild-type cells for iPSC formation, and

it was striking to observe a reduced reprogramming efficiency in three independent

reprogramming events, confirming a uniform effect. The number of colonies generated

was significantly lower (∼2 colonies) than in control cells (∼11 colonies). Consistent with

our results, a study had reported a significant decline in reprogramming efficiency of

mouse fibroblasts in the absence of Utf1 gene [118]. Another study had successfully

generated iPSCs from Utf1 null mouse fibroblasts; however, this study did not report the

51

TH-3482_176106110



CHAPTER 3. GENERATION OF UTF1 KNOCKOUT HUMAN FIBROBLASTS AND
DETERMINING ITS ROLE IN IPSC FORMATION

Figure 3.4: Reprogramming of UTF1 knockout human fibroblasts to iPSCs. (A) A
schematic representation depicting the reprogramming protocol followed for generating hu-
man iPSCs. (B) Morphology of iPSC colonies which were picked up after reprogramming on day
24 (control) and day 26 (knockout). (C) Effect on reprogramming efficiency in the absence of
UTF1 in fibroblasts compared to control. hOshp53: human OCT3/4 and p53 shRNA; hSK: human
SOX2 and KLF4; hUL: human L-MYC and LIN28; KO: knockout; C1: Clone 1; C2: Clone 2.

observation in the context of reprogramming efficiency [99]. Furthermore, we hypothesize

that the effect on reprogramming would have been more pronounced had the UTF1 gene

been completely knocked out from the starting population of human fibroblasts.

3.2.3 Confirmation of deletion of the human UTF1 gene in the

fibroblast-derived iPSCs

Next, the genomic DNA was isolated from the control and the knockout conditions

to confirm the presence or absence of the UTF1 gene in the fibroblast-derived iPSC-like

cells. To determine this, PCR was performed on the genomic DNA isolated from passage

2 iPSC-like cells. The experimental design to confirm the deletion of the UTF1 gene

in human knockout iPSCs was the same as performed in Figure 3.2C. PCR products

when analyzed on agarose gel showed only one smaller band size of 143 or 236 bp

(as indicated by arrow) in comparison to a larger band size of 191 or 298 bp in iPSC-

like cells derived from empty gRNA lentiviral vector backbone transduced fibroblasts

(Figure 3.5A). Further, capillary electrophoresis data showed a 100% deletion for all

three fibroblast-derived UTF1 knockout iPSCs (Figure 3.5B). These results confirmed

that the iPSC-like colonies indeed emerged from UTF1 knockout fibroblasts. Additionally,

the deletion (48 bp for exon 1 and 62 bp for exon 2) at the desired region was confirmed

for both the knockout conditions by Sanger sequencing with control (Figure 3.5C).

The genomic DNA extracted from the human iPSC colonies generated in our

study showed the deletion of the targeted region of the UTF1 gene. RT-PCR further
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Figure 3.5: Confirmation of UTF1 deletion in fibroblast-derived iPSCs. (A) Agarose gel
electrophoresis analysis of PCR amplified products of the genomic DNA of control and knockout
iPSCs generated from UTF1 knockout fibroblasts. A forward primer that binds upstream of the
first gRNA site and a reverse primer binds downstream of the second gRNA site for exon 1 and
exon 2 knockout fibroblast-derived iPSCs. (B) Capillary electrophoresis of the same knockout
clones confirmed the absence of UTF1 control amplicon in the knockout clones, indicated by the
absence of a peak near 220 for exon 1 knockout and the absence of the control peak near 315 for
exon 2 knockout fibroblast-derived iPSCs. (C) Sanger sequencing for exon 1 knockout clone 1 and
exon 2 knockout clone 2 and knockout clone 3 targeted regions indicating their precise deletion.
bp: base pair; KO: knockout; NTC: no template control; gRNA: guideRNA; PAM: Protospacer
adjacent motif.

confirmed the absence of UTF1 expression from three independent clones. PCR confirmed

the absence of UTF1 transcripts, ensuring that iPSCs colonies emerged from UTF1

knockout fibroblasts. Various studies have highlighted that during the reprogramming of

fibroblasts to iPSCs, the chromatin undergoes a closed-to-open chromatin configuration
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[40, 72]. This modification in chromatin structure potentially facilitates Cas9 accessibility

for targeting the UTF1 gene in iPSCs, in contrast to the limited access observed in human

fibroblasts. Supportingly, the limited iPSCs colonies generated during reprogramming

showed UTF1 knockout even though the starting cells were a mixed population.

3.2.4 Instability of the UTF1 knockout fibroblast-derived human

iPSCs

At passage 1, the cells showed an ideal iPSC-like morphology for both the knockout

conditions and the control iPSCs (Figure 3.6A). However, the iPSC-like colonies of both

the UTF1 knockout conditions underwent spontaneous differentiation from passage 2

onwards (Figure 3.6B). These iPSC-like colonies were highly unstable to keep them in cul-

ture for expansion as they lost their self-renewal potential. This phenotype was observed

in both the knockout conditions, indicating the importance of UTF1 in maintaining

iPSC identity. To ensure that this phenotype was a consequence of the absence of UTF1

transcripts, reverse transcriptase PCR was performed. These results further confirmed

the absence of UTF1 expression in human UTF1 knockout fibroblast-derived iPSCs

(Figure 3.6C). The expression levels of the core pluripotency factors OCT4 and SOX2

showed a decline in expression for the UTF1 Exon 1-KO-C1 and Exon 2-KO-C2. However,

Exon 2-KO-C1 showed comparable expression levels with the control cells (Figure 3.6C).

The cells were frozen at passage 1 for further characterization experiments. Upon revival

of these cells, the control cells were revived successfully; however the knockout cells

could not be revived even after multiple attempts. The few iPSC clones generated in

the absence of UTF1 showed instability upon expansion and supportingly a decline in

the expression of core-pluripotency factors OCT4 and SOX2. Additionally, their inability

to be revived from liquid nitrogen hint at the importance of UTF1 in establishing and

maintaining pluripotency.

3.3 Conclusion

In conclusion, our study highlighted the generation of UTF1 knockout human

fibroblasts using the CRISPR/Cas9 system, resulting in a partial deletion of the UTF1

gene. This is likely due to its localization within the heterochromatin. Notably, UTF1

deficiency led to a significant reduction in reprogramming efficiency, with UTF1 knockout
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Figure 3.6: Instability of UTF1 knockout fibroblast-derived iPSCs. (A) The morphology of
picked-up clones in passage one showed stable iPSC-like morphology. (B) Spontaneous differenti-
ation of UTF1 knockout colonies at passage two. (C) Change in transcript levels of UTF1 and
the core pluripotency factors, OCT4 and SOX2, in the control iPSC line and the knockout clones.
KO: knockout. The quantitative values show the mean fold change±S.D. Statistical analysis was
performed using a two-way ANOVA (n=3). ∗P<0.05, ∗P<0.01, ∗P<0.001, ns:non-significant.

fibroblasts producing fewer iPSC colonies than control fibroblasts. Interestingly, the few

iPSC colonies that did emerge exhibited complete deletion of the UTF1 gene, supporting

the hypothesis that UTF1, when located in euchromatin rather than heterochromatin

(as in fibroblasts), could facilitate the generation of UTF1 knockout iPSCs. Furthermore,

iPSCs generated from UTF1 knockout fibroblasts demonstrated spontaneous differentia-

tion beyond passage 2, suggesting a role for UTF1 in establishing and maintaining iPSCs.

These findings highlight the crucial role of UTF1 in reprogramming human fibroblasts

and underscore its importance in maintaining iPSCs.
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GENERATION OF HUMAN UTF1 KNOCKOUT IPSCS AND

DETERMINING ITS ROLE IN MAINTENANCE OF STEM CELL

CHARACTERISTICS

An article based on this chapter is currently under review as follows:

Raina K, Modak K, Premkumar C, Velayudhan SR, Thummer RP (2024). UTF1 expres-

sion is important for the generation and maintenance of human iPSCs.

Figure 4.1: A schematic representation of the experimental design followed to deter-
mine the effect of the absence of UTF1 in iPSCs. The cell viability declined in the absence of
UTF1 expression.
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BRIEF OVERVIEW OF CHAPTER

Assessing the importance of UTF1 in the context of maintaining pluripotency was crucial

to gaining insights into its role in iPSCs. To address this, we demonstrated the knockout

of the human UTF1 gene using the same dual gRNAs as previously used for fibroblasts

in Chapter 3. To generate these UTF1 knockout iPSCs, we used an iPSC line with an

inducible Cas9 cassette integrated into the genome at the safe harbor site AAVS1. These

iCas9 iPSCs were transduced with lentiviruses generated from the dual gRNAs. The

gRNAs expressing EGFP iPSCs were sorted and expanded to obtain cells expressing the

desired dual gRNAs. Cas9 production was activated by the addition of DOX to the cell

culture media to generate DSBs. In the presence of Cas9 protein and active dual gRNAs

synthesis, the UTF1 knockout iPSCs were generated.

This chapter then deals with the effects on the maintenance of iPSCs over

10 days in the absence of UTF1 expression. It was interesting to observe that in the

absence of UTF1, iPSCs showed a loss in viability from day 2 of DOX addition. Drastic

loss of cell viability was observed over the next 9 days, with very few cells remaining

by day 6. This loss in cell viability occurred through apoptosis, as confirmed by the

expression of pro-apoptotic markers. Further, to ensure that the changes in cellular

viability resulted from the loss of UTF1, genomic DNA was checked for the desired

deletion in exon 2 of the UTF1 gene. A partial deletion was observed on day 5; however,

a complete deletion was observed on day 10. Also, at the protein level, a gradual loss in

UTF1 expression was observed on days 2 and 4 post-induction, and a complete absence

was confirmed by day 6. Further, we also explored the effect of the absence of UTF1 on

the core pluripotency factors OCT4 and SOX2, both of which showed a decline in their

expression. In conclusion, this chapter highlights the importance of human UTF1 in the

maintenance of iPSCs.
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4.1 Materials and Methods

4.1.1 Cell Culture

The established iPSC line TJC8iCas9 was cultured in complete StemMACSTM

iPSC-Brew XF medium (Miltenyi Biotec) with 50 U/mL penicillin and 50 µg/mL strepto-

mycin. TJC8 was derived from the unique identification code for the clone, and iCas9

indicated the DOX inducible Cas9 cassette integrated at the safe-harbor site AAVS1

[130]. The cells were cultured as a monolayer in a humidified incubator at 37 °C in the

presence of 5% CO2. iPSCs were passaged with 0.5 mM EDTA (Invitrogen). For induction

of Cas9 expression, the cells were cultured with 0.5 µg/mL DOX.

4.1.2 Designing the dual gRNAs targeting the human UTF1 gene

A pair of dual gRNAs targeting exon 2 of the human UTF1 gene were designed as

previously mentioned in Chapter 3, Section 3.1.2: Designing the dual gRNAs targeting

the human UTF1 gene.

4.1.3 Generation of dual gRNAs expressing lentiviral vector

A pair of gRNAs targeting exon 2 of the human UTF1 gene were cloned in a dual

gRNAs vector as mentioned in Chapter 3, Section 3.1.3: Generation of dual gRNAs and

Cas9 expressing lentiviral vector. We used one pair of gRNAs targeting exon 2 of the

human UTF1 gene. The same dual gRNAs vector was previously used to generate UTF1

knockout in fibroblasts, as mentioned in Chapter 3.

4.1.4 Generation of dual gRNAs expressing lentiviruses and

their transduction

Second-generation lentiviral vectors were co-transfected with the transfer vec-

tors in HEK293T cells, as mentioned in Chapter 3, Section 3.1.4: Generation of dual

gRNAs and Cas9 expressing lentiviruses and their transduction. Briefly, the lentiviral

envelope plasmid pMD2.G (Addgene ID: 12259) and the packaging plasmid psPAX2 (Ad-

dgene ID: 12260) (gifts from Didier Trono) were co-transfected with the transfer vector

(pKLV2.2-h7SKgRNA5-hU6gRNA5-PGK-EGFP-W) encoding for the dual gRNAs, using

the jetOPTIMUS transfection reagent (Polyplus). The viral supernatants were collected,
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pooled, and filtered through a 0.45 µm filter. This viral harvest was concentrated for the

transduction in iPSCs, unlike fibroblasts, where an unconcentrated viral harvest was

used for transduction. Concentration was achieved by incubating the viral supernatant

with a lentivirus concentrator solution (40% w/v Polyethylene Glycol and 1.2 M sodium

chloride) for 4 hours at 4 °C, followed by centrifugation at 14,000 rpm for 2 hours. The

supernatant was discarded, and the viral pellet was dissolved in DMEM and frozen at

-80 °C for further use.

The human iPSCs were transduced with the concentrated viruses generated

from the dual gRNAs lentiviral vector targeting the human UTF1 gene. After 48 hours,

the transduced iPSCs were flow-sorted, followed by blasticidin selection (5 µg/mL) for

one week to establish stable dual gRNAs expressing iPSC line.

4.1.5 Flow cytometry and sorting

Cells were cultured and transduced, as mentioned earlier. After 48 hours of trans-

duction with lentiviral dual gRNAs, iPSCs were harvested in StemMACS iPSC-Brew

XF medium using TrypLETM Express (Invitrogen) to obtain single cells for flow-sorting

based on the expression of EGFP using BD AriaIII flow cytometer (BD Biosciences). The

sorted cells were collected and cultured in StemMACSTM iPSC-Brew XF medium contain-

ing 1X RevitaCellTM (Gibco) for 24 hours. Transduction efficiency analysis was carried

out using the FlowJo software (BD Biosciences). After 24 hours, the EGFP-positive cells

were cultured in iPSC media and expanded for further experiments and cryopreserved.

4.1.6 Immunofluorescence staining and microscopy

To detect pluripotent stem cell surface marker TRA-1-60, human iPSCs were

cultured on Matrigel-coated wells with and without DOX. After 6 days, the cells were

washed thrice with PBS and then fixed with 4% paraformaldehyde for 20 minutes at

room temperature. Following this, the cells were permeabilized and blocked with 0.1%

TritonTM X-100 (Sigma-Aldrich) in a buffer containing 1% bovine serum albumin and 5%

FBS for 45 minutes at room temperature. The cells were then incubated with TRA-1-60

primary antibody at a dilution of 1:500 (Cell Signaling Technology, Cat# 4746) in blocking

buffer at 4 °C overnight, followed by Alexa FluorTM 594 secondary antibody at a dilution

of 1:500 (Invitrogen, Cat# A11032) incubation for 2 hours at room temperature. The

nuclei were stained with 10 µg/mL DAPI (Invitrogen) for 5 minutes at room temperature.
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Images were captured using a Leica DMi8 Motorized Fluorescence Microscope equipped

with LAS F software.

4.1.7 SDS-PAGE and Western blotting

Whole-cell lysates were harvested, and the lysates were resolved on 12% SDS-

PAGE and transferred to a nitrocellulose membrane as mentioned previously in Chapter

3, Section 3.1.5: SDS-PAGE and Western blotting. The blots were blocked with 5% non-fat

dry milk in 1X TBST buffer for 2 hours at room temperature. The immunoblotting was

carried out using rabbit anti-UTF1 at a 1:1000 dilution (Bioss, Thermo Fisher Scientific,

Catalog No. 12207-R), rabbit anti-OCT4 at a 1:1000 dilution (Cell Signaling Technology,

Cat# 2840), rabbit anti-SOX2 at a 1:1000 dilution (Santa Cruz Biotechnology, Cat#

3579), rabbit anti-Bax2 at a 1:2500 dilution (Cell Signaling Technology, Cat# 5023), anti-

apoptosis cocktail at a 1:250 dilution (Abcam, Cat# ab136812) and rabbit anti-β-Actin at

a 1:1000 dilution (BD Biosciences, Cat# 612657) for the primary antibodies overnight at

4 °C. Subsequently, the blots were incubated for two hours at room temperature with

horseradish peroxidase-conjugated secondary anti-rabbit IgG antibody (Invitrogen, Cat#

31460) at a 1:5000 dilution or the secondary anti-apoptosis cocktail antibody at a 1:100

dilution (Abcam, Cat# ab136812). The immunoblots were developed in the presence

of a chemiluminescence substrate (Bio-Rad), and the images were recorded using a

ChemiDocTM XRS+ molecular imager equipped with Image LabTM software (Bio-Rad).

The Western blots were quantified using ImageJ (1.53) software.

4.1.8 Deletion detection by genomic PCR and agarose gel

electrophoresis

To check the deletion of targeted exons, the EGFP-positive TJC8iCas9 cells were

cultured in the presence and absence of DOX. Next, these DOX+ (Cas9 being expressed)

and DOX- (Cas9 not expressed) iPSCs were cultured over 10 days, and both the DOX+

and DOX- cells were harvested for genomic DNA at day 5 and day 10. Post-harvest,

the cells were processed as previously mentioned in Chapter 3, Section 3.1.6: Deletion

detection by genomic PCR and agarose gel electrophoresis to extract their genomic DNA.

PCR was performed using the extracted genomic DNA with primers flanking

the intended UTF1 deletion site on exon 2. The primer sequences are mentioned in
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Chapter 3, Table 3.2. The PCR was performed in combination with the EmeraldAmp

MAX HS PCR Master Mix (Takara). In the UTF1 knockout iPSCs, the amplicon size was

expected to be a 236 bp PCR product, whereas the control cells would give a 298 bp PCR

product. The products were run on 2% agarose gel for analysis.

4.1.9 Deletion detection by capillary electrophoresis and Sanger

sequencing

Capillary electrophoresis and Sanger sequencing for the genomic DNA of TJC8iCas9

cells with the dual gRNAs vector was processed as mentioned in Chapter 3, Section 3.1.7:

Deletion detection by capillary electrophoresis and Sanger sequencing.

4.2 Results and Discussion

4.2.1 Generation of UTF1 knockout human iPSCs using the

CRISPR/Cas9 system

In our earlier experiment, we could not generate stable iPSC lines from UTF1

knockout fibroblasts. This intrigued us to investigate its role in maintaining iPSC

identity in a well-characterized iPSC line used in an earlier study [82]. To achieve

this, we generated UTF1 knockout iPSCs using the same lentiviruses (encoding for

Cas9 protein and the dual gRNAs) produced to knockout the UTF1 gene in fibroblasts.

The absence of UTF1 expression resulted in the sudden decline in viability of these

iPSCs, making it difficult to have adequate cells for further analysis (data not shown).

To circumvent this, we then used an iPSC line that encoded for Cas9 upon induction

with DOX [130] to regulate the UTF1 knockout in iPSCs (Figure 4.2A). These iPSCs

were transduced with the lentiviruses carrying the lentiviral vector with dual gRNAs to

generate UTF1 knockout iPSCs (Figure 4.2B). Parallelly, iPSCs were also transduced

with an empty dual gRNAs lentiviral vector expressing EGFP, serving as a control. The

iPSCs were expanded for 48 hours post-transduction, and then EGFP-positive iPSCs

were sorted, indicating successful integration and expression of the dual gRNAs vector

(Figure 4.2C). These dual gRNAs-expressing iPSCs were then induced with DOX (0.5

µg/mL), resulting in the expression of Cas9. Co-expression of the Cas9 protein and dual

gRNAs resulted in the deletion of the targeted region of the human UTF1 gene.
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Figure 4.2: Generation of UTF1 knockout human iPSCs. (A) Schematic representation
of the working of the iPSC line TJC8iCas9. Upon induction with DOX, the stably integrated
Cas9 vector at the AAVS1 site generated the Cas9 protein. ()B) A schematic of the workflow
followed for transduction and selection of dual gRNA expressing iPSCs. (C) Flow cytometry for
EGFP expression in control (empty backbone) and knockout iPSCs (exon 2 targeting dual gRNA
pair). DOX: Doxycycline; TJC8 AAVS1 iCas9: TJC8 specifies clone number, AAVS1 specifies the
integration site, and iCas9 specifies that the Cas9 expression is inducible; gRNA: guide RNA; LV:
lentiviruses; KO: knockout; EGFP Bb: Enhanced Green Fluorescent Protein Backbone.

4.2.2 UTF1 knockout in human iPSCs resulted in loss of cell

viability

The EGFP-sorted dual gRNAs expressing iPSCs were cultured either in the

presence or absence of DOX. In the presence of DOX, Cas9 and dual gRNAs were co-

expressed and this resulted in the deletion of the targeted UTF1 region, whereas the

absence of DOX resulted in the retention of the intact UTF1 gene because of the lack of

Cas9 protein. It was observed that UTF1 knockout cells resulted in a sudden decline in

the viability of these iPSCs upon DOX induction from day 2 onwards (data not shown),

with very few cells remaining in culture by day 6 (Figure 4.3A). This drastic decline in

the number of iPSCs by day 6 was depicted by the expression of pluripotent stem cell

surface marker TRA-1-60 and the dual gRNAs vector by EGFP expression in an entire

well (Figure 4.3B). The nuclei of the remaining cells were also stained by DAPI (Figure

4.3B). This indicated the inability of iPSCs to compensate for the gradual loss of UTF1

expression. In contrast, the dual gRNAs expressing iPSCs in the absence of Cas9 (DOX-)

and iPSCs expressing the empty dual gRNAs vector in the presence of Cas9 (DOX+)

showed a confluent well with iPSCs expressing the pluripotency marker TRA-1-60, and
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Figure 4.3: Loss of cell viability of human iPSCs upon UTF1 knockout. (A) A schematic
representation depicting the experimental design followed to study the effect of the absence and
presence of UTF1 on cell viability. GFP-sorted iPSCs (UTF1 knockout) lose cell viability upon
DOX induction (induced Cas9 expression) on day 6. The control cells, GFP-sorted iPSCs with
dual gRNA (DOX-) and GFP-sorted iPSCs with empty backbone vector (DOX+) cells, did not show
loss of cell viability on day 6. (B) Immunofluorescence assay of the entire well of a 12-well plate
of the above-mentioned cell types with TRA-1-60 antibody, dual gRNAs EGFP expression, and
DAPI staining showing loss of iPSC viability in UTF1 knockout well only. DOX: Doxycycline;
gRNA: guide RNA.

the dual gRNAs vector indicated by EGFP expression. The nuclear stain DAPI was also

co-related with EGFP expression and TRA-1-60 staining (Figure 4.3B).

Additionally, to ensure that the iPSCs lost their viability upon knockout of

UTF1, the dual gRNAs expressing EGFP-positive iPSCs were seeded with inducible Cas9

iPSCs in a ratio of 1:1 (Figure 4.4A). This mixed iPSC population was cultured either

in the presence or absence of DOX. In the presence of DOX, the deletion of the targeted

UTF1 region occurred only in EGFP-expressing cells as they co-expressed dual gRNAs

and Cas9. These cells were eventually devoid of the iPSC population, indicating the loss
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Figure 4.4: Selective viability loss in human iPSCs following UTF1 knockout. (A) A
schematic layout representing the experimental plan. iPSCs co-expressing dual gRNA and Cas9
were cultured in a 1:1 ratio with only Cas9 expressing iPSCs to study the effect of UTF1 on cell
viability over 9 days. Cells (mixed population) were cultured in the presence (wild type UTF1)
and absence (UTF1 knockout) to study its effect on cell viability. (B) A decline in iPSC viability
was observed from day 2 through day 9 for DOX+ population. DOX: Doxycycline; gRNA: guide
RNA.

of cell viability. This was concluded by an increased ratio of EGFP-negative untransduced

cells over 9 days. Flow cytometry analysis showed a drastic decline in EGFP expressing

cells from day 2 onwards, with negligible EGFP-expressing cells remaining in culture by

day 9 (Figure 4.4B). The well was repopulated by the dual gRNAs-negative iPSCs. The

absence of DOX resulted in the retention of the 1:1 ratio of the EGFP expressing iPSCs

to the untransduced cells, as indicated by the flow cytometry analysis till day 9 (Figure

4.4B). These results indicated that the loss of iPSC identity was because of the absence

of UTF1 expression.

65

TH-3482_176106110



CHAPTER 4. GENERATION OF HUMAN UTF1 KNOCKOUT IPSCS AND
DETERMINING ITS ROLE IN MAINTENANCE OF STEM CELL CHARACTERISTICS

4.2.3 Confirmation of deletion of the human UTF1 gene in iPSCs

To verify the deletion in the human UTF1 gene, we performed PCR on genomic

DNA samples extracted from day 5 and day 10 of control (DOX-) and UTF1 knockout

(DOX+) iPSCs. The analysis of PCR products from the day 5 genomic DNA sample (DOX+)

resulted in two bands, one of 236 bp and the other of 298 bp, indicating partial deletion

in these iPSCs. However, the analysis of PCR products from the day 10 genomic DNA

sample (DOX+) resulted in only one band of 236 bp (shown by a red arrow), indicating

complete deletion of the targeted region in the human UTF1 gene (Figure 4.5A). Further,

capillary electrophoresis supported this observation, with a 44% deletion observed for

DOX+ cells on day 5 and a 100% deletion observed for DOX+ cells on day 10 (Figure

4.5B). The control peaks are highlighted in a red box. At the molecular level, the absence

of UTF1 was demonstrated by extracting total protein lysates from EGFP-positive iPSCs

co-expressing dual gRNAs and Cas9. Samples were collected for Western blots from

DOX+ day 2, day 4, and day 6 iPSCs and DOX- day 6 iPSCs. Western blot analysis of

these samples showed a gradual decline in the UTF1 protein from day 2 onwards, and

its absence was observed in day 6 DOX+ lysate, indicating successful knockout of the

human UTF1 gene (Figure 4.5C).

The knockout of the human UTF1 gene in iPSCs, showed a complete deletion of

the targeted UTF1 region, unlike what was previously observed in our study with fibrob-

lasts. UTF1 is expressed in iPSCs and is, therefore, easily accessible to the CRISPR/Cas9

machinery. Further, various studies have highlighted that during the reprogramming of

fibroblasts to iPSCs, the chromatin undergoes a closed-to-open chromatin configuration

[40, 72]. This modification in chromatin structure potentially facilitates Cas9 accessibil-

ity for targeting the UTF1 gene in iPSCs, in contrast to the limited access observed in

human fibroblasts.

4.2.4 Decline in expression levels of the core pluripotency

markers

The observation that knockout of UTF1 in iPSCs resulted in loss of cell viability

prompted us to investigate the underlying genotypic alterations. Consequently, we delved

deeper into the impact of UTF1 deficiency on the pluripotency network. Therefore, we

analyzed the change in expression in the core pluripotency factors, OCT4 and SOX2.
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Figure 4.5: Confirmation of deletion of the human UTF1 gene in iPSCs. (A) Results
of genomic DNA PCR using a forward primer that binds upstream of the first gRNA site and
a reverse primer binding downstream of the second gRNA site for control (DOX-) and UTF1
knockout (DOX+) iPSCs at day 5 and day 10 post-DOX induction (Cas9 expression). (B) Capillary
electrophoresis of the DOX+ iPSCs confirmed a partial UTF1 knockout with 44% of the amplicons
showing deletion on day 5 and a complete UTF1 knockout with 100% amplicons showing deletion
on day 10. (C) Western blotting results of GFP-sorted iPSCs with dual gRNA in the presence and
absence of DOX show a gradual decline in UTF1 expression for DOX+ cells over 6 days (Western
Blot: Top and Image J quantification: Bottom). bp: base pair; L: Ladder; DOX: Doxycycline. The
quantitative values show the mean fold change±S.D. Statistical analysis was performed using a
two-way ANOVA (n=3). ∗P<0.05, ∗P<0.01, ∗P<0.001.

The effect of the complete absence of UTF1 on core stem cell-specific proteins was

investigated using Western blot analysis. The results of day 6 DOX+ and DOX- cells

showed a significant decline in the expression of the core pluripotency markers, OCT4

and SOX2, indicating the importance of UTF1 in regulating the pluripotency network

(Figure 4.6).

It is well established that the core pluripotency factors OCT4 and SOX2

regulate the expression of UTF1 [128, 98, 97, 5]. Our study provides insight into the

effect of UTF1 on the pluripotency network. The absence of UTF1 negatively affects the
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stability of the pluripotent state of human iPSCs. It has been previously reported that

the UTF1 protein is stably associated with the chromatin in ESCs [139]. Further, it has

also been identified as a key regulator of the bivalency state in pluripotent cells [60]. The

lack of UTF1 could deregulate the bivalency state, thereby disrupting the pluripotency

network. Thus, we hypothesized that in the absence of UTF1, the observed decline in

the expression levels of core pluripotency markers such as OCT4 and SOX2 could be

attributed to a disruption in the pluripotency network.

Figure 4.6: Expression of core pluripotency markers in UTF1 knockout and UTF1
expressing iPSCs. Western blot for pluripotency markers from day 6 protein lysates (Western
Blot: Left and Image J quantification: Right). DOX: Doxycycline. The quantitative values show
the mean fold change±S.D. Statistical analysis was performed using a two-way ANOVA (n=3).
∗P<0.05, ∗P<0.01, ∗P<0.001.

4.2.5 UTF1 knockout iPSCs lose cell viability due to the

induction of apoptosis

Further, to investigate whether the cells lost viability due to apoptosis, the lysates

from day 6 DOX+ and DOX- cells were analyzed. A significant increase in the expression

of pro-apoptotic protein Bax2 was observed in cells treated with DOX. Bax2 is known to

generate pores in the outer mitochondrial membrane, leading to the release of cytochrome

c and activation of caspases [27, 156]. These DOX+ cells showed a significant increase

in expression of the apoptotic marker cleaved caspase 3. The activation of procaspase 3

to cleaved caspase 3 has been previously reported to cleave PARP [2]. In our study, we

did observe a significant increase in levels of cleaved PARP. Therefore, a considerable

increase in the expression of Bax2, cleaved caspase 3, and cleaved PARP in UTF1

knockout iPSCs (Figure 4.7) confirmed the loss of cell viability through apoptosis.
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Figure 4.7: Expression of apoptotic markers in UTF1 knockout and UTF1 expressing
iPSCs. Western blot for apoptotic markers from day 6 protein lysates (Western Blot: Left and
Image J quantification: Right). DOX: Doxycycline. The quantitative values show the mean
fold change±S.D. Statistical analysis was performed using a two-way ANOVA (n=3). ∗P<0.05,
∗P<0.01, ∗P<0.001.

4.3 Conclusion

In summary, our investigation into the generation of UTF1 knockout human iPSCs

via the CRISPR/Cas9 system revealed a notable contrast with fibroblasts, as iPSCs

exhibited complete deletion of the UTF1 gene, likely attributed to its transition from

heterochromatin (in fibroblasts) to euchromatin (in iPSCs). Remarkably, UTF1 deficiency

in iPSC resulted in a significant decline in their viability from day 2 through day 9.

Western blot analysis unveiled a substantial loss of UTF1 expression in iPSCs by day 6

of DOX induction, correlating with Cas9 activation and consequent human UTF1 gene

deletion. Furthermore, this loss of viability was supported by elevated levels of various

pro-apoptotic factors, namely Bax2, cleaved Caspase 3, and cleaved PARP. Moreover,

the expression of core pluripotency factors OCT4 and SOX2 exhibited a significant

reduction by day 6. These findings underscore the crucial role of UTF1 in establishing

and maintaining iPSCs, shedding light on its indispensable function in ensuring their

viability and pluripotency.
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GENERATION OF UTF1 KNOCKDOWN HUMAN IPSCS AND

DETERMINING ITS ROLE IN MAINTENANCE OF STEM CELL

CHARACTERISTICS

An article based on this chapter is currently under review as follows:

Raina K, Modak K, Premkumar C, Velayudhan SR, Thummer RP (2024). UTF1 expres-

sion is important for the generation and maintenance of human iPSCs.

Figure 5.1: A schematic representation of the experimental design followed to study
the effect of a decline in the expression of UTF1 in iPSCs.
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BRIEF OVERVIEW OF CHAPTER

Considering the significant decrease in viability observed upon UTF1 knockout in iPSCs,

we aimed to investigate the implications of downregulation of its expression in an iPSC

population. To investigate the same, we demonstrated the generation of a novel short

hairpin RNA (shRNA) vector for generating UTF1 knockdown iPSCs. The shRNA against

UTF1 was designed and eventually cloned in a DOX inducible vector with a fluorescent

marker (ZsGreen), followed by the shRNA against UTF1. Additionally, a puromycin

resistance gene was introduced downstream of the endogenous promoter PPP1R12C

to select the transfected cells to facilitate selection before inducing shRNA expression.

Also, this vector was designed to integrate specifically at the safe harbor site AAVS1 in

all the cells. This vector was transfected in human iPSCs via electroporation, and the

successfully transfected cells were selected with puromycin. Upon addition of DOX to

the culture media, ZsGreen and shRNA against UTF1 were expressed, resulting in the

knockdown of human UTF1 in iPSCs.

To ensure the successful knockdown of UTF1 expression, this chapter delves

into the decline in UTF1 expression over 8 days. Its expression was observed till day

4, and on day 8, a decrease in UTF1 expression was observed. This reduction in its

levels was also visible at the phenotypic levels, wherein the cells showed spontaneous

differentiation, which was visible by the change in the typical iPSC morphology. Further,

it was observed that most of the cell population was TRA-1-60 negative and ZsGreen

positive. Further, we also studied the effect on the core pluripotency factors OCT4 and

SOX2, which showed a significant decline in their expression. This further supported the

previous phenotypic observation, indicating a considerable change in the pluripotency

network. In addition, to ensure that the cells were not undergoing apoptosis similar to

the UTF1 knockout cells, pro-apoptotic markers were analyzed, and no increase in any

of these markers was observed. In conclusion, this chapter highlights the importance of

sustained human UTF1 expression in maintaining pluripotency in iPSCs.
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5.1 Materials and Methods

5.1.1 Cell Culture

The established iPSC line TJC8 [82] was cultured in complete StemMACSTM iPSC-

Brew XF medium (Miltenyi Biotec) with 50 U/mL penicillin and 50 µg/mL streptomycin.

The cells were cultured as a monolayer in a humidified incubator at 37 °C in the presence

of 5% CO2. iPSCs were passaged with 0.5 mM EDTA (Invitrogen). To select iPSCs having

integration of the shUTF1 vector, these cells were cultured in 0.5 µg/mL of puromycin

(Gibco) for 4 days. Further, for inducing the expression of shRNA against UTF1, these

selected iPSCs were cultured with 0.4 µg/mL DOX.

5.1.2 Generation of a lentiviral vector expressing the shRNA

against human UTF1

The full-length human UTF1 shRNA sequence was obtained using the Cold Spring

Harbor Laboratories database shERWOOD [66] (Table 5.1). The shRNA oligos were

ordered and PCR-amplified with primers containing XhoI and EcoRI restriction sites

(Table 5.2). A lentiviral shRNA cloning vector, namely pB-ZmiRE-sPA, was previously

developed in the lab (to be published) with a cloning site for shRNA flanked by XhoI and

EcoRI restriction sites. PCR-amplified shRNA oligo and the pB-ZmiRE-sPA vector were

digested with XhoI and EcoRI (New England BioLabs). The digested pB-ZmiRE-sPA

plasmid was gel-extracted, and 0.05 pmol of this vector was ligated overnight with the

digested 0.1 pmol insert shRNA oligo to obtain the pB-ZmiRE-shUTF1 vector (Figure

5.2A). Next, 2 µL of this ligated product was transformed in XL1-Blue competent cells

(Agilent Technologies), and plasmids were extracted from the bacterial clones obtained.

The correct shRNA sequence in the pB-ZmiRE-shUTF1-sPA plasmid was confirmed by

Sanger sequencing (Figure 5.2B).

Table 5.1: shRNA sequences targeting human UTF1 gene transcript.

Primer sequence (5’-3’)

shRNA -Forward primer TGCTGTTGACAGTGAGCGACCGCTACAAGTTCCTTAAAGATAGTGAAGC
CACAGATGTATCTTTAAGGAACTTGTAGCGGCTGCCTACTGCCTCGGA

shRNA -Reverse primer TCCGAGGCAGTAGGCAGCCGCTACAAGTTCCTTAAAGATACATCTGTGG
CTTCACTATCTTTAAGGAACTTGTAGCGGTCGCTCACTGTCAACAGCA
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Table 5.2: Primer sequences to insert restriction sites flanking the shRNA sequence.

Primer sequences (5’-3’)

for XhoI TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG

for EcoRI TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC

5.1.3 Generation of an AAVS1 site integrating vector encoding

for shRNA against human UTF1

Further, the shRNA region from the cloned pB-ZmiRE-shUTF1-sPA plasmid was

used to replace the Cas9 region of the pAAVS1-PDi-CRISPRn (Addgene ID: 73500) (gifted

by Bruce Conklin) to ensure integration of the shRNA at the safe-harbor AAVS1 site.

The pAAVS1-PDi-CRISPRn plasmid was first digested with AgeI and PacI to remove the

Cas9 region, and then the gel was extracted for further cloning (Figure 5.3A). The Kozak

sequence, ZsGreen, miR30, shUTF1, and the sPA regions were PCR amplified from

the pB-ZmiRE-shUTF1-sPA vector for cloning by Gibson assembly (Figure 5.3B). The

PCR product was amplified using a forward primer containing a homologous overhang

to the destination plasmid towards the PacI digested site and a reverse primer with

a homologous overhang towards the AgeI digested site. The primer sequences used

are mentioned in Table 5.3. For setting up Gibson assembly, the NEBuilder HiFi DNA

Assembly Master Mix (New England BioLabs, Cat# E2621L) was used with 0.05 pmol of

the digested backbone and 0.1 pmol of the amplified fragment, as per the manufacturer’s

protocol. Next, 2 µL of this ligated product was transformed in XL1-Blue competent

cells (Agilent Technologies) and plasmids were extracted from the bacterial clones

obtained. The presence of the correct shUTF1 sequence in the final pAAVS1-ishUTF1-

PuroR plasmid was confirmed by HindIII (New England BioLabs) digestion and Sanger

sequencing (Figure 5.3C).

Table 5.3: Primer sequences to amplify the desired shUTF1 region.

Primer sequences (5’-3’)

i-shUTF1 -Forward primer CTCGTAAACTTAAGGTTAATGGCCACCATGGCCCAGTC

i-shUTF1 -Reverse Primer GGCGATCGATTGCGGCCGCACACACAAAAAACCAACACACAGATC
TAATGAAAATAAAGATC
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Figure 5.2: Cloning shRNA against human UTF1 in a lentiviral vector. (A) A schematic
depicting the cloning of a shRNA against human UTF1 in the lentiviral vector pB-ZmiRE-sPA
by restriction enzymes XhoI and EcoRI. (B) Confirmation of the cloned shRNA sequence in the
pB-ZmiRE-shUTF1 vector by Sanger sequencing. shUTF1: short hairpin RNA against UTF1;
miR: microRNA; ZsGreen: Zoanthus species green; shSCA: short hairpin scaffold.

5.1.4 Transfection of the pAAVS1-ishUTF1-PuroR expression

vector in iPSCs

The iPSC line, TJC8 [82], was transfected with the pAAVS1-ishUTF1-PuroR vector

along with the plasmids pZT-AAVS1-R1 and pZT-AAVS1-L1 (Addgene ID: 52638 and

52637) (gifts from Mahendra Rao and Jizhong Zou) using a 100 µL neon tip and the

NeonTM transfection system (Life Technologies). The electroporation parameters used
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Figure 5.3: Cloning shRNA against human UTF1 in an AAVS1 site integrating vector. (A)
A schematic depicting the removal of Cas9 encoding region from the pAAVS1-PDi-CRISPRn vector.
Agarose gel electrophoresis separated the Cas9 and the digested backbone (highlighted in red box).
(B) A schematic depicting the amplification of the desired region from the lentiviral vector pB-
ZmiRE-shUTF1. Agarose gel electrophoresis segregated the desired fragment, which was further
used for cloning. (C) A schematic representation of Gibson assembly of the digested backbone
and amplified PCR fragment to obtain the desired pAAVS1-ishUTF1-PuroR vector. Confirmation
of multiple clones by restriction digestion pattern observed with HindIII and Sanger sequencing
to confirm the cloning of the correct shRNA sequence. rtTA: reverse tetracycline transactivator;
bp: base pairs; L: ladder; shUTF1: short hairpin RNA against UTF1; miR: microRNA.

were 1 pulse with a voltage of 1300 V and a length of 30 milliseconds. 1×106 cells were

pelleted down and then resuspended in 110 µL of electroporation buffer R containing

2.5 µg pAAVS1-ishUTF1-PuroR or 2.5 µg pAAVS1-GFP-PuroR, 1 µg pZT-AAVS1-R1 and

1 µg pZT-AAVS1-L1 plasmids. The cell suspension containing the plasmid mix was

picked up with the 100 µL neon tip, ensuring no bubbles were formed. The neon tip

was then inserted into a neon tube containing electrolytic buffer E2, which acts as a

transfection chamber. The cells were then electroporated and seeded into one well of a

12-well Matrigel-coated plate in StemMACSTM iPS-Brew XF medium.
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5.1.5 Immunofluorescence staining and microscopy

To detect expression of pluripotency surface marker TRA-1-60, human iPSCs

were cultured and processed as previously mentioned in Chapter 4, Section 4.1.6: Im-

munofluorescence staining and microscopy on Matrigel-coated wells. Briefly, the iPSCs

were cultured for 8 days with and without DOX. On day 8, the cells were processed

for incubation with the TRA-1-60 primary antibody, followed by the Alexa FluorTM 594

secondary antibody. The nuclei were stained with 10 µg DAPI (Invitrogen) for 5 minutes

at room temperature. Images were captured using the Bio-Rad ZOE Fluorescent Cell

Imager or the Leica DMI6000B fluorescence microscope equipped with LAS X software.

5.1.6 SDS-PAGE and Western blotting

Whole-cell lysates were harvested, and the lysates were resolved on 12% SDS-

PAGE and transferred to a nitrocellulose membrane as mentioned previously in Chapter

3, Section 3.1.5: SDS-PAGE and Western blotting. The immunoblotting was carried

out using anti-UTF1, anti-OCT4, anti-SOX2, anti-Bax2, anti-Apoptosis cocktail, and

anti-β-Actin antibodies as previously mentioned in Chapter 4, Section 4.1.7: SDS-PAGE

and Western blotting.

5.2 Results and Discussion

5.2.1 Generation of a human AAVS1-ishUTF1-PuroR iPSCs

We utilized a previously reported TALEN-based approach, known for the efficient

generation of reporter cell lines [106], to generate iPSCs with a DOX-inducible AAVS1-

ishUTF1-PuroR expression cassette integrated at the AAVS1 safe harbor genomic site

on human chromosome 19. The donor vector, pAAVS1-ishUTF1-PuroR containing the

puromycin resistance gene and a DOX-inducible shUTF1 (ishUTF1) expression cassette,

flanked by homologous arms for HDR at the target site, was generated (Figure 5.4A).

The expression of the integrated puromycin-resistance gene and shUTF1 at the AAVS1

site was driven by endogenous PPP1RI2C promoter and tetracycline-inducible promoter,

respectively (Figure 5.4A). To induce DSBs and enable integration at the AAVS1 site,

we electroporated a well-characterized iPSC line TJC8 [82] with TALEN expression

plasmids and the pAAVS1-ishUTF1-PuroR vector (Figure 5.4B). The nucleofected cells
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were cultured in the presence of puromycin to select the cells with stable integration

of the ishUTF1 cassette and puromycin resistance gene near the PPPRI2C promoter

(Figure 5.4A,B). The transgene integration at the AAVS1 site in the puromycin-selected

cells was first visible by the expression of ZsGreen in the ishUTF1 cells (in the presence

of DOX) and CopGFP in control cells (Figure 5.4A).

Figure 5.4: UTF1 knockdown in iPSCs. (A) A schematic depicting the integration of DOX-
inducible shUTF1 cassette at the AAVS1 safe-harbor site of chromosome 19 by creating a DSB
using a TALEN array. This DSB was repaired through the HDR mechanism with the donor
plasmid pAAVS1-ishUTF1-PuroR , which contains the Tet-On-shUTF1 cassette and puromycin
resistance gene (PuroR). The AAVS1 LHA and AAVS1 RHA facilitate the integration at the
AAVS1 site. The endogenous PPP1R12C promoter drives the expression of PuroR , which allows
the selection of cells that underwent HDR and, therefore, contain the shUTF1 cassette. The
addition of DOX activated the expression of ZsGreen and shUTF1. (B) Using the TALEN genome
editing technology, a schematic depicting the protocol for generating UTF1 knockdown iPSCs is
shown. AAVS1: Adeno-associated virus integration site 1; TALEN: Transcription Activator-Like
Effector Nucleases; ZsGreen: Zoanthus species green; RHA: Right Homology Arm; LHA: Left
Homology Arm; DOX: Doxycycline; DSB: Double-strand break; CBA: Chicken β-actin; Puro:
Puromycin; EP: Endogenous promoter; PPP1R12C: Protein phosphatase 1 regulatory subunit
12C; miR30: microRNA 30; rtTA: reverse tetracycline transactivator; CopGFP: Copepod green
fluorescent protein.
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5.2.2 Determining the optimal DOX concentration for induction

of shRNA

Controlled expression of gene silencing is crucial for regulating the targeted genes

in specific cell types. Therefore, we performed experiments to determine the optimal DOX

concentration and treatment duration required to achieve maximum ZsGreen expression

levels.

When the AAVS1-ishUTF1 iPSCs were cultured in the presence of DOX con-

centrations ranging from 0.2 to 1 µg/mL for 48 hours, we found that ZsGreen expression

could be detected at DOX concentrations as low as 0.2 µg/mL. However, the ZsGreen

intensity was more for 0.4 µg/mL, remaining constant even at higher DOX concentrations

(Figure 5.5). We concluded that a stable ZsGreen expression could be detected within 24

hours of treating the cells with 0.4 µg/mL of DOX.

Figure 5.5: The optimal concentration of DOX analyzed for induction of shRNA after
48 hours. AAVS1: AAVS1: Adeno-associated virus integration site 1; shUTF1: short hairpin RNA
against UTF1; PuroR: Puromycin resistance.
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Figure 5.6: The decline in UTF1 levels and its effect on iPSCs. (A) Morphological similarity
is seen in shUTF1-activated iPSCs on Day 4. A change in the morphology of iPSCs was observed
by day 8 only in DOX+ cells. (B) Western blot analysis showing a decline in UTF1 protein
expression levels on day eight only in the presence of DOX. Day 4 and DOX- cells for both day 4
and day 8 show comparable UTF1 levels (Western blot: Left and Image J quantification: Right).

5.2.3 Depletion of UTF1 expression results in spontaneous

differentiation

The expression of shRNA against UTF1 in DOX+ cells was indicated by the

successful expression of the downstream fluorescent marker ZsGreen (Figure 5.6A). The

morphology of the DOX+ cells was similar to the DOX- cells on day 4 (inset images

marked with red arrow) (Figure 5.6A; left). Interestingly, an apparent change in typical

iPSC morphology was observed at day 8 in DOX+ cells (inset images marked with red

arrow) but not in the case of DOX- cells (inset images marked with red arrow) ((Figure

5.6A; right). The typical round compact cell morphology was lost to attain more irregular

and larger cell morphology. Also, unlike a homogenous, tightly packed-cell population,

we observed a more loose and heterogeneous cell population. Further, we checked the

expression levels of the surface pluripotency marker TRA-1-60 to determine that the

cells were undergoing spontaneous differentiation. It was clearly visible that a change

in morphology was also a loss of pluripotency in these cells, indicated by the loss of

expression of TRA-1-60 in irregularly shaped ZsGreen expressing iPSCs (Figure 5.7A).

Also, the control cells with the vector AAVS1-CopGFP-PuroR showed a stable

morphology on day 8 in the presence of DOX (Figure 5.7B). Therefore, we concluded that

by day 8, the cell population expressing shRNA against UTF1 showed many cells with

irregular shapes, indicating a loss of typical iPSC characteristics such as the small and

round morphology.
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Figure 5.7: Spontaneous differentiation of iPSCs upon depletion in UTF1 levels. (A)
Spontaneous differentiation observed in shUTF1-activated iPSCs on Day 8. TRA-1-60 expression
is lost in differentiated cells, as indicated by the white arrow. DOX- cells showed expression of
TRA-1-60. (B) Morphology was maintained in CopGFP (control) iPSCs on Day 8, and TRA-1-60
expression was also observed, as indicated by the white arrow. DOX: Doxycycline; ZsGreen:
Zoanthus species green; CopGFP: Copepod green fluorescent protein.

5.2.4 Confirmation of decline in UTF1 expression upon DOX

induction

To ensure that the change in cellular morphology was a result of a reduction in

UTF1 levels, a Western blot was performed on lysates collected from day 4 and day 8

of control (DOX-) and UTF1 knockdown (DOX+) iPSCs. The Western blot results from

day 4 (DOX+) sample showed UTF1 expression similar to the control, indicating no

suppression of UTF1 expression. However, the analysis of the day 8 (DOX+) sample

showed the absence of UTF1 protein, indicating a reduction in UTF1 expression (Figure

5.6B). Therefore, the loss in iPSC stability was indeed due to a significant decline in the

expression of UTF1.
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5.2.5 UTF1 knockdown in iPSCs resulted in the decline in

expression of core pluripotency markers

The observation that knockdown of UTF1 in iPSCs resulted in differentiation

prompted us to investigate the underlying genotypic alterations. Consequently, we delved

deeper into the impact of UTF1 deficiency on the pluripotency network. Therefore, we

analyzed the effect of this decline in the expression of UTF1 on the core stem cell-specific

proteins OCT4 and SOX2 by Western blotting. The results of day 8 DOX+ lysates showed

a significant decrease in the expression of the core pluripotency markers, OCT4 and

SOX2, compared to the DOX- iPSCs (Figure 5.8A). These findings highlight the critical

role of UTF1 in maintaining iPSC pluripotency.

Figure 5.8: Effect of UTF1 knockdown on expression of pluripotency and apoptotic
markers. (A) Expression of core pluripotency markers in UTF1 knockdown and UTF1 expressing
iPSCs from day 8 protein lysates (Western blot: Left and Image J quantification: Right). (B)
Expression of apoptotic markers in UTF1 knockdown and UTF1 expressing iPSCs from day 8
protein lysates (Western blot: Left and Image J quantification: Right). DOX: Doxycycline. The
quantitative values show the mean fold change±S.D. Statistical analysis was performed using a
two-way ANOVA (n=3). ∗P<0.05, ∗P<0.01, ∗P<0.001.
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5.2.6 UTF1 knockdown iPSCs did not undergo apoptosis

In contrast to the rapid cell death observed with UTF1 knockout between day 2

and day 10 post-induction with DOX, cell death was not observed in UTF1 knockdown

iPSCs. Further, the lysates from day 8 DOX+ and DOX- UTF1 knockdown cells were

analyzed for apoptotic markers to ensure that the cells did not undergo apoptosis. No

significant increase in the expression of apoptotic markers, namely Bax2, procaspase3,

cleaved caspase3, and PARP was observed, confirming that the cells did not undergo

apoptosis (Figure 5.8B).

5.3 Conclusion

In conclusion, this study investigated the importance of human UTF1 in maintain-

ing iPSCs identity. The study revealed that diminishing UTF1 levels by a shRNA system

resulted in the instability of human iPSCs. However, unlike a drastic phenotype such as

loss of cell viability upon UTF1 knockout was observed through increase in expression of

pro-apoptotic markers, no significant increase was observed in pro-apoptotic markers

upon UTF1 downregulation. Remarkably, the loss of UTF1 resulted in spontaneous

differentiation in shRNA-expressing cells. Additionally, the cells undergoing spontaneous

differentiation were confirmed by TRA-1-60 staining. The control cells showed TRA-1-60

expression, whereas those undergoing spontaneous differentiation were negative for

TRA-1-60. Further, to ensure that this phenotype has resulted from the decline in UTF1

expression, a significantly reduced expression level of the human UTF1 protein was ob-

served by Western blotting of day 8 lysates. These observations suggest an essential role

of UTF1 in preserving human iPSC identity and stability, emphasizing its importance in

maintaining iPSCs.
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6
CONCLUSIONS AND FUTURE PERSPECTIVES

6.1 Conclusions

The work carried out in this thesis begins with the successful generation and

characterization of an in-house integration-free human iPSC line, IITGi001-A. Out of 14

iPSC-like clones picked, the clone IITGi001-A was further characterized to confirm its

pluripotent identity using different biological assays. In the near future, this pluripotent

cell line will be used as a control cell line and create mutant iPSC lines from the same

by genome editing methods for basic research, disease modeling, drug screening, and

understanding human developmental biology.

To understand the role of human UTF1 in stem cell biology, we have designed

and successfully generated a UTF1 knockout toolbox capable of targeting either of the

two human UTF1 exons to ensure the successful deletion of the UTF1 gene. We have used

this toolkit in our study to generate UTF1 knockout human fibroblasts and human iPSCs.

Notably, while the same knockout kit generated partial UTF1 knockout in fibroblasts, it

resulted in complete deletion of the human UTF1 gene in iPSCs. We hypothesize that this

difference resulted from the lack of UTF1 expression in human fibroblasts, potentially

rendering the UTF1 gene inaccessible to the CRISPR/Cas9 system. Additionally, we have

also constructed a shRNA knockdown vector targeting UTF1 expression. The vector has

an antibiotic selection marker under an endogenous promoter, providing the benefit of

selecting the transfected cells before the induction of shRNA against UTF1. This is an
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inducible system and, therefore, offers control over the decline in UTF1 expression over

time. This system has been successfully used to suppress UTF1 expression in human

iPSCs.

Here, we demonstrated the effect of loss of function studied in establishing

and maintaining the iPSC identity. Firstly, we have shown that the targeted deletion of

the human UTF1 gene in fibroblasts exhibited a significant decline in the formation of

human iPSCs. Additionally, the few colonies that emerged were unstable beyond the first

passage. Secondly, we observed that targeted deletion of the UTF1 gene in human iPSCs

affected their survival significantly, highlighting the importance of the UTF1 gene in

maintaining the iPSC identity. Finally, we observed spontaneous differentiation of iPSCs

upon knockdown of human UTF1. These observations collectively demonstrated that

UTF1 is important for reprogramming human fibroblasts to iPSCs, and its expression is

required to maintain iPSC identity.

Figure 6.1: Highlights of the work carried out in the thesis.
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6.2 Future Perspectives

1. Our in-house characterized stable iPSC line IITGi001-A can be used for various

biomedical applications such as in vitro disease modeling, drug testing and

discovery, and personalized regenerative medicine.

2. The human UTF1 knockout toolkit can be used to investigate its effect on

other desired cell types, including those relevant to cancer research and human
spermatogenesis.

3. The human UTF1 knockdown toolkit comprises an inducible vector. This

provides temporal control over its suppression and can be used to investigate

the stage-specific role of UTF1 in reprogramming.

4. The knowledge gained regarding the importance of the UTF1 gene in the
generation and maintenance of iPSCs can be explored further at the tran-
scriptome level to understand its effect on the pluripotency network.

5. An inducible human UTF1 overexpression vector can be used to investigate

the effect of UTF1 at different stages of reprogramming. Also, the impact of

iPSC stability on UTF1 overexpression and transcriptome analysis can further

strengthen the understanding of the role of UTF1 in the human pluripotency
network.

6. Given the high expression of UTF1 in human spermatogonial stem cells, the poten-

tial of UTF1 can also be explored in in vitro fertilization to better understand

spermatogenesis and the fertilization processes.

7. It is widely recognized that murine UTF1 plays a pivotal role in sustaining the

poised state of bivalent genes by modulating gene expression via its interaction
with histones. An intriguing direction for future investigation entails pinpointing

the precise core histone(s) responsible for facilitating this interaction. Furthermore,

delving into the factors—such as other proteins or modified histones—that regulate

this binding would provide deeper insights into the regulatory mechanisms
underlying neurogenesis and potentially other biological pathways.

8. Studies on the UTF1 protein have revealed that it undergoes post-translational

modifications: phosphorylation and sumoylation. Understanding the impact of
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these modifications is crucial for elucidating the role of UTF1 in cellular functioning.

Consequently, investigating mutant forms of UTF1 lacking either sumoylation or

phosphorylation can provide valuable insights into its effect on biological processes

like reprogramming, iPSC stability, neurogenesis, and spermatogenesis.
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