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Introduction and Review of Literature

Overview

Chapter 1 outlines the fundamental concepts of stem cell biology and highlights the
emergence of induced pluripotent stem cells (iPSCs) as a transformative advancement in
the field. iPSCs are generated through the reprogramming of terminally differentiated
somatic cells by the introduction of defined transcription factors or alternative strategies
that activate a pluripotency-associated gene expression program. Owing to their pluripotent
nature, iPSCs hold immense potential for applications in disease modeling, drug discovery,
regenerative medicine, and understanding basic developmental biology. Despite their
promise, several critical challenges must be addressed before the clinical translation of
iPSC-based technologies. Among these, genomic instability and the accumulation of
genetic abnormalities during reprogramming and prolonged culture remain major concerns.
Over the past decade, multiple strategies have been developed to enhance the genomic
integrity of iPSCs. One such approach involves the inclusion of ZSCAN4, a transcription
factor known to play a crucial role in early embryonic development and stem cell biology.
In murine systems, incorporation of ZSCAN4 alongside the core Yamanaka factors has
been shown to significantly improve both the efficiency of reprogramming and the genomic
stability of resulting iPSCs. ZSCAN4 has been implicated in telomere maintenance,
genomic integrity, and transient activation of a unique transcriptional state associated with
pluripotency. While the functional role of ZSCAN4 has been extensively characterized in
mouse embryonic stem cells (ESCs) and reprogramming models, its role in human cellular
reprogramming and maintenance of human iPSCs remains insufficiently understood. This
gap in knowledge represents an important area of investigation in the field of stem cell
biology. The advent of precise genome editing technologies, particularly CRISPR-Cas9,
has enabled targeted manipulation of gene function, providing a powerful platform to
dissect the roles of specific factors in defined cellular contexts. In this study, CRISPR-
Cas9-based approaches have been employed to modulate ZSCAN4 expression in
mammalian cells, with the objective of elucidating its functional role in the maintenance
and stability of iPSCs. Accordingly, this chapter provides an overview of ZSCAN4 biology,
with particular emphasis on its role in cellular reprogramming and pluripotency. It also
outlines the key methodologies employed in this study and defines the research gap

addressed in this thesis.
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Chapter 1

1.1 Understanding stem cells

The term “stem cells” was first coined in late 19 century by German biologist Ernst
Haeckel as “stammzelle” to describe them as unicellular ancestor from which all
multicellular life descended. Later, in 1890s, scientists, Theodor Boveri and Valentin
Hacker used the term “stem cells” to describe cells that are present inside an embryo. This
was the birth of modern-day definition, where stem cells are defined as primitive,
undifferentiated cells present in an organism defined by two cardinal properties. First is
self-renewal, where these cells can replicate themselves while maintaining an
undifferentiated state. Second is potency, where these cells possess the potential to
differentiate into specialized cell types. These properties are regarded as the stemness of
these cells. Based on the potency of the stem cells, they can be classified into four distinct
types. Firstly, totipotent stem cells, possessing the highest level of potency. These totipotent
stem cells can give rise to all embryonic and extra-embryonic lineages (e.g. placenta and
umbilical cord). These cells have the potential to form a whole new organism given
appropriate conditions. In human embryonic development the period corresponding to
zygote genome activation is considered as totipotent (Xu and Liang, 2022). This includes
the zygote that forms after fertilization, and the cells present in 2-cell, 4-cell, and 8-cell
stage. Secondly, pluripotent stem cells, the cells can differentiate into cells belonging to all
three germ layers, namely ectoderm, mesoderm and endoderm. These cells can virtually
give rise any cell type present in an organism except for extra embryonic cell types. The
inner cell mass [source of Embryonic Stem Cells (ESCs)] present in the blastocyst stage of
embryonic development represents the gold standard of pluripotency. Thirdly, multipotent
stem cells, which can differentiate into a limited subset of closely related cellular lineages.
Adult stem cells, which are the only stem cells present in adult human body, are multipotent
in nature. Examples of multipotent stem cells are Hematopoietic stem cells (HSCs),
Mesenchymal stem cells (MSCs), Neural Stem Cells, and other adult stem cells present in
an adult human body. HSCs are present in bone marrow, which has the potential to
differentiate into various types of blood cells. MSCs are present in multiple locations in the
human body and can differentiate into bone cells, fat cells, cartilage, and other cell types.
NSCs are primarily found in specific regions of the central nervous system, such as the
subventricular zone and the hippocampus, and have the potential to differentiate into major
neural cell types, including neurons, astrocytes, and oligodendrocytes. Fourth, unipotent

stem cells have the most restricted differentiation potential, giving rise to only a single cell
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Introduction and Review of Literature

type. One such example is spermatogonial stem cells (SSCs), present in testes that can
differentiate into sperm cells. These SSCs can maintain their own population (self-renewal)
and can also differentiate to sperm cells (differentiation ability) because of which these are

also categorized as stem cells.

The field of stem cell biology is rapidly evolving, thus exploring the molecular
mechanisms underlying the self-renewal and differentiation capabilities of stem cells is
vital for their subsequent biomedical applications. ESCs being pluripotent, are an obvious
choice of study to gain an in-depth understanding. These cells have a wide spectrum of
applications in various domains, including drug development and toxicity testing, disease
modeling, personalized regenerative therapy, understanding human developmental
biology, and other biomedical applications. Despite their significant therapeutic potential,
the clinical translation of human ESCs has been substantially hindered by major bioethical
concerns. The derivation of human ESCs traditionally requires the destruction of a human
blastocyst, a process that raises ethical issues regarding the moral status of embryonic life.
Consequently, regulatory authorities and ethics committees in several countries have

imposed bans or stringent restrictions on research involving human ESCs.
1.2 The emergence of iPSCs

Driven by the ethical and practical limitations associated with the derivation of
human ESCs, researchers sought to induce pluripotency artificially, in vitro, to terminally
differentiated somatic cells. This pursuit originated from a fundamental question in
developmental biology, whether the potential for differentiation is governed by the genetic
material present in the nucleus or the biochemical environment of the cytoplasm. The initial
exploration of this concept dates back to 1952, when Robert Briggs and Thomas J. King
performed pioneering nuclear transplantation experiments. By transferring a nucleus from
a Rana pipiens blastocyst into an enucleated oocyte, they successfully generated functional
embryos that progressed into viable, healthy tadpoles (Briggs and King, 1952). However,
because the donor nucleus was derived from an early-stage embryo, it remained unclear if
the observed pluripotency was an inherent trait of the nucleus or a result of cytoplasmic

induction.

This ambiguity was resolved in 1962 by the pioneering work of John B. Gurdon,

who demonstrated that nuclei from terminally differentiated intestinal epithelial cells of
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Chapter 1

Xenopus laevis could support full development following nuclear transfer (Gurdon, 1962).
Despite the differentiated state of the donor nucleus, its transplantation into an enucleated
egg resulted in the development of viable tadpoles (Gurdon, 1962). This landmark study
demonstrated that the somatic genome retained the potential to become totipotent and can
be induced by embryonic cytoplasmic factors. This methodology, termed as somatic cell
nuclear transfer (SCNT), established the foundational principle that the differentiated state
is reversible. These findings provided the essential theoretical framework for the eventual
discovery of iPSCs by demonstrating that terminally differentiated cells could be returned

to a state of developmental plasticity.

The feasibility of SCNT in a mammalian system was definitively established in
1997. Wilmut and colleagues successfully extrapolated principles established by Gurdon’s
amphibian models to Ovis aries (sheep), demonstrating that the genomic plasticity of
differentiated cells was conserved across higher taxa (Wilmut et al., 1997). In this seminal
study, a nucleus derived from an udder cell was transferred into an enucleated oocyte.
Following successful nuclear integration, the reconstructed embryo was implanted into a
surrogate mother, resulting in the birth of Dolly, the first mammal cloned from an adult
somatic cell (Wilmut et al., 1997). Later, similar studies were conducted, where a somatic
cell was fused with ESC leading to a hybrid cell, which proved to be pluripotent in vivo
(Cowan et al., 2005; Tada et al., 2001). Collectively, these milestones yielded two pivotal
conclusions. Firstly, both unfertilized oocytes and established ESC lines possess the
necessary cytoplasmic machinery to induce pluripotency in somatic nuclei. Secondly, the
reprogramming process is robust enough to support the development of viable offsprings
in higher mammals. While SCNT provided a revolutionary platform for developmental
biology and disease modeling, it was hampered by significant drawbacks. The process was
technically demanding, suffered from extremely low efficiency, and most importantly,
relied on the consumption of oocytes and the creation of embryos intended for destruction.
These factors led to significant bioethical concerns, resulting in stringent regulatory bans
on the use of SCNT-derived human embryos for research. This necessitated the search for

a more accessible, non-embryonic method to achieve cellular reprogramming.

The discovery that oocytes and ESCs can reprogram the somatic epigenome led to
the hypothesis that pluripotency is driven not by the entire cellular milieu, but by a defined

set of molecular factors specifying the pluripotent state. It was reasoned that identifying
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and overexpressing the key transcription factors enriched in ESCs could sufficiently drive

the dedifferentiation of somatic nuclei.

The transition from theoretical possibility to experimental reality required the
identification of specific transcription factors capable of overwriting somatic cell identity.
In a landmark 2006 study, Kazutoshi Takahashi and Shinya Yamanaka initially performed
a large-scale functional screen of 24 candidate genes cloned into retroviral vectors. Through
a process of elimination, they identified a core set of four indispensable factors, namely
Oct3/4, Sox2, KIf4, and c-Myc, universally referred to as the Yamanaka factors (Takahashi
and Yamanaka, 2006). Using these Yamanaka factors, they reprogrammed murine
fibroblasts into a pluripotent state. These cells were termed as iPSCs, exhibited the hallmark
morphological, functional and epigenetic properties similar to ESCs (Takahashi and

Yamanaka, 2006).

The following year, this area of research achieved a second major milestone when
two independent research groups successfully extended this technology to human cellular
systems. Prof. Shinya Yamanaka and team generated human iPSCs by reprogramming
human fibroblasts using the Yamanaka factors, OCT4, SOX2, KLF4, and c-Myc
(Takahashi et al., 2007). In a concurrent study, Prof. James A. Thomson and his colleagues
identified a partially different cocktail of transcription factors to generate human iPSCs
from somatic cells. Out of 14 factors investigated, the reprogramming factors identified in
this study were OCT4, SOX2, NANOG, and LIN28 (OSNL), often termed as the Thomson
factors (Yu et al., 2007). Unlike the Yamanaka approach, the Thomson group employed a
lentiviral-mediated delivery system for genomic integration. These breakthrough studies
provided a virtually unlimited source of patient-specific pluripotent cells, effectively
bypassing the ethical and immunological barriers associated with the use of embryonic-
derived cells. Further, these seminal studies established the foundational protocols for
cellular reprogramming, effectively launching a new paradigm in stem cell biology

centered on the derivation and therapeutic application of iPSCs.
1.3 Major roadblocks in the generation of iPSCs

While the initial derivation of human iPSCs was a monumental achievement,
several inherent limitations have hindered their integration into clinical therapeutics and

personalized medicine. The pioneering studies by Yamanaka and Thomson labs utilized
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retroviral and lentiviral vectors (Takahashi et al., 2007; Yu et al., 2007). Even though these
methods have higher efficiency, they randomly integrate into the host genome, posing a
significant risk of insertional mutagenesis. Such permanent genomic alterations can disrupt
endogenous gene function or lead to aberrant activation of neighboring genes, rendering
the resulting iPSCs unsuitable for clinical applications. To resolve this, a number of non-
integrative approaches have been investigated for their potential to generate clinical grade,
bonafide iPSCs, which are briefly discussed elsewhere (Borgohain et al., 2019; Dey et al.,
2021a; Haridhasapavalan et al., 2019).

Another major safety concern arises from the nature of reprogramming cocktail
itself. Several core factors including c-Mye, Klf4, and Lin28 are potent oncogenes. Their
overexpression can trigger the undesirable activation of oncogenic pathways within the
generated iPSCs, potentially leading to tumorigenesis or teratoma formation (Aguirre et al.,
2023). Moreover, the efficiency of the reprogramming using this combination of factors is
very low (~0.01%), considering these factors were delivered using one of the most efficient
viral-based vectors (Raab et al., 2014). Further, a significant proportion of the resulting
colonies often manifest as “pre-iPSCs”, cells that have initiated but failed to complete the
reprogramming process (Hirata et al., 2012; Jiang et al., 2013; Maekawa et al., 2011; Zhao
et al., 2008). The presence of oncogenic factors coupled with the stress of reprogramming
process, often results in poor genomic stability (Hirata et al., 2012; Jiang et al., 2013). These
stability issues present a formidable hurdle for the development of safe, standardized cell-

based therapies.

As previously established, generating iPSCs with stable genome remains one of the
most significant challenges hindering their application in therapeutics. To mitigate this,
extensive research has focused on optimizing the reprogramming cocktail through the
addition of supplementary factors. Inclusion of factors like UTF1 (Zhao et al., 2008; Raina
et al., 2025), GLIS1 (Maekawa et al., 2011), ZSCAN4 (Hirata et al., 2012; Jiang et al.,
2013) alongside core Yamanaka factors have demonstrated to be effective in maintaining
the genomic stability, thereby enhancing the quality of the generated iPSCs. Given its
unique ability to regulate chromosomal stability and facilitate the transition from a “pre-
iPSC” to a fully stable pluripotent state, ZSCAN4 served as the primary focal point of this

thesis.
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1.4 ZSCAN4: The savior to generate genomically stable iPSCs

ZSCAN4 (Zinc and SCAN domain containing 4) is a zinc finger transcription
factor, which enhances the reprogramming efficiency when included along with the
original Yamanaka cocktail of reprogramming factors. This gene is expressed exclusively
in the two-cell stage, in in vitro cultured ESCs, and during early embryonic development,
where its expression is essential for embryo implantation (Falco et al., 2007; Zalzman et
al., 2010). In addition, the expression of ZSCAN4 is found to be essential for telomere
length maintenance in both ESCs and iPSCs (Wang et al., 2012; Zalzman et al., 2010),
which prevented senescence in these cells, enabling them to self-renew indefinitely. As
mentioned earlier, inclusion of ZSCAN4 during reprogramming resulted in iPSCs having
better genomic stability (Hirata et al., 2012; Jiang et al., 2013). ZSCAN4 is also reported
to have a role in the regulation of cancer stem cells (Portney et al., 2020). To date, studies
have shown the mechanistic role of ZSCAN4 in mouse ESCs and in the generation of
mouse iPSCs but the role of ZSCAN4 in the generation and maintenance of human iPSCs
is not known. Therefore, this thesis focuses on elucidating the functional role of ZSCAN4

in the generation of human 1PSCs and their maintenance.

1.4.1 ZSCAN4 gene
ZSCAN4 is a protein-coding gene (Table 1.1) and is present only in mammals (Falco

et al., 2007). The mouse genome comprises of nine members of this gene (Zscan4a,

Zscan4b, Zscandc, Zscandd, Zscande, Zscan4f, and three pseudogenes), whereas the human
genome contains only one member. In mice, all nine members of the gene have multi-
exonal organization and are firmly grouped in an 850 kb region on chromosome 7. Three
out of these nine genes in mice are pseudogenes, namely Zscan4-psl, Zscan4-ps2 and
Zscan4-ps3. Members of mouse Zscan4 gene, Zscan4c, Zscan4d and Zscan4f encodes full-
length open reading frames (ORFs) with 506 amino acids (aa) having more than 94%
similarity and are jointly called Zscan4, indicating these genes are likely to share the same
function (Edelstein and Collins, 2005; Falco et al., 2007). In humans, ZSCAN4 is present
on chromosome 19 spanning a length of 27 kb (Edelstein and Collins, 2005; Falco et al.,
2007).
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Table 1.1. Physicochemical parameters of human ZSCAN4 sequence.

Parameters Values

Protein-coding DNA Sequence

Number of nucleotides 1302 bp

% GC content 43.9%

Adenine (A): 33.41% (435 bases)
Thymine (T): 22.73% (296 bases)
Guanine (G): 20.89% (272 bases)
Cytosine (C): 22.96% (299 bases)

Nucleotide composition

Protein

Number of amino acids 433
Molecular weight 48.95 kDa
Theoretical pl 6.47

Total number of negatively charged residues Asp+Glu: 52

Total number of positively charged residues ArgtLys: 47

1.4.2 ZSCAN4 Protein

Human ZSCAN4 protein has a length of 433 amino acids (aa). Analysis of this
sequence using InterPro database (Apweiler et al., 2001; Blum et al., 2021) revealed that
the protein consists of two characteristic domains. One of the two critical domains is the
SCAN domain at the N-terminal region of the protein (InterPro Id: IPR003309), which is
between 44-126 residues, belonging to SCAN domain superfamily (Fig. 1.1). SCAN
acquired its name from initials of four proteins that have this domain in common (SRF-
ZBP, CTfin-51, AW-1, Number 18 cDNA) (Williams et al., 1995). This domain is often
referred to as the leucine-rich region (Edelstein and Collins, 2005; Falco et al., 2007;
Pengue et al., 1994). In vertebrates, the SCAN domain is a highly conserved domain having
a unique motif that is involved in protein-protein interaction (Edelstein and Collins, 2005;

Storm et al., 2009). Deletion of this domain diminishes its property of self-association,
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indicating ZSCAN4 can form dimers or oligomers after self-interaction (Dan et al., 2017).
In case of mouse, Zscan4dc, Zscan4d and Zscan4f are all 506 aa in length and all of them
have their SCAN domain from 37 to 119 residues. The other two members, Zscan4b and
Zscande, are 505 amino acids in length. They have their SCAN domain from 53 to 86
residues. Limited information is available about the domain organisation and the sequence

of Zscan4a in the databases to date.

N 44 126 312 334 340 362 3‘68 390 396 418 c

: SCAN domain Zinc finger motif 433
Leucine rich regions
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Protein-protein interaction

not drawn to scale

Fig. 1.1. Pictorial representation of domains present in human ZSCAN4 protein. The
SCAN domain is present towards the N-terminal region of the protein, and four zinc finger
domains present towards the C-terminal end of the protein.

The second characteristic domain is the zinc finger domain (total four in number;
InterPro Id: IPR0O13087), which is present at the C-terminal region of the human ZSCAN4
protein. This domain belongs to the zinc finger CoH> superfamily and is shown in Fig. 1.1.
In case of mouse Zscan4c, Zscan4d and Zscan4e, the first zinc finger motif is located at
position 395-417 aa, second at 424-446 aa, third at 452-474 aa, and fourth at 480-503 aa.
The C2Hz motifs of the zinc finger domain are primarily entailed in binding to a specific
fragment of DNA and interacting with several other cellular factors to regulate the
transcription of its target genes (Edelstein and Collins, 2005). Each finger is a short stretch
of approximately 20-30 aa comprising of two conserved cysteines and histidines. The zinc
ion part of the finger assists in proper folding to form compact structures. The structures
comprising of a-helix includes the conserved histidines, whereas B-turn includes the
conserved cysteines (Pavletich and Pabo, 1991). Intriguingly, Zscan4f was found to have
another isoform of 77 aa (UniProt ID: L7N266) (Kumpfmueller, 2011). Especially, these
three members of mouse Zscand family (Zscan4a, Zscan4b, and Zscande) code for
truncated proteins; expressed at basal level in the late two-cell stage and ESCs (Falco et al.,

2007). However, the exact function of these truncated proteins remains elusive. The three-
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dimensional structure of ZSCAN4 protein is not reported to date. The DNA binding activity
of zinc finger domain is highly specific, which can be utilized for designing zinc finger
nucleases. These zinc finger nucleases can be used for genetic manipulation at precise sites
within the genome of various organisms, which is discussed later in this chapter (Perez et

al., 2008; Urnov et al., 2010).

The three-dimensional and secondary structure of ZSCAN4 protein is not reported
to date. Therefore, the secondary structure was predicted using bioinformatics online tools,
namely GOR4 (Garnier et al., 1996), SOPMA (Geourjon and Deléage, 1995) and PSIPRED
(Buchan and Jones, 2019; Jones, 1999). The three-dimensional structure (Fig. 1.2A) was
obtained from Alphafold 3 database (Jumper et al., 2021; Varadi et al., 2024). The
prediction from all these servers revealed that the protein majorly consists of random coils
and other structures with a significant contribution of a-helices and a small amount of p-
sheets (Fig. 1.2B). The presence of random coils or intrinsically disordered regions in a
transcription factor is a characteristic feature of a transcription factor necessary for its
functionality (Garza et al., 2009). Moreover, analysis of the amino acid composition of
ZSCAN4 protein revealed the presence of glutamic acid and aspartic acid in significantly
larger amounts (Table 1.1), which might also be the reason for the dominance of random
coils and others structures in the predicted secondary structure of human ZSCAN4 protein

(Smith et al., 1996).
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Fig. 1.2. The three-dimensional and secondary structure content of human ZSCAN4
protein. (A) The three-dimensional structure of the human ZSCAN4 protein was obtained
from Alphafold 3 database and was visualized using BIOVIA discovery studio visualizer.
(B) The amount of different secondary structures present in human ZSCAN4 protein
predicted using different web servers, namely GOR4, PSIPRED, SOPMA, Alphafold 3.
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In order to study the conservancy among ZSCAN4 protein from different species

belonging to vertebrata sub-phylum, the orthologs of ZSCAN4 were obtained from the
NCBI ortholog database. We found about 75 ZSCAN4 orthologs, which subsequently,
were aligned using NCBI Constraint-based Multiple Alignment Tool (COBALT)
(Papadopoulos and Agarwala, 2007). Using the WebLogo online tool (Crooks et al., 2004;

Schneider and Stephens, 1990), the obtained multiple sequence alignment data was

visualized (Fig. 1.3). Interestingly the whole SCAN domain is not conserved. Instead, it

can be noticed that a part of SCAN domain at the beginning and a small part at the end of

the domain is conserved among the orthologs of ZSCAN4 protein (indicated by a red solid

line). In a similar manner, only certain parts of four zinc finger domains are conserved
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Fig. 1.3. Conservancy among ZSCAN4 orthologs. ZSCAN4 orthologs belonging to
different species of vertebrata sub-phylum were obtained from NCBI ortholog database,
aligned using NCBI's COBALT online tool and visualized using WebLogo online server.

The height of each amino acid corresponds to its conservancy among the

orthologs. The

most conserved region in SCAN domain is indicated by a red solid line and in Zinc finger

domains by a red dotted line.
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Further, a phylogenetic tree was also constructed by the neighbour joining method
with bootstrap 1000 iterations using Molecular Evolutionary Genetics Analysis (MEGA)
version X software (Kumar et al., 2018). The formation of different clades represents
evolutionary changes that took place among these species. The values at the nodes are
bootstrap values, which shows the probability of formation of that particular clade in terms
of percentage. Fig. 1.4 shows that most of the bootstrap values are well above 60, showing
the high consistency of the tree. The tree was inferred with Homo sapiens as the reference
point. It is evident that there are three distinct evolutionary clusters in the tree, denoted as
A, B, and C (Fig. 1.4). Cluster A itself can be divided into three distinct groups denoted as
Al, A2, and A3. The species in Al belong to order carnivora, A2 belong to bats, and A3
belong to ungulates. Similarly, cluster B can be divided into two groups, B1 and B2. B1
consists of species from order rodents and some primates and B2 from order primates (apes
and monkeys). Homo sapiens falls under group B2. The closest species to humans is
Gorilla gorilla. Zscan4 protein family from mice falls under cluster C, which interestingly
is completely distinct and separated from rest of the orthologs. In agreement with this,
pairwise global alignment between ZSCAN4 proteins from mice and human reveals only

47% sequence similarity.

r A1 -Carnivora

F A2 -Bats L A
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Fig. 1.4. Phylogenetic relationship among the orthologs of ZSCAN4. ZSCAN4
orthologs belonging to different species of vertebrata sub-phylum were obtained from
NCBI ortholog database, aligned using NCBI's COBALT online tool. Consequently, the
phylogenetic tree was constructed using MEGA X software using neighbor joining method
with 1000 bootstrap iterations. The tree itself is grouped into 3 major clades depending on
their class and order, having their own subgroups. The numbers at the node represent the
bootstrap values.
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Although the function of majority of SCAN-Zinc finger proteins is obscure, certain
SCAN-Zinc finger proteins (ZNF274, Z{p369, and Zfp496) have been involved in the
transcriptional regulation of specific growth factors (Nerve growth factor: Neurotrophin
receptor interacting factor) and some of the auxiliary genes [alpha2(XI) collagen gene,
tyrosine hydroxylase gene, c-myb, myeloperoxidase, CD34, and LDOC1] associated with
cell differentiation and survival (Edelstein and Collins, 2005). Hence, ZSCAN4, which is
one of SCAN4-Zinc finger proteins is speculated to have a role in cell survival and
differentiation (Edelstein and Collins, 2005). Moreover, it is reported that half-life of
Zscan4 protein is about 6 hours in mouse ESCs (Storm et al., 2014) and about 8.3 hours in
cancer cells (Portney et al., 2018). It is reported that ZSCAN4 protein is degraded by
proteasomal-mediated ubiquitination at lysine 48 instead of autophagy (Portney et al.,
2018). Since ZSCAN4 expression is tightly regulated, this is crucial for maintenance of
optimal level of protein inside the cell and clearance from the cell after its degradation

(Portney et al., 2018).

In addition, the protein interacting partners of ZSCAN4 protein were analyzed using
STRINGv11 database (Szklarczyk et al., 2019), which is depicted in Fig. 1.5. A protein
essential for two-cell stage formation (Hendrickson et al., 2017), DUX4 was found to
interact with ZSCANA4. It was reported that ZSCAN4, MBD3L2, LEUTX are direct targets
of DUX4 (Oliva et al., 2019), and they were predicted to be interacting with one another.
Moreover, DUX4 also regulates PRAMEF1 and TRIM43 (Ferreboeuf et al., 2014), which
were also predicted to be interacting with ZSCAN4. The mouse ESCs express Zscan4 as a
transient burst from time to time, which is referred as Z4 event (Akiyama et al., 2015; Falco

etal., 2007). The gene TMEM92 is one of the genes reported to be upregulated specifically

TMEM92
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Fig. 1.5. Protein interacting partners of human ZSCAN4. The proteins that are
interacting or predicted to be interacting with human ZSCAN4 protein were obtained from
STRING vl11 database.

during this Z4 event (Akiyama et al., 2015), which is predicted to be interacting with
ZSCAN4. Furthermore, mass spectrometry data suggests that KDMI1A, a chromatin
repressing complex interacts directly with ZSCAN4, regulating certain areas of
heterochromatin (Akiyama et al., 2015). Apart from these proteins, experimental evidences
suggest that ZSCAN4 closely interacts with shelterin complex proteins, namely Trfl and
Rapl, which is speculated to be working together with ZSCAN4 in regulating telomere
length (Lee and Gollahon, 2014; Lee and Gollahon, 2015).

1.4.3 Role of ZSCAN4 in embryonic development and germ cells

Zscan4 is exclusively expressed at the late two-cell stage of preimplantation
embryos (Falco et al., 2007). Therefore, Zscan4 transcripts are absent in oocytes, fertilized
eggs, and in other preimplantation stages, indicating its high specificity and comparatively
short half-lives. Moreover, Zscan4 expression is not observed in blastocysts, such as inner
cell mass and early blastocyst outgrowth. Approximately, 90% of transcripts of the two-
cell stage of mouse embryos are Zscan4d. Additionally, Zhang and colleagues reported
expression of Zscan4 in 2-cell stage with a sharp spike in three-four cell stage of
preimplantation (Zhang et al., 2006). The expression of Zscan4 is almost none before two-
cell stage and after four-cell stage, once again proving a tight regulation in its expression
(Zhang et al., 2006). In humans and porcine models, ZSCAN4 is expressed in two-cell and
four-cell stage with sharp spike at the six-eight cell stage of embryos that is concurrent with

the major tide of zygotic genome activation (ZGA) (Li et al., 2023; Vassena et al., 2011).

As mentioned earlier, a study revealed that Zscan4 is expressed in ESCs (Falco et
al., 2007). The authors also showed that Zscan4 expression is absent in trophoblast stem
cells, neural stem/progenitor cells and embryonal carcinoma cells such as P19 and F9 cells
(Falco et al., 2007). Interestingly, apart from ESCs, a study showed that Zscan4 is expressed

in a tiny portion of pancreas of adult mice (Ko et al., 2013).

In mouse embryonic development, the two-cell stage is one of the most important
stages as the cell undergoes a drastic change in its epigenetic profile (Akiyama et al., 2015).

Furthermore, it coincides with ZGA, which is a transition event, where the maternally
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acquired transcripts are depleted and the zygotic genome gets activated through de novo
transcription (Falco et al., 2007; Hamatani et al., 2004). ZGA is one of the foremost and
vital events in the developmental stage of animals and major burst occurs solely in the late
two-cell stage (Hamatani et al., 2004). A multitude of studies were conducted for the
identification of novel genes that are expressed during ZGA and specifically during two-
cell stage (Eifla, U2afbp-rs, Hprt, Pdhal, Prps, Odc, Cox7c and Zscan4) (Falco et al.,
2007; Hamatani et al., 2004; Ko et al., 2000; Wang and Latham, 1997). Zscan4 was
identified to be one of the genes and is solely expressed during ZGA, indicating its utility
as a potential marker for ZGA studies (Falco et al., 2007). Beyond murine models, transient
ZSCAN4 expression has also been reported during ZGA in porcine parthenogenetic
embryos, suggesting a conservative role for ZSCAN4 in early embryogenesis (Li et al.,

2023).

To decipher the function of Zscan4 during implantation stage of embryonic
development, siRNA-mediated knockdown of Zscan4 was carried out. Knockdown
revealed a delay in progression from two-cell to four-cell stage (Fig. 1.6). After the transient
arrest, embryos attain the blastocyst stage. However, these blastocysts were functionally
abnormal, leading to failure in implantation or proliferation in blastocyst outgrowth culture
used for derivation of ESCs, pinpointing that Zscan4 is crucial for preimplantation
development (Falco et al., 2007). Further exploration of functional aspect of Zscan4
uncovered its role in protection against DNA damage. Loss of Zscan4 in mouse embryos
elevated DNA damage in these cells, demonstrating the crucial role of Zscan4 in DNA
damage response (Srinivasan et al., 2020). It was reported that Zscan4 helps in maintaining
the DNA stability by binding to (CA)./(TG). rich regions in the genome that are prone to
recombination and torsional strain during ZGA (Akiyama et al., 2024; Srinivasan et al.,
2020). The role of Zscan4 against DNA damage is evident not only in mouse ESCs
(Srinivasan et al., 2020; Tsai et al., 2023), but also in mouse iPSCs, which is discussed
elsewhere (Hirata et al., 2012; Jiang et al., 2013). Since the expression spike of ZSCAN4
in both mouse and human embryonic development coincides with ZGA, it is most likely
that the functionality of ZSCAN4 in maintaining DNA stability will be conserved in human

embryonic development as well.

Apart from mouse ESCs and during ZGA in embryonic development, there are

several reports stating the expression of Zscan4 in adult cells. In mice, it is reported that
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Zscan4 protein is expressed in adult germ cells (ovaries and testes). Also, it is reported that
Zscan4 expression was evident in spermatocytes and sertoli cells of testes, whereas, in

females, it was observed in the germinal vesicle stage of oocytes. Specifically, Zscan4 acts

Knockdown of Zscan4 delays this transition
Mouse Fertilized egg 2-cell stage
Human Fertilized egg 2-cell stage 4-cell stage 8-cell stage

Fig. 1.6. Expression of ZSCAN4 during embryonic development. In mouse, Zscan4 is
expressed at late 2-cell stage and is highlighted in orange. However, knockdown of Zscan4
delays the 2-cell stage to 4-cell stage transition. In case of humans, ZSCAN4 is expressed
at 4-8 cell stage and is absent in blastocysts.

as an essential regulator to maintain centromere integrity in mouse oocyte meiosis (Choi et
al., 2025). Thus, Zscan4 may have a pivotal role not only in the preimplantation stage of
embryos but also in germline formation (Ishiguro et al., 2017a). In the human (adult)
pancreas, a few ZSCAN4" cells are present in the islets of Langerhans, ducts, oval-shaped
cells (stellate cells), and acinar cells (Ko et al., 2013). During acute pancreatitis, ZSCAN4*
cells rises drastically but once inflammation ceases, the cells revert to normalcy (Ko et al.,

2013). This signifies, the expression of ZSCAN4 is tightly regulated universally.

1.4.4 Role of ZSCAN4 in ESCs

In mouse ESCs, Zscan4 exhibits a highly heterogeneous “spotted” (spot-in-colony)
pattern of expression (Carter et al., 2008). Moreover, Zscan4 is exclusively expressed in
only 5% of undifferentiated colonies of mouse ESCs (Falco et al., 2007). As previously
described, its expression is tightly regulated such that, on a daily basis, only 3% of ESCs
turned from being Zscan4™ to Zscan4”, while 47% of Zscan4™ ESCs attained Zscan4- state,

contributing to an overall of 5% of ESCs expressing Zscan4 at any given point of time
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(Zalzman et al., 2010). Furthermore, Zscan4d expression is switched off right after the late
two-cell stage, whereas Zscan4c and Zscan4f (to a little extent) expression is switched on
during blastocyst outgrowth culture. Thus, Zscan4 might be regarded as a vital player in
the derivation of ESCs (in vitro) from the inner cell mass (Carter et al., 2008; Falco et al.,
2007). Notably, all cells trigger Zscan4 expression at least once by the end of nine passages
(Carter et al., 2008; Falco et al., 2007).

Functionally, an important role of Zscan4 in ESCs is global derepression of both
constitutive and facultative heterochromatin (Fig. 1.7). As mentioned earlier, mouse ESCs
fluctuates between two transient states i.e. Zscan4 and Zscan4" and this alteration (Zscan4-
to Zscan4") causes immediate activation of heterochromatin derepression that eventually
leads to clustering of pericentromeric heterochromatin around the nucleolus (Akiyama et
al., 2015). Moreover, this transient outburst of transcription of Zscan4 also leads to
epigenetic changes involving histone modifications, especially elevated levels of H3K27ac
and reduced levels of DNA methylation, which in turn derepresses heterochromatin,
making it more accessible to perform transcription (Akiyama et al., 2015). Notably, Zscan4
forms complexes with both activating chromatin remodeling complexes such as SWI/SNF
and HATs, and repressing chromatin remodeling complexes such as LSD1/KDMIA,
HDACI1, HDAC2, and NuRD that synchronously come together on heterochromatin
(Akiyama et al., 2015; Ishiguro et al., 2017b). Formation of these multiprotein complexes
leads to rapid derepression and repression of heterochromatin. The above-mentioned,
transient expression of Zscan4 induces transcription of genes due to active conformation of
heterochromatin, which can be considered a usual part of mammalian development and
tissue homeostasis, but immediately revert to its silent conformation (Akiyama et al., 2015).
More importantly, some of these epigenetic changes that occurs due to the derepression of
heterochromatin are mostly harmful for the cells. So, the cells try to negate the epigenetic
changes affecting their survival. This better explains the reason behind the briefness of this
transition phase of ESCs and for not being in Zscan4" state for a prolonged period (Ko,
2016). Moreover, Zscan4 can also form complexes with KAP1, a central protein involved
in regulation of heterochromatin structure (Akiyama et al., 2015). Taken entirely, Zscan4”
cells continuously undergo chromatin remodeling and forming complexes with chromatin
remodelers / epigenetic modifiers. Thus, transient expression of Zscan4 is crucial for

epigenetic regulation of ESCs.

Page| 19
TH-4120 206106110



Chapter 1

Protein translation Self-renewal

ESCs
(ZSCAN4*)

Chromatin remodeling

Telomere elongation Cell survival

Fig. 1.7. Role of ZSCAN4 in ESCs. ZSCAN4 is expressed transiently in ESCs. It has
multidimensional roles such as repression of protein translation, elongation of telomere,
remodeling of chromatin structures, enhancing cell survival associated with DNA damage
and enhancing the self-renewal and pluripotency of ESCs.

Another critical role of Zscan4 is inhibition of global translation (Fig. 1.7). In two-
cell stage embryo, expression of eukaryotic translation initiation factor 1A (Eifla) was
increased with the increase in expression of Zscan4, and therefore ZSCAN4 was thought
to be involved in the process of translation (Hamatani et al., 2004; Wang et al., 2004; Zeng
et al., 2004). Interestingly, another study reported that it is not overexpression of Eifl/a but
Eifla-like genes, which is responsible for global repression of protein translation. Besides,
Eifla-like genes are highly expressed not only in two-cell stage embryos but also during
ZSCAN4" state of ESCs (Hung et al., 2013). Importantly, the suppression of protein
synthesis was observed in ZSCAN4" state of ESCs. This indicates that Eifla-like genes
and ZSCAN4 may play a role in global translation repression in ESCs.

A study reported that two-cell stage of mouse embryos express both MERVL
(murine endogenous retroviruses with leucine tRNA primer) and ZSCAN4 (Eckersley-
Maslin et al., 2016; Macfarlan et al., 2011). Similar scenario is also observed in case of
mouse ESCs. In MERVL*ZSCAN4" cells, demethylation of DNA occurs globally. As soon
as cells exit this transient phase, the methylation is restored. However, the genomic imprints

are lost, causing inhibition of translation of DNA methyltransferases (Dnmts). These
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studies emphasize that ZSCAN4 plays a vital role in the repression of global protein
synthesis. However, further exploration is required to completely understand the other
cellular and metabolic changes taking place during this process (Akiyama et al., 2015;
Eckersley-Maslin et al., 2016; Ishiuchi et al., 2015; Macfarlan et al., 2011). The role of
ZSCAN4 in DNA demethylation is reported in other models like porcine models as well
(Liet al., 2023).

ESCs have two remarkable characteristics, namely self-renewal and pluripotency
(Niwa, 2007). In ESCs, overexpression of Zscan4c enhances self-renewal. Also, Zscan4
activation is pivotal as ESCs tend to lose their ability of unlimited proliferation (Zalzman
et al., 2010). It is reported that ESCs regulates self-renewal via glycogen synthase kinase
(GSK) and Phosphatidylinositol 3-Kinase (PI3K) pathway (Bone et al., 2009; Paling et al.,
2004). In accordance with this, Zscan4 expression was enhanced with the inhibition of
GSK. Importantly, Zscan4 was recognized as a downstream target of PI3K. In addition,
P110a is a pivotal catalytic isoform of PI3K; and inhibition of P110a downregulates the
expression of Zscan4 (Kumpfmueller, 2011; Storm et al., 2014). Additionally, vitamin A
was reported to upregulate the expression of ZSCAN4 to increase self-renewal in mouse
ESCs, through the activation of PI3K/AKT cascade (Chen and Khillan, 2008; Chen and
Khillian, 2010; Sharova et al., 2016). All these data indicate that activation of PI3K cascade
can activate the expression of ZSCAN4 (Kumpfmueller, 2011; Storm et al., 2014). Zscan4c
also plays a crucial role in maintaining the pluripotency properties of ESCs. During the
long-term culturing of ESCs, the potential to develop into an embryo declines gradually
(Amano et al., 2013). Hence, rejuvenation of ESCs is required, which can be acquired by
manipulation of Zscan4 expression. In ESCs, the potential hike after repeated activation of
Zscan4 or exposure of Zscan4 protein increases Zscan4 ' state that eventually improves the
quality of ESCs (Amano et al., 2013). All these studies suggest that Zscan4 has a very
significant role in maintaining self-renewal and pluripotency property in mouse ESCs (Fig.

1.7).

One of the main reasons behind the transient expression of Zscan4 is that its
continuous expression will lead to hyper-recombination of telomeres, which will eventually
cause cellular senescence over time (Dan et al., 2014). In ESCs, Zscan4 is not only involved
in the stabilization of the genome but also in the elongation of telomeres (Zalzman et al.,

2010). Telomeres are heterochromatin structures with a repetitive stretch of 5'-TTAGGG-
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3' (in humans) and specific proteins that protect the chromosome ends from damage and
aging (Blasco, 2005). Appropriate length of telomere is indispensable for self-renewal and
pluripotency of ESCs (Dan et al., 2017; Dan et al., 2022). Zscan4" (transient) state of ESCs
is associated with rapid telomere extension by telomere recombination and upregulation of
genes that are unique for meiosis-specific homologous recombination. These genes are co-
localized with Zscan4 on telomeres. In ESCs, knockdown of Zscan4 causes shortening of
telomeres, increase in karyotypic abnormalities, spontaneous sister chromatid exchange
(SCE), and reduced cell proliferation, until cells reach senescence (Zalzman et al., 2010).
The impact of knockdown is observed gradually and ultimately leads to apoptosis and
depletion of cell proliferation after seven to eight passages. Alternative lengthening of
telomeres (ALTs) is an alternative mechanism for telomeres elongation, which is
independent of telomerase (Bryan et al., 1995), and depends solely on homologous
recombination (Bryan et al.,, 1997). It is reported that ZSCAN4 plays a vital role in
regulation of telomere length via ALT pathway (Dan et al., 2022). Activation of ALT
pathway has been observed in mouse ESCs following the deletion of TERC complex (Dan
et al., 2022). In these telomerase-deficient cells, significant upregulation of ZSCAN4 has
been reported, providing compelling evidence for its involvement in ALT mechanism to
regulate telomere length (Dan et al., 2022). Another study reported Ddbl- and Cul4-
associated factor 11 (Dcafl1) is required for activation of ZSCAN4 in early embryos and
ESCs (Le et al., 2021). Interestingly, Dcafll is involved in ALT-mediated telomere
lengthening (Le et al., 2021). Hence, ZSCAN4 plays a pivotal role in maintaining telomere
elongation, most likely through ALT-mediated pathway.

Furthermore, in mouse ESCs, Zscan4 inhibits DNA methylation at the global level
to promote telomere elongation (Dan et al., 2017). Furthermore, ZSCAN4 directly
represses Dnmtl and Uhrfl, which are major units of the DNA methylation complex.
Mechanistically, Zscan4 is required for recruitment of Dnmt1 and Uhrf1, and promotion of
degradation of both these components via ubiquitination pathway. Blockade of DNA
demethylation leads to prohibition of telomere elongation, which is directly linked to
expression of Zscan4 (Dan et al., 2017). As stated before, mouse ESCs undergo dramatic
epigenetic changes to regulate transient activation and repression of specific
heterochromatin regions, a process which might be inherent part of a unique mechanism
for the maintenance of genome stability (Akiyama et al., 2015). Hence, ZSCAN4 plays a

crucial role in telomere elongation and genome stability.
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Intriguingly, lengthening of telomeres by ZSCAN4 follows ALT mechanism,
which is independent of telomerase activity as mentioned earlier (Bryan et al., 1995). It is
reported that Zscan4 plays a pivotal role in the recruitment of other proteins (SPO11,
DMCI1, SMCI1p and TRF1) to chromatin to facilitate telomere recombination (Zalzman et
al., 2010). Furthermore, karyotypic abnormalities such as random chromosome fusions and
deletions were observed solely due to knockdown of Zscan4. In ESCs, Zscan4 decreases
the chances of non-telomeric SCE and inhibits spontaneous SCE (Zalzman et al., 2010).
Moreover, overexpression of Zscan4 induces homologous recombination of genes
associated with meiosis. Further, SPO11, an enzyme that facilitates double-strand DNA
breaks along with DMC1 (RecA homolog), which is a recombinase is requisite for meiotic
recombination (Keeney et al., 1997; Mahadevaiah et al., 2001; Reinholdt and Schimenti,
2005). It has been reported that Zscan4 foci together with SPO11 and DMCI are located
on telomeres. In addition, Zscan4 foci and SPO11 are co-localized in the G2 phase of the
cell cycle. Taken together, Zscan4 in ESCs cultures not only helps in inhibition of cell crisis

but also in maintenance of normal karyotype even after multiple cell divisions.

Similar to ESCs, parthenogenetic ESCs also showed telomere elongation with
increased expression of ZSCAN4. Parthenogenetic ESCs are generated from
parthenogenetically activated oocytes (Yin et al., 2014). On other hand, in mouse ESCs
cultures, feeders such as mouse embryonic fibroblasts (MEFs) promotes the expression of
Zscan4 by the production of Fstl and BMP4. Thus, indicating the role of feeders in the
maintenance of telomeres length and genomic stability and eventually self-renewal and

pluripotency of ESCs (Guo et al., 2018).

Under feeder-free milieu, mouse ESCs are expressing Zscan4 in the presence of
LIF and serum. However, ZSCAN4 expression drops drastically after the induction of
differentiation around day four. ZSCANI10 then regulates the expression of ZSCAN4 and
several other genes crucial for differentiation in ESCs (Zhang et al., 2006). Both ZSCAN4
and ZSCAN10 share a common domain and regulates pluripotency in both mouse and
human ESCs (Wang et al., 2007; Yu et al., 2009; Zhang et al., 2006). It is reported that
retinoic acid can induce differentiation and upregulate ZSCAN4 expression, which
contrasts with previous reports (Tagliaferri et al., 2016). Taken together, induction of

differentiation in ESCs culture can upregulate or downregulate the expression of Zscan4,
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depending on the treatment of differentiation-inducing agents, and requires further detailed

investigation.

The identification of interacting partners can be beneficial in deciphering the
function associated with ZSCAN4. Firstly, Lysine-specific histone demethylase 1A
(LSD1) plays a crucial role in maintaining the right balance of epigenetic profile as already
stated, thereby, enhancing the interaction between Zscan4 and other binding partners. Right
before telomere elongation, heterochromatic marks at telomeres are erased by LSD1 (Storm
et al., 2014; Wang et al., 2007). Also, C-terminal binding protein 2 (Ctbp2) interacts with
Zscan4 by the association of Ctbp PXDLS binding motifs that are well-established in
ZSCAN4 family and thus can act as a transcriptional repressor (Balasubramanian et al.,
2003; Storm et al., 2014; Wang et al., 2007). Lastly, Histidine triad nucleotide-binding
protein 1 (HTNT1) associates with Zscan4 and plays a crucial role in cell survival.
Oxidative stress and DNA-damaging agents upregulate the expression of Zscan4. Thus, the
interaction between HTNT1 and Zscan4 protects the cell from damage thereby increasing
cellular viability (Kumpfmueller, 2011). In ESCs, 7hx3 is also involved in upregulation of
ZSCAN4" state. Thus, both Tbx3 and Zscan4 are associated with self-renewal and telomere
maintenance in ESCs (Dan et al., 2013). Hence, Zscan4 is reported to interact with a
number of partners such as LSD1, Ctbp, HTNT1 and TBX3 for the maintenance of self-
renewal of ESCs and cell viability.

Interestingly, Zscan4 gene is a suitable candidate to be explored as its expression is
confined to a subpopulation of ESCs (Paduano et al., 2013). The expression pattern of
Zscan4 inside a stem cell colony is uneven and appears towards the center of the colony.
Furthermore, cells expressing Zscan4 tend to form clumps (Paduano et al., 2013). The cell
location and its pattern inside a colony can provide a hint for better interpretation of cell
differentiation, meta-stable profile of cells, and cell analysis helps to hypothesize biological
significance of cells exhibiting specific pluripotent-like features (Paduano et al., 2013).
Furthermore, this setup can be helpful to decipher the role of Zscan4 in the process of
morphogenesis. Thus, Zscan4 has various roles to play in ESCs, and more exploration is

required to attain a deeper understanding of its functionality.

Lastly, Zscan4 is also entailed in cell survival and response to DNA damage in
ESCs (Fig. 1.7). Reports suggests that ZSCAN4 interacts with PARP1 to promote the repair
of double stranded breaks (DSBs) via NHEJ pathway (Tsai et al., 2023). Addition of zeocin
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and cisplatin (DNA damage-inducing agents) are reported to increase the expression of
Zscan4 in a dose-dependent fashion (Storm et al., 2014). These two compounds are known
to induce double-stranded DNA breaks, leading to cell cycle arrest in G2/M. In addition to
this, expression of Zscan4 is increased in late S-phase/early G2 of the cell cycle, thereby
pinpointing a selective function for Zscan4 during the G2 checkpoint. Other similar studies
also show the involvement of ZSCAN4 in DNA damage response during meiotic
progression (Choi et al., 2025). Altogether, Zscan4 responds to DNA damage of ESCs and

aids in the cell survival.

1.4.5 Role of ZSCAN4 in iPSCs

Studies have reported that ZSCAN4 has a crucial role in reprogramming and
maintenance of iPSCs (Fig. 1.8). Similar to ESCs, ZSCAN4 is involved in stabilizing and
maintaining length of telomeres in iPSCs (Wang et al., 2012). As mentioned earlier,
telomere is a short, repeating DNA sequence at the end of each chromosome having a
sequence of 5’-TTAGGG-3’ (in humans) (Blasco, 2005). The telomere helps in
chromosomal stability and prevents the ends of chromosome from fusing together (De
Lange, 2009). Moreover, the telomere shortens with each replicative cycle because of the
semi-conservative mechanism of replication (Nandakumar and Cech, 2013). As the
telomeres shortens, the cells proceed towards senescence. Since stem cells have the ability
to self-renew indefinitely, their telomere length has to be regulated (Hiyama and Hiyama,
2007). Primarily, in iPSCs, the length of telomeres is regulated either by telomerase-
dependent or -independent mechanism (Allsopp, 2012). The telomerase is a
ribonucleoprotein that has two functional components, namely telomerase reverse
transcriptase (tert) and telomerase RNA component (terc) (Lingner et al., 1997; Palm and
De Lange, 2008). The telomerase-independent mechanism is called alternate lengthening
of telomere, which involves recombination (Cesare and Reddel, 2010). The transcription
factor ZSCAN4 is reported to be one of the members involved in ALT mechanism of
telomere elongation (Wang et al., 2012; Zalzman et al., 2010). ZSCAN4 regulates the
telomere by a recombination mechanism called telomere sister chromatid exchange (T-
SCE) (Wang et al., 2012; Zalzman et al., 2010). Studies show that telomerase is dispensable
for reprogramming but is essential for maintenance of iPSCs (Fu et al., 2018; Wang et al.,
2012). In accordance to this, even in the absence of telomerase, fibroblasts were
reprogrammed to iPSCs successfully, with pluripotency characteristics (Wang et al., 2012).

Interestingly, in the absence of telomerase, the expression of ZSCAN4 was upregulated in
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iPSCs, indicating that the ALT mechanism was activated to regulate telomeres (Wang et
al., 2012). This activation of ZSCAN4 for telomere regulation can also be achieved by
crotonylation of histones (Fu et al., 2018), or by Dcafl1 as mentioned earlier (Le et al.,
2021), which further improves the quality of iPSCs. Moreover, knockdown of both
telomerase and ZSCAN4 in iPSCs resulted in shorter telomere length, with increasing
passages compared to wild-type iPSCs (Wang et al., 2012). This telomere recombination
by ZSCAN4 requires relatively relaxed chromatin and global DNA demethylation
(Eckersley-Maslin et al., 2016; Wang et al., 2012). Similar to mouse ESCs, in case of
reprogramming also, the global DNA demethylation is brought about by downregulation
of Dnmts by activation of ZSCAN4 along with MERVL transcriptional network
(Eckersley-Maslin et al., 2016; Wang et al., 2012). Moreover, studies show that ZSCAN4
interacts with Tet2 (a protein belonging to TET family) and promotes DNA demethylation,
thereby increasing ZSCAN4-mediated T-SCE (Cheng et al., 2020; Lu et al., 2014). This
ZSCAN4-Tet2 interaction is also found to be regulating proteasome activity and cellular
metabolic machinery, shifting from oxidative phosphorylation to glycolysis, which is
crucial for somatic cell reprogramming to iPSCs (Cheng et al., 2020; Panopoulos et al.,

2012).
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Fig. 1.8. Role of ZSCAN4 in iPSCs. Enumerating the advantages of inclusion of ZSCAN4
in the reprogramming cocktail to generate iPSCs. Inclusion of ZSCAN4 along with core
reprogramming factors results in enhanced efficiency of reprogramming, fewer single
nucleotide polymorphisms in resulting iPSCs.
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Another significant role of ZSCAN4 is enhancing the efficiency of reprogramming
of iPSCs. Studies show that inclusion of ZSCAN4 in the reprogramming cocktail along
with Yamanaka factors (OSKM), enhanced the reprogramming efficiency significantly
(Hirata et al., 2012; Jiang et al., 2013). Also, treatment of MEFs with cell extracts of mouse
ESCs overexpressing ZSCAN4 enhanced the efficiency of the reprogramming (Kwon et
al., 2015). Moreover, the addition of ZSCAN4 along with OSKM lead to increased genome
stability, longer telomeres, better karyotypes, and quality iPSCs, as deduced by tetraploid
complementation assays (TCA) compared to OSKM-mediated iPSCs (Hirata et al., 2012;
Jiang et al., 2013). Also, fewer single nucleotide variations were reported in iPSCs when

ZSCAN4 was included in the reprogramming cocktail (Su et al., 2013).

Telomere regulation is fairly important to generate quality iPSCs that gives higher
percentage of live born pups in TCA. Telomerase-dependent regulation mechanism is
slower and requires a large number of cell divisions (Siegl-Cachedenier et al., 2007).
Inclusion of ZSCAN4 enhances the quality of iPSCs by regulating telomere length rapidly
and giving rise to higher percentage of live born pups in TCA (Jiang et al., 2013).
Furthermore, during OSKM-mediated reprogramming, the expression of ZSCAN4 is
observed in a fraction of cells only during the later stages of reprogramming (Hirata et al.,
2012; Jiang et al., 2013). In contrast to other factors that requires 8-10 days of forced
expression, expression of ZSCAN4 is only required during the initial stages of
reprogramming (first 4 or 7 days) to generate iPSC colonies efficiently (Hirata et al., 2012).
This activation of ZSCAN4 can also be brought about by inclusion of small molecules in
the reprogramming cocktail (Park et al., 2015). The oncogenic factor c-MYC, in Yamanaka
cocktail can be replaced with ZSCAN4, without compromising the reprogramming
efficiency (Hirata et al., 2012). Moreover, the inclusion of ZSCAN4 activated early
embryonic genes, namely Pramel6, Trim43a, Trim43b, Tcstvl and many more during
reprogramming (Hirata et al., 2012). For this tight regulation to be possible, an efficient
regulatory system is essential both at gene and protein level. At gene level, ZSCAN4 is
negatively regulated by Rifl (Dan et al., 2014) and at protein level by E3 ubiquitin ligase
RNF20 (Portney et al., 2018). Thus, ZSCAN4 assists in telomere regulation in a
telomerase-independent manner and also helps in the generation of quality, genetically

stable iPSCs during reprogramming with high efficiency.
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1.4.6 Role of ZSCAN4 in Cancer

The role of ZSCAN4 in maintaining telomeres, which paves way for the indefinite
self-renewal capability of stem cells is emphasized in earlier sections. Cancer cells are also
similar to stem cells in this aspect. Therefore, shortly after the role of ZSCAN4 was
identified, researchers were keen to deduce its role in the immortality of cancer cells.
Various functions of ZSCAN4 in cancer are depicted in Fig. 1.9. The first study in 2014
studied the expression of ZSCAN4 in telomerase positive and ALT pathway cancer cells
and found out that ZSCAN4, indeed, has a role in telomere maintenance of cancer cells in
a telomerase-independent manner (Lee and Gollahon, 2014). It has been further confirmed
that ZSCAN4 has a pivotal role to play in lengthening of telomere in non-seminoma
testicular germ cell tumors (Sun et al., 2019), most likely through an indirect interaction
with TERF1 (Lee and Gollahon, 2015). Moreover, it has been found that ZSCAN4 interacts
with two of the shelterin complexes, Rapl and Trfl, to perform this function (Lee and
Gollahon, 2014; Lee and Gollahon, 2015). The shelterin complex is a six-subunit complex
protein that plays a significant role in telomere maintenance (De Lange, 2009).
Furthermore, it has been found that the expression of ZSCAN4 is upregulated in response

to DNA damage induced by genotoxic chemotherapeutic drugs in cancer cells

.

e
)
"E v‘é’ \\.-/',

Telomere length \ 2N ’ / Promotion of
regulation by interaction l" \ ‘,14\’ N A spheroid formation
with Rap1 N 1 ‘ (;yr/\ ’ in cancer stem cells
‘.‘-.i %‘.,;ﬁf‘ '
L ¥ )
\m“p, \7

N Role of ZSCAN4

e i
;iw@’\;’g"" ] in cancer :é :
¥ /

Telomere length
regulation by direct
interaction with Trf1

Regulation of DNA
damage response

Fig. 1.9. Role of ZSCAN4 in cancer. Demonstration of various roles of ZSCAN4 in cancer
cells. ZSCAN4 is involved in regulating telomere length in case of cancer by interaction
with two of the shelterin complexes trfl and rap1. Apart from this, ZSCAN4 is also reported
to enhance spheroid formation in a cancer stem cell and regulates DNA damage response
(The three-dimensional structures of Trfl, Rapl and ZSCAN4 shown in the figure are
obtained from Alphafold database).
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(Zhang et al., 2018). This upregulation is also essential for sustaining senescence-
associated secretory phenotype, which does not favor long term survival of cancer patients
(Zhang et al., 2018). On top of all these, ZSCAN4 alters the epigenetic state and facilitates
chromatin remodeling in cancer stem cells (CSCs) to promote CSC phenotype (Portney et
al., 2020). Also, it enables spheroid formation of CSCs and enhances expression of some
of the CSC (BMI1 and CD44) markers, enumerating the usage of ZSCAN4 as a potential
marker for CSCs (Portney et al., 2020). Moreover, ZSCAN4 also enhances expression of
certain pluripotency-associated genes in cancer cells, namely OCT4, SOX2, KLF4, and
NANOG, by facilitating a functional histone hyperacetylation of histone H3 (Portney et al.,
2020). All these studies suggest that ZSCAN4 has a prominent role in maintaining the

tumorigenic population of CSCs and can be a likely therapeutic target in cancer.

The multifaceted regulatory role of ZSCAN4 is extensively studied in murine
models and malignant cancer cell lines as discussed in very detail in chapter 1. Extensive
literature suggests that ZSCAN4 vital roles in the regulation of transcription, translational
inhibition, chromatin remodeling, reprogramming enhancer, pluripotency preservation,
telomeres maintenance, genomic stabilization, cell differentiation, and survival in stem
cells. Despite its proven efficacy as a reprogramming enhancer in mouse systems,
specifically in generating genomically stable iPSCs, there is a notable absence of data
regarding ZSCAN4 in human reprogramming or human iPSCs. One of the major
roadblocks to clinical translation of iPSCs is the genomic instabilities associated with them.
Given that ZSCAN4 mitigates these instabilities in murine models, it represents a high-
priority candidate for investigating similar or potentially superior roles in human cells. To
elucidate the functional necessity of ZSCAN4 in human systems, loss-of-function analysis
is required. Precise genome editing serves as an efficient tool for the definitive correlation
between a gene and its phenotypic and genotypic output. Therefore, this study utilizes the
CRISPR-Cas9 genome editing toolbox to generate homozygous ZSCAN4 knockout human
cells, specifically human iPSCs. This approach aims to provide a comprehensive
understanding of the vital role of the gene in human cellular homeostasis and

reprogramming efficiency.
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1.5 Genome editing

Genome editing is a powerful technique that gained popularity after the advent of
nuclease-based, target-specific genome editing methods. Traditionally, targeted gene
inactivation or modification was achieved through homologous recombination. However,
its low efficiency limited its practical application (Gaj et al., 2013). Eventually, the idea of
introducing double strand breaks (DSBs) in the genome using targeted nucleases emerged,
enabling more efficient and precise genome modification (Gaj et al., 2013; Kim et al.,
2009). Once a DSB is introduced in the genome, cell’s machinery activates the DNA
damage response (DDR) to repair the DSB using one of the two pathways, namely
homology directed repair (HDR) or non-homologous end joining (NHEJ) (Fig. 1.10). The
HDR pathway leverages the sister chromatid as a repair template to facilitate highly precise
and intentional genomic modifications (Yang et al., 2020). In laboratory settings, a donor
plasmid is provided having the insert of interest flanked by specific left and right
homologous arms is required (Fig. 1.10), which will be inserted in the target site where
DSB was made (Gaj et al., 2013; Kim et al., 2009). This is called gene insertion, and it has
wider range of applications in genome editing (Kim et al., 2009; Yang et al., 2020). NHEJ
is an error prone pathway that seals the repair by joining the ends with little or no homology,
leading to insertions or deletions (Fig. 1.10) (Kim et al., 2009; Yang et al., 2020). This is
called gene inactivation or gene knockout (Kim et al., 2009). It is reported that frequency
of HDR pathway is very low in comparison to NHEJ pathway. Moreover, in case of a DSB,
mammalian cells prefer NHEJ pathway to repair the DSB over HDR pathway (Yang et al.,
2020). This is because, NHEJ pathway is active throughout the cell cycle except in mitosis
in contrast to HDR pathway whose activity is restricted only during S/G2 phase. Further
repairing the DSB via NHEJ pathway is quicker than the HDR pathway (Yang et al., 2020).

In order to study and understand the vitality of a gene present in an organism, it is
permanently eliminated or inactivated using the above-mentioned nuclease-based genome
editing methods. There are various established methods of these nuclease-based genome
editing methods that are both specific to the target and efficient. Among the many methods,
three widely used and explored methods are Transcription Activator-Like Effector
Nucleases (TALENS), Zinc Finger Nucleases (ZFNs), and Clustered Regularly Interspaced
Short Palindromic Repeats - CRISPR associated protein 9 (CRISPR-Cas9).
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Fig. 1.10. Schematic depicting CRISPR/Cas9 toolbox. The schematic showing assembly
of sgRNA and Cas9 nuclease to induce a double stranded break at the target locus.

1.5.1 Zinc Finger Nucleases

ZFNs are artificial, programmable nucleases that can be used to modify the region
of interest in the genome (Miller et al., 2007; Urnov et al., 2005). ZFNs has two different
components that aid in its specific, targeted activity. Firstly, it has a zinc-finger protein
consisting of a C2H2 zinc finger DNA binding domain, which binds to the specific target
region in the genome. Secondly, it has a nuclease domain of FoklI restriction enzyme, which
introduces a double stranded break in the target region (Ochiai and Yamamoto, 2017). Fokl
must dimerize for its nuclease activity. Therefore, two ZFN monomers are required to
perform the target specific nuclease activity (Kim et al., 2009). Each zinc finger can
recognize and bind to a 3-bp sequence in the major groove of the DNA making its activity
specific (Gaj et al., 2013; Khan, 2019; Ochiai and Yamamoto, 2017). Generally, three to
six zinc fingers are used identify and bind to a target region of 9 to 18 bp (Gaj et al., 2013;
Kim et al., 2009). Although ZFNs can target the specific region in the genome with high
specificity (Gaj et al., 2013; Kim et al., 2009), there are certain disadvantages associated
with this technique. As mentioned earlier, Zinc fingers can recognize only a 3-bp sequence,
limiting its suitability to target any region in the genome (Kim et al., 2009). Further,
designing of ZFNs for a particular target area required an extensive screening process that
is both time consuming and costly. Moreover, off-target effect of ZFNs is a major concern
leading to unwanted modifications in regions other than the target region (Kim et al., 2009).
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1.5.2 Transcription Activator-Like Effector Nucleases

Another widely used method to modify the genome is TALENs. TALENS are very
much similar to ZFNs where it contains a DNA-binding protein domain derived from a
plant pathogenic Xanthomonas species and the nuclease domain of Fokl enzyme (Gaj et
al., 2013; Kim et al., 2009). TALEs are naturally occurring proteins, which are composed
of repetitive arrays of 33 to 35 amino acids. The amino acid present in 12" and 13" position
in each repeat can recognize and bind to a specific nucleotide (Kim et al., 2009). These two
amino acids are called repeat-variable di-residues (RVDs) (Gaj et al., 2013). By modifying
these RVDs to different combinations, all the four nucleotides can be targeted, making the
TALENS specific to the target of interest (Gaj et al., 2013; Kim et al., 2009). Four RVDs,
namely Asn-Ile, Asn-Gly, Asn-Asn, His-Asp can target the four nucleotides adenine,
thymine, guanine, cytosine, respectively (Kim et al., 2009). Although TALENs are an
efficient, highly specific genome editing method, there some limitations associated with
them. To enhance the specificity of the TALENSs, upto 20 tandem TALESs are constructed
that can recognize and bind to a 20 bp target region (Kim et al., 2009). The designing and
construction of DNA sequences that code for these TALEs is a labor intensive and costly
process. Further, all the 20 repeats of TALEs will have a similar, homologous DNA coding
sequence, which tends to recombine with each other in the cells (Kim et al., 2009).
Moreover, there is a requirement of the presence of thymine at the 5’ end of the target
region for the TALENS to bind that makes it applicability limited (Gaj et al., 2013; Kim et
al., 2009).

1.5.3 Clustered Regularly Interspaced Short Palindromic Repeats - CRISPR associated
protein 9

CRISPR-Cas9 is an RNA-based genome editing method that gained traction after the
revolutionary study published in 2012 (Jinek et al., 2012). The CRISPR-Cas9 system is
adapted from adaptive immunity of lower prokaryotes like bacteria and archaea. Briefly,
whenever a specific bacterium encounters a foreign DNA like plasmid or invading phages,
it fragments the foreign DNA or the genetic material from the phages and inserts these short
fragments in their own genome. These small fragments are inserted in a region in the
genome called CRISPR array, which contains identical direct repeats, and the fragments
are inserted in between these repeats that are called as spacers (Barrangou et al., 2007;
Doudna and Charpentier, 2014; Jinek et al., 2012). These spacer regions are novel, highly

conserved regions in phages’ genome that serves as a memory in adaptive immunity for
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future phage attacks (Jinek et al., 2012). This phase is regarded as the adaptation phase.
Subsequently, the spacer regions are transcribed within the bacteria to generate precursor
CRISPR RNA (pre-crRNA) that are then processed to generate CRISPR RNAs (crRNAs).
This processing of pre-crRNA to crRNA is triggered by trans-activating crRNA (tracrRNA)
that is complementary to the pre-crRNA. The mature crRNA and tracrRNA forms a
complex by base pairing with each other (Fig. 1.11) and this dual RNA complex is essential
for the recruiting and activating the nuclease (Doudna and Charpentier, 2014; Gaj et al.,
2013; Jinek et al., 2012). This phase is called the expression and processing phase, and it
is specific for Type II CRISPR/Cas systems. Other types of CRISPR/Cas system adapt
different mechanisms (Jinek et al., 2012). Third and final phase is called the interference
phase where the invading phage or foreign DNA is cleaved with the help of the recruited
nuclease (Gaj et al., 2013; Jinek et al., 2012). The crRNA-tracrRNA complex then
associates itself with Cas9 nuclease. This whole complex then searches for the foreign
DNA or phage genome, which is complementary to the crRNA (Jinek et al., 2012). Once
complementary region for the crRNA is identified, Cas9 nuclease makes a DSB in the target
exactly 3 bps upstream of a site called protospacer adjacent motif (PAM) (Doudna and
Charpentier, 2014; Gaj et al., 2013; Jinek et al., 2012). PAM is the site present adjacent to
the protospacer in the target DNA, which is the complementary region to the crRNA. PAM
site is very crucial for the recognition and binding of the crRNA-tracrRNA-Cas9 complex.
In Streptococcus pyogenes, the PAM is a 5° NGG 3’ consensus sequence, and Cas9
introduces a double-stranded break (DSB) approximately 3 base pairs upstream PAM
sequence (Gaj et al., 2013; Jinek et al., 2012). This target sequence-specific activity of the
RNA-nuclease complex protects the bacteria from foreign DNA and the invading phages
by integrating a fragment of foreign DNA or phage genome in its own genome creating a
memory effect for future. This is very much similar to adaptive immune system in

mammals.
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CRISPR/Cas9
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Fig. 1.11. Illustration of repair of double stranded breaks. The DSB induced by
CRISPR/Cas9 toolbox is being repaired via one of the two DNA repair pathways, non-
homologous end joining or homology-directed repair, which requires a donor DNA.

1.6 Research gap

The regulatory capacity of ZSCAN4 in the generation and maintenance of mouse
iPSCs is partially elucidated. But, in case of human iPSCs, its functional role remains
uncharacterized. Given the robust data highlighting the potential of ZSCAN4 in mouse
ESCs and early reports in mouse iPSC generation, bridging this gap for human iPSCs is the
utmost need of the hour. Hence, this study aims to delineate the role of human ZSCAN4 in
iPSC maintenance. Primary focus of this thesis is to investigate whether human ZSCAN4
maintains functional conservation with mouse ZSCAN4 in the generation of iPSCs,
specifically seeking to define the exact molecular mechanism involved. To provide a
comprehensive analysis of ZSCAN4, we have adopted a dual-pronged experimental
strategy. Firstly, we have generated recombinant human ZSCAN4 protein, which can be
utilized in time- and dose-dependent manner for reprogramming human fibroblasts to
generate human iPSCs. This will aid in monitoring its impact on the kinetics and efficiency
of the reprogramming process. Also, this approach avoids the risks of genomic integration
associated with the viral vectors while providing insights into the direct role of protein in
human iPSC generation. Secondly, a loss-of-function analysis using CRISPR-Cas9 genome

editing toolbox. By functionally inactivating ZSCAN4 gene, we can deduce its essentiality
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for genomic stability and self-renewal in human iPSCs. Based on the literature review and

the research gap, we have designed the objectives for this thesis as follows.
1.7 Objectives

e Generation of cell permeant recombinant human ZSCAN4 fusion protein
e Generation and characterization of human iPSC line

e Knockout of human ZSCAN4 gene using CRISPR-Cas9 toolbox

e Characterization of ZSCAN4 knockout iPSCs
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Generation of cell permeant recombinant human ZSCAN4

fusion protein
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Overview

ZSCAN4 is a transcription factor essential for early embryonic development and telomere
length regulation in pluripotent stem cells (PSCs), where it supports self-renewal and
genomic stability. Incorporation of this factor into the transcriptional cocktail for mouse
induced Pluripotent Stem Cell (iPSC) reprogramming has been shown to enhance
reprogramming efficiency, maintain genomic stability, and induce cancer stem cell-like
phenotypes. However, a better understanding of the role of ZSCAN4 in iPSCs and cancer
cells is essential. Our study aims in the generation of purified recombinant human ZSCAN4
protein having cell-permeant ability, to prospectively be used for biological applications in
a time- and dose-dependent manner. The recombinant ZSCAN4 fusion protein was
produced in Escherichia coli (E. coli), and purified under native purification conditions.
Additionally, two truncated ZSCAN4 functionally impaired variants, lacking key domains,
were generated as putative negative controls. Subsequently, the characterization of purified
ZSCAN4 proteins using Western blotting and Circular Dichroism (CD) spectroscopy was
performed. Additionally, the influence of various factors like storage buffer, temperature,
and the presence of animal-derived products like fetal bovine serum, on the stability and
solubility of the purified ZSCAN4 protein was carried out. In addition, we have validated
the transduction ability of the purified proteins in mammalian cells using
immunofluorescence. This purified recombinant ZSCAN4 protein toolbox with
transduction ability enables prospective systematic investigation of its functions in
telomere regulation, cell proliferation, stem cell generation and maintenance, and genome

stability, offering insights into both stem cell biology and cancer research.
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2.1 Introduction

The transcription factor Zinc and SCAN domain containing 4 (ZSCAN4) is
recognized as a pivotal factor exerting multifaceted roles across crucial biological
processes, including early embryonic development, generation, and maintenance of
pluripotent stem cells, and cancer stem cells. ZSCAN4 exhibits an extremely tight and
temporally restricted expression pattern during early embryogenesis. In mice, it is reported
to be exclusively expressed in the two-cell stage (Falco et al., 2007), while human
embryonic development shows ZSCAN4 expression in the four to eight cell stage (Vassena
et al., 2011). This transient, highly regulated expression profile highlights its critical,
developmental-stage-specific function. Within embryonic stem cells (ESCs), ZSCAN4
expression remains confined to approximately 5% of the cell population at any given time
in culture (Zalzman et al., 2010). The inclusion of ZSCAN4 during the reprogramming of
mouse fibroblasts to iPSCs has shown to yield considerable benefits. ZSCAN4 not only
enhanced reprogramming efficiency drastically but also was instrumental in ensuring the
genomic stability of the resulting iPSCs, significantly reducing the occurrence of single
nucleotide polymorphisms (SNPs) (Hirata et al., 2012; Jiang et al., 2013). One of the key
functions of ZSCAN4 lies in telomere length maintenance, a process critical for the
indefinite self-renewal characteristic of PSCs and cancer cells. ZSCAN4 is identified as
one of the key players in regulating telomere length via telomerase independent pathway,
also known as alternate lengthening of telomeres (ALT) (Wang et al., 2012; Zalzman et al.,
2010). Functional studies have shown that knockdown of ZSCAN4 led to telomere
shortening in ESCs. Furthermore, ZSCAN4 contributed to the maintenance of cancer stem
cell phenotype (Portney et al., 2020). Mechanistically, ZSCAN4 has been observed to
interact with components of the shelterin complex, the primary protein machinery at the
telomeres (Lee and Gollahon, 2014; Lee and Gollahon, 2015). Previous reports strongly
suggested that ZSCAN4 interacted with these shelterin complex proteins through direct or
indirect modulation (Lee and Gollahon, 2014; Lee and Gollahon, 2015).

The production of recombinant proteins has profoundly advanced biotechnology,
yielding numerous biologically active proteins for various biological applications
(Borgohain et al., 2018). Recombinant proteins offer a highly valuable and safe approach
for applications like cell reprogramming and cancer therapy, as the purified protein can be

directly delivered to target cells in a time- and dose-dependent manner without any
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modification to the genome (Borgohain et al., 2019; O’Malley et al., 2009; Sommer and
Mostoslavsky, 2013). However, attaining highly pure, stable protein remains a challenge
due to certain hurdles in heterologous expression. Given the significant roles of ZSCAN4
in development, pluripotency, and telomere biology, an in-depth understanding of the
mechanism of action of ZSCAN4 is essential. Therefore, the primary goal of this chapter
is to overcome the existing hurdles in heterologous expression and establish an optimized
protocol for generating highly pure, stable recombinant ZSCAN4 protein, and its necessary
negative controls. Prospectively, this purified ZSCAN4 protein toolbox will be utilized to

precisely investigate the mechanistic role of ZSCAN4 in key cellular processes.

2.2 Materials and Methods

2.2.1 Cloning and confirmation of recombinant constructs

The coding sequence of human ZSCAN4 was obtained from the NCBI RefSeq
database (NM_152677.2). This sequence was codon-optimized using GeneOptimizer web
server, and the optimization was analyzed using GenScript Rare Codon Analysis (GRCA)
and Graphical Codon Usage Analyzer 2.0 (GCUA) in silico tools for maximal translational
efficiency in Escherichia coli (E. coli). Three distinct codon-optimized fusion tags, namely
nuclear localization sequence (N), transactivator of transcription (T), and octa-histidine
(H), were fused to either the 5’ or the 3’ end of the optimized sequence to generate two
different fusion gene constructs, namely HTN-ZSCAN4 and ZSCAN4-NTH. Furthermore,
two more constructs were designed by deleting two important domains in ZSCAN4 protein.
The constructs, HTN-ZSCAN4-ADB, in which the DNA binding domain is deleted with
tags on the 5’ end, and HTN-ZSCAN4-ASD, in which the SCAN domain is deleted with
tags on the 5 end, were generated. All these fusion gene constructs were synthesized by
GenScript Biotech Corporation, Nanjing, China. Subsequently, the synthesized constructs
were cloned in pET28a(+) expression vector. The cloning was confirmed using restriction
digestion, and the integrity of the cloned sequences were verified by Sanger sequencing

(Eurofins Genomics India Pvt. Ltd., Karnataka, India).

2.2.2 Soluble expression analysis

The total and soluble expression levels of the fusion proteins were analyzed. The
expression of fusion proteins was induced in small culture volumes at an ODggo of ~0.5
using 0.25 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and incubation at 37 °C for
2 h. Subsequently, the cell pellets were harvested, resuspended in resuspension buffer,
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lysed using ultrasonication, and the lysates were clarified by centrifuging at 10,000 rpm for
30 mins at 4 °C to separate out the soluble fraction from the insoluble fraction. All these

samples were further analyzed using SDS-PAGE and Western blotting.

To maximize the amount of soluble expression, expression parameters such as cell
density during induction, inducer concentration, post induction incubation temperature and
time were comprehensively screened and optimized. The different values screened for these

parameters are given in Table 2.1.

Table 2.1. List of expression parameters screened, along with the values screened for each

parameter.
Expression parameters Values screened
Inducer concentration (mM) 0.05, 0.1, 0.25, 0.5
Cell density during induction (ODeoo) ~0.5,~1.0,~1.5
Post-induction incubation time (h) 2,4,6,8
Post-induction incubation temperature (°C) | 37, 18

2.2.3 Purification of recombinant proteins

The purification of these recombinant fusion proteins was performed using
immobilized metal ion affinity chromatography. Using the optimized expression
parameters, the expression was induced, the cells were lysed, and the soluble fraction was
separated. The soluble fraction was incubated with Ni-NTA resin (Bio-Rad) overnight.
Subsequently, the column was washed sequentially with three different wash buffers
having increasing concentrations of imidazole. Finally, the protein was eluted using the
elution buffer. The samples collected during purification were analyzed using SDS-PAGE
and Western blotting. The eluted proteins were desalted to remove the salts and imidazole
using PD-10 desalting columns (Cytiva). The desalted proteins were aliquoted, flash frozen
using liquid nitrogen and were stored in -80 °C until further use. The composition of buffers

used in purification are given in Table 2.2.
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Table 2.2. Composition of the buffers used in purification.

Buffers (pH 7.0) Phosphate Glycerol Sodium | Imidazole
Buffer (PB) chloride
Resuspension buffer 20 mM 20% 450 mM 40 mM
Wash buffer [ 20 mM - 450 mM 100 mM
Wash buffer II 20 mM - 450 mM | 200 mM
Wash buffer II1 20 mM - 450 mM | 300 mM
Elution buffer 20 mM 20% 450 mM | 1000 mM

2.2.4 SDS-PAGE and Western blotting
Protein concentrations were measured using Bradford assay (Bradford reagent; Bio-
Rad) using bovine serum albumin (BSA; HiMedia) as a standard. The absorbance values

were measured using a multi-plate reader (Multiskan GO, Thermo Scientific).

For Coomassie staining, the samples were resolved in 12% SDS-polyacrylamide
gel. Subsequently, the gels were fixed using gel fixing solution [50% ethanol (Merck
Millipore), 10% glacial acetic acid (Merck Millipore) in deionized water] for 1 h, washed
using gel washing solution [50% methanol (Merck Millipore), 10% glacial acetic acid
(Merck Millipore) in deionized water] for 1 h. Then, the gels were stained using Coomassie
brilliant blue G-250 (Merck Millipore; 0.4% in gel washing solution) for 10 mins, destained
using gel washing solution for 30 mins, and the gels were imaged using the ChemiDoc

XRS+ system (Bio-Rad).

For Western blotting, the proteins resolved in the polyacrylamide gel were electro-
transferred to nitrocellulose membrane (Bio-Rad) using the Trans Blot Turbo system (Bio-
Rad). After transfer, the membrane was washed using 1X Tris-buffered saline (TBS), and
the transfer was confirmed using Ponceau S staining (HiMedia). After washing the
membrane with 1X TBS, it was blocked using 5% skimmed milk in 1X TBST (0.1%
Tween-20 in 1X TBS), incubated with respective primary antibody (Table S3) diluted in
5% BSA in 1X TBST overnight at 4 °C. Next, the membrane was incubated with
corresponding HRP-conjugated secondary antibody (Table S3) diluted in 5% skimmed
milk in 1X TBST for 1 h at room temperature. Finally, the blot was developed using
enhanced chemiluminescence substrate (Bio-Rad) and imaged using the ChemiDoc XRS+

system (Bio-Rad).
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2.2.5 Characterization of purified proteins

Next, the purified proteins were verified for their identity using Western blot with
a-ZSCAN4 antibody (Novus Biologicals). Further, the secondary structure of the purified
protein was characterized using far-UV CD spectroscopy in J-1500 spectropolarimeter
(Jasco, Japan). The spectrum was obtained as an average of 5 accumulations from 190 nm
to 250 nm, using a | mm quartz cuvette at a scan rate of 100 nm/min with a data integration
time of 1 s. The buffer in which protein was eluted (20 mM PB) was used for blank
subtraction. The obtained spectrum was normalized using the molarity of the purified
protein to yield delta epsilon (Ag) values. A graph was plotted with wavelength on the x-

axis and A€ on the y-axis using GraphPad Prism 8 software.

2.2.6 Stability of the purified recombinant protein

The stability of the purified protein was investigated under standard cell culture
conditions. The purified protein was diluted to a final concentration of 400 nM in the
appropriate cell culture media according to experimental requirement. The prepared protein
transduction media was incubated at 37 °C in the presence of 5% CO; in a humidified
atmosphere. The samples were collected at different time points and were analyzed using

Western blotting.

2.2.7 Cell culture

The MDA-MB-231 cancer cells were procured from NCCS Pune, India. The cells
were cultured in growth media containing DMEM (GIBCO) supplemented with 10% fetal
bovine serum (FBS; GIBCO) and 1% antibiotic-antimycotic solution (GIBCO). The cells
were cultured until 80-90% confluency and then passaged using Trypsin-EDTA solution
(GIBCO) at a split ratio of 1:5. The cells were seeded according to experimental

requirements.

2.2.8 MTT assay

The MDA-MB-231 cells were seeded in a 96-well plate at a seeding density of 4000
cells/well on day 0. After 24 h, the cells were treated with growth media containing 20 mM
PB and 20% glycerol buffer in a volume that approximately corresponds to 400 nM of
purified HTN-ZSCAN4 protein. The treatment was given for different time periods (6 h,
12 h, and 24 h) as per experimental requirement. After the treatment, the media was
removed, and the cells were incubated with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] media containing 0.25 mg/ml of MTT (Merck Millipore)
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dissolved in 10% 1X phosphate buffered saline (PBS) in DMEM for 2 h at 37 °C. Post-
incubation, the MTT media was removed, the formazan crystals were dissolved using
dimethyl sulfoxide (DMSO; HiMedia) and the absorbance values were measured at 570
nm with 650 nm as reference wavelength using a multi-plate reader (Multiskan GO,

Thermo Scientific).

2.2.9 Cellular transduction and immunofluorescence

The MDA-MB-231 cells were treated with 400 nM of purified recombinant protein
at 50 to 60% confluency. The treatment was done for 6 h, and subsequently, the cells were
washed with 1X PBS and fixed with 4% paraformaldehyde for 15 min at room temperature.
Subsequently, the cells were permeabilized using 0.1% Triton-X-100 in 1X PBS for 15 min
at room temperature, followed by a blocking solution containing 0.5% BSA, 0.15% glycine,
and 10% normal goat serum in 1X PBS for 1 h at room temperature. The cells were then
incubated overnight at 4 °C with respective primary antibody (Table S3) diluted in blocking
solution, followed by respective fluorophore-conjugated secondary antibody (Table S3)
diluted in blocking solution for 1 h at room temperature. Finally, the nucleus was
counterstained with Hoechst 33342 (Cell Signaling Technology; 1:10,000 in 1X PBS) for
5 min at room temperature, and then the cells were observed and imaged using an inverted

fluorescence microscope (ZOE™ Fluorescent Cell Imager, Bio-Rad).
2.3 Results

2.3.1 Codon optimization and cloning

The coding sequence of ZSCAN4 before codon optimization was evaluated for
translational efficiency in E. coli using GRCA and GCUA. Initial assessment revealed the
presence of codons that might hamper the expression of ZSCAN4 in E. coli (Fig. 2.1A).
Specifically, analysis using GRCA revealed almost 11% of codons (Fig. 2.1A; left; red bars
before the green dotted line) are low frequency codons, which will impede heterologous
expression in E. coli. Moreover, the codon adaptation index for the non-optimized sequence
was 0.6, which was suboptimal for expression. Therefore, to mitigate these concerns, the
coding sequence of ZSCAN4 was optimized using GeneOptimizer in silico tool. Analyzing
the codon-optimized sequence of ZSCAN4 using GRCA tool, revealed that all the
suboptimal codons were replaced with optimal, synonymous codons that increased the

codon quality (Fig. 2.1A; left; blue bars), which will lead to maximum expression in E.
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coli. Moreover, the codon adaptation index also increased to 0.94, which was more optimal

for robust expression in E. coli.

Similarly, the non-optimized ZSCAN4 sequence was analyzed using GCUA, which
showed the presence of non-optimal, rare codons in the coding sequence whose relative
adaptiveness value was less than 30, posing as potential bottlenecks likely to diminish the
expression of ZSCAN4 in E. coli (Fig. 2.1A; right; magenta bars). Therefore, these codons
and other codons that might hamper the expression were replaced with the synonymous,
high-frequency codons for optimal expression GeneOptimizer in silico tool. Consequently,
analyzing the codon-optimized sequence with GCUA revealed better relative adaptiveness
value for all codons (more than 30), which will lead to maximum expression of ZSCAN4
in E. coli (Fig. 2.1A; right). These results from multiple computational platforms indicate
significant enhancement in the quality of the codons, suggesting high-level heterologous

expression of ZSCAN4 in E. coli.

In this study, three different functional fusion tags were incorporated, namely
octahistidine (HIS; H) to facilitate affinity chromatography-based purification,
transactivator of transcription (TAT; T), a cell penetrating peptide to assist intracellular

delivery of recombinant protein, and a nuclear localization sequence (NLS; N) to ensure
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Fig. 2.1. Codon optimization, schematic of gene constructs, and confirmation of
cloning. A) Analysis of the quality of codons before and after codon optimization using
GRCA (/eft) and GCUA (right). B) Schematic representing the genetic construct for HTN-
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ZSCAN4 (top) and ZSCAN4-NTH (bottom; not drawn to scale). C) Confirmation of cloning
of HTN-ZSCAN4 (top) and ZSCAN4-NTH (bottom) using restriction digestion analysis. bp:
basepairs; UD: undigested.

localization of the recombinant protein inside the nucleus. Therefore, the codon-optimized
sequences along with the fusion tags, HTN-ZSCAN4 (with the fusion tags at 5’ end) and
ZSCAN4-NTH (with the fusion tags at 3’ end) were synthesized (Fig. 2.1B). Subsequently,
these constructs were cloned in pET28a(+) expression vector using respective restriction
enzymes. The cloning was confirmed by performing restriction digestion, which showed
successful cloning of the insert along with the tags in the vector (Fig. 2.1C). Further, this
was verified by DNA sequencing (data not shown).

2.3.2 Influence of expression parameters on the soluble expression

The total and soluble expression of the two fusion proteins was examined by
transforming the cloned recombinant constructs (pET28a(+)-HTN-ZSCAN4 and
pET28a(+)-ZSCAN4-NTH) in E. coli BL21(DE3) strain and inducing their expression
using IPTG. The SDS-PAGE and Western blotting images showed that both fusion proteins
were overexpressed in the BL21(DE3) strain. Notably, it was observed that in case of both
the fusion proteins, HTN-ZSCAN4 and ZSCAN4-NTH, the amount of proteins present in
the soluble fraction was relatively low compared to the insoluble fraction (Fig. 2.2). Next,
various expression parameters were screened in order to attain maximal soluble expression

of the fusion proteins. The expression parameters like inducer concentration, cell density
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Fig. 2.2. Soluble expression analysis. Soluble expression of HTN-ZSCAN4 and
ZSCAN4-NTH fusion proteins analyzed using SDS-PAGE and Western blotting. M:
marker; Ul: uninduced; L: whole cell lysate; P: insoluble pellet fraction; S: soluble
supernatant fraction.

at the time of induction (ODsoo), post induction incubation temperature, and incubation

time were screened.

Firstly, the influence of inducer concentration on the total and soluble expression
of HTN-ZSCAN4 and ZSCAN4-NTH was analyzed (Fig. 2.3). From the results, it was
evident that inducer concentration influenced the overall expression in both fusion proteins.
As the IPTG concentration increased, total expression of both HTN-ZSCAN4 and
ZSCAN4-NTH increased (Fig. 2.3). Interestingly, as the IPTG concentration was
increased, there was no significant difference observed in the case of soluble expression,
as was evident from the Western blot (Fig. 2.3; bottom). Even though increasing the IPTG
concentration enhanced the total expression of ZSCAN4, it did not have any effect on
soluble expression. Therefore, the IPTG concentration of 0.05 mM was chosen as the
optimal IPTG concentration for maximal soluble expression of HTN-ZSCAN4 and
ZSCAN4-NTH fusion proteins.

Lysate Supernatant Lysate Supernatant
kDa M Ul ~05 ~1.0 ~1.5 M ~0.5 ~1.0 ~1.5 ODg, kDa M Ul ~05 ~1.0~15 M ~05 ~1.0 ~1.5 ODyyq
75 2 75 -
L\ 4w s |e— HTN-ZSCAN4
6 St s o — —— g " |+— ZSCAN4-NTH
@ e - e = - il e B B> _— —
37 - 37
25 | - 25 e —
75 = ; 75 (S i
=1
- e a» e |e— HTN-ZSCAN4 Pr— — — — | 4 ZSCAN4-NTH
50 50
a-His antibody | 37 a-His antibody

Fig. 2.3. Optimization of inducer concentration. A range of inducer (IPTG)
concentrations was screened for maximal soluble expression of HTN-ZSCAN4 (leff) and
ZSCAN4-NTH (right) fusion proteins, analyzed using SDS-PAGE and Western blotting.
M: marker; Ul: uninduced.

Next, the effect of cell density (ODeoo) at the time of induction on the soluble

expression of ZSCAN4 fusion proteins was studied. From Figure 2.4, it was observed that

as the ODsoo increased, the amount of total and soluble expression increased for both the
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fusion proteins. It was evident from the Western blotting that when the cultures were

induced at ODgoo ~1.5, the total and soluble expression of HTN-ZSCAN4 and ZSCAN4-

NTH was maximum (Fig. 2.4). Therefore, inducing at ODgoo ~1.5 was chosen as the

optimal cell density for the maximal soluble expression of ZSCAN4 fusion proteins.
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Fig. 2.4. Optimization of optical density. A range of values for optical density (ODsoo) at
the time of induction were screened for maximal soluble expression of HTN-ZSCAN4 (left)
and ZSCAN4-NTH (right) fusion proteins analyzed using SDS-PAGE and Western
blotting. M: marker; UI: uninduced.

Subsequently, the effect of post-induction incubation time on the soluble expression

of ZSCAN4 fusion proteins was analyzed. The bacterial culture after induction was

incubated for different time periods and then analyzed for total and soluble expression. Fig.

2.5 showed that increasing the incubation time did not affect the overall or the soluble

expression of both ZSCAN4 fusion proteins. Notably, in the case of ZSCAN4-NTH,
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Fig. 2.5. Optimization of post-induction incubation time. Different time periods for
post-induction incubation time were screened for maximal soluble expression of HTN-
ZSCAN4 (left) and ZSCAN4-NTH (right) fusion proteins analyzed using SDS-PAGE and
Western blotting. M: marker; UI: uninduced.
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soluble expression decreased beyond 4 h of incubation time (Fig. 2.5), even though there
was no change in the overall expression. These results showed that an incubation time of 2

h was sufficient to produce maximal soluble expression of HTN-ZSCAN4 and ZSCAN4-

NTH fusion proteins.

Finally, the effect of incubation temperature on the soluble expression of fusion
proteins was studied. Two different temperatures for incubation, 37 °C and 18 °C, were
analyzed for their effect on the soluble expression. In case of ZSCAN4 fusion proteins,
reducing the incubation temperature to 18 °C significantly hampered its expression (Fig.
2.6). Both Coomassie and Western blotting results showed that the overall and soluble
expression declined (Fig. 2.6) when the temperature was reduced to 18 °C. Therefore, 37
°C was chosen as the optimal induction temperature for future experiments. Different
values that were screened for the expression parameters, and the final optimized values are

listed in Table 2.3.
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Fig. 2.6. Optimization of post-induction incubation temperature. Two different
incubation temperatures were screened for maximal soluble expression of HTN-ZSCAN4
(left) and ZSCAN4-NTH (right) fusion proteins analyzed using SDS-PAGE and Western
blotting. M: marker; UI: uninduced; L: whole cell lysate; P: insoluble pellet fraction; S:
soluble supernatant fraction.
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Table 2.3. List of various expression parameters optimized, their screened values and their

final optimized values.

Expression parameters Values screened Optimal value
Inducer concentration (mM) 0.05,0.1,0.25, 0.5 0.05

Cell density during induction (ODsoo) ~0.5,~1.0,~1.5 ~1.5
Post-induction incubation time (h) 2,4,6,8 2
Post-induction incubation temperature (°C) 37,18 37

2.3.3 Influence of salt on the secondary structure of purified ZSCAN4 fusion protein

In our study, Ni-NTA resin has been used, where the octahistidine tag will interact
with the Ni** ions immobilized by NTA. The bound proteins will be eluted out using
imidazole, which competitively binds to Ni*" ions and releases the bound protein
molecules. The fig. 2.7 shows the purification of HTN-ZSCAN4 and ZSCAN4-NTH fusion
proteins. From the yield analysis by Bradford method, it was evident that the yield of the
HTN- ZSCAN4 fusion protein (260.6 pg/ml) was relatively higher compared to ZSCAN4-
NTH fusion protein (124.7 pg/ml). Therefore, from here on, all other experiments were
carried out using HTN-ZSCAN4 fusion protein only unless mentioned otherwise.
Subsequently, the secondary structure of the purified fusion proteins was analyzed by CD
spectroscopy. The CD spectrum showed that the purified fusion proteins (HTN-ZSCAN4
and ZSCAN4-NTH) did not maintain the secondary structure (Fig. 2.7A and B; bottom).
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Fig. 2.7. Elution profile and secondary structure analysis of ZSCAN4 fusion proteins.
Elution profile and secondary structure analysis of the purified HTN-ZSCAN4 (A) and
ZSCAN4-NTH (B) using CD spectroscopy under lower salt concentration purification
buffers, with wavelength plotted on the x-axis and measured ellipticity plotted on the y-
axis. M: marker; L: whole cell lysate; S: soluble supernatant fraction; F: flow-through
fraction.

The spectra showed random spikes throughout the range of wavelengths analyzed (190 -
240 nm) rather than showing specific peaks and dips (Fig. 2.7A and B; bottom). This

indicates that the purified fusion proteins did not have a stable secondary structure.

Therefore, a range of different salt (NaCl) concentrations in the purification buffers
was screened, ranging from 0 mM to 600 mM, to produce a structurally stable purified
HTN-ZSCAN4 protein (Fig. 2.8A). Fig. 2.8A shows the elution profile of HTN-ZSCAN4
protein purified with different salt concentration containing buffers. Subsequently, all these
purified proteins were analyzed for their structural stability using CD spectroscopy. Fig.
2.8B shows the compiled CD spectra of HTN-ZSCAN4, purified using buffers containing
different salt concentrations. A trend was observed in spectra, as the concentration of salt
was increased, the purified proteins had a more stable secondary structure (Fig. 2.8B).
When the HTN-ZSCAN4 protein was purified with buffers containing 0, 150 or 300 mM
of salt, a flat, spiky spectrum was observed, indicating an unstable secondary structure.
Notably, when the salt concentration in the buffers was increased to 450 mM or 600 mM,

a stable CD spectrum was observed (Fig. 2.8B).

From these results, it can be concluded that the usage of purification buffers with
salt concentrations of 450 mM and 600 mM is optimal for purifying a structurally stable
HTN-ZSCAN4 protein. Interestingly, it can be observed that as the salt concentration was
increased, the amount of non-specific proteins eluting out along with the HTN-ZSCAN4

fusion protein, also increased (Fig. 2.8A).

Therefore, to reduce the non-specific proteins eluting out along with HTN-
ZSCAN4, the amount of imidazole in the purification buffers (all wash buffers and elution
buffer) was doubled. The imidazole concentration in the wash buffers was modified to 100,
200, and 300 mM, and finally, the HTN-ZSCAN4 protein was eluted out using 1 M
imidazole. Fig. 2.8C shows the elution profile of HTN-ZSCAN4 purified with a higher

imidazole concentration buffer using 450 mM and 600 mM salt concentration buffers. The

TH-412022R4 BIH110



Generation of cell permeant recombinant human ZSCAN4 fusion protein

results revealed that increasing the concentration of imidazole indeed helped in reducing
the amount of non-specific proteins eluting out (Fig. 2.8C). Although imidazole helped in
reducing non-specific proteins, the elution profile of ZSCAN4 protein purified using 600

mM of salt shows an observable amount of non-specific proteins compared to its
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Fig. 2.8. Optimization of buffer conditions for purification and stable secondary
structure of HTN-ZSCAN4. A) Optimization of NaCl concentration for the purification
of HTN-ZSCAN4 protein. B) Analysis of secondary structure of HTN-ZSCAN4 protein
purified using a gradient of concentrations of NaCl by performing CD spectroscopy with
wavelength plotted on the x-axis and measured ellipticity plotted on the y-axis. C) Elution
profile of HTN-ZSCAN4 protein purified using 1M imidazole. M: marker.

counterpart (Fig. 2.8C). Therefore, a salt concentration of 450 mM and higher imidazole
concentrations (100, 200 and 300 mM in wash buffers and 1 M in elution buffer) were

chosen as optimal for the efficient purification of HTN-ZSCAN4 fusion protein.

Lastly, the HTN-ZSCAN4 protein purified under optimal conditions, was
characterized by Western blotting using a-histidine and a-ZSCAN#4 antibodies and Far-UV
CD spectroscopy (Fig. 2.9). From the Western blotting using a-ZSCAN4 antibody, it is
evident that the purified protein is indeed ZSCAN4 confirming its identity (Fig. 2.9A).
Moreover, the CD spectrum indicates that the purified protein has maintained a stable

secondary structure under the optimized purification conditions (Fig. 2.9B).
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Fig. 2.9. Biochemical and biophysical characterization of purified HTN-ZSCAN4
protein. A) The purified HTN-ZSCAN4 was verified for its identity by performing
Western blotting using a-His antibody (top) and a-ZSCAN4 antibody (bottom). B) CD
spectroscopy of purified HTN-ZSCAN4 fusion protein with wavelength plotted on the x-
axis and Ag plotted on the y-axis. M: marker; L: whole cell lysate; S: soluble supernatant
fraction; E: elution fraction.

2.3.4 Production of AZSCAN4 fusion proteins

Similar to wild-type ZSCAN4 fusion proteins, two more fusion proteins were
generated. Firstly, ZSCAN4 in, which DNA-binding domain (Zinc finger domain) was
deleted, represented as HTN-ZSCAN4-ADB (depicted in Fig. 2.10A), and secondly,
ZSCAN4 protein in, which the SCAN domain was deleted, represented as HTN-ZSCAN4-
ASD (depicted in Fig. 2.10A). These fusion proteins will serve as a negative control (non-
functional proteins) in future experiments. These gene constructs were generated and
cloned in pET28a(+) expression vector. Cloning was confirmed by restriction digestion

(Fig. 2.10B) and further confirmed by DNA sequencing (data not shown).

Subsequently, using the optimized expression parameters, soluble expression of
these AZSCAN4 fusion proteins was analyzed using SDS-PAGE and Western blotting
(Fig. 2.11A). These results demonstrated that these two AZSCAN4 fusion proteins have
soluble expression (Fig. 2.11A), and therefore can be purified from the soluble fraction
under native conditions. Next, these HTN-ZSCAN4-ADB and HTN-ZSCAN4-ASD fusion
proteins were purified using the optimized purification parameters. The SDS-PAGE

analysis shows that these proteins have been purified with maximum purity (Fig. 2.11B).
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Fig. 2.10. Schematic and confirmation of cloning of the AZSCAN4 gene constructs. A)
Schematic depicting the genetic constructs of HTN-ZSCAN4-ADB (top) and HTN-
ZSCAN4-ASD (bottom; not drawn to scale). B) Confirmation of cloning of HTN-ZSCAN4-
ADB and HTN-ZSCAN4-ASD using restriction digestion analysis. bp: basepair; UD:

undigested.
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Fig. 2.11. Soluble expression analysis, purification and characterization of AZSCAN4
proteins. A) Soluble expression analysis of HTN-ZSCAN4-ADB and HTN-ZSCAN4-
ASD. B) Native purification of HTN-ZSCAN4-ADB and HTN-ZSCAN4-ASD. C)
Characterization of purified HTN-ZSCAN4-ADB protein using Western blotting (fop) and
CD spectroscopy (bottom). D) Characterization of purified HTN-ZSCAN4-ASD protein
using Western blotting (fop) and CD spectroscopy (bottom). M: marker; UI: uninduced; L:
whole cell lysate; P: insoluble pellet fraction; S: soluble supernatant fraction; E: elution
fraction.

Further, these purified proteins were characterized using CD spectroscopy and Western
blotting, as described previously. The Western blot authenticated the identity of the purified
AZSCAN4 fusion proteins (Fig. 2.11C&D), and the CD spectra showed that the purified
AZSCAN4 proteins have maintained their secondary structure (Fig. 2.11C&D).

2.3.5 Effect of cell culture nutritional supplements on the stability of purified ZSCAN4
fusion protein

Next, the stability of purified HTN-ZSCAN4 protein under standard cell culture
conditions was examined. To accomplish this, 400 nM of purified protein was resuspended
in DMEM in the presence of 10% FBS. Subsequently, the stability of the protein was
analyzed using Western blotting. The figure shows that the purified HTN-ZSCAN4 protein
did not migrate properly in the presence of the media supplement, FBS (Fig. 2.12A). An
intense thick band can be observed in the blot instead of a distinct band (Fig. 2.12A). Even
a reduction in the amount of FBS did not incur any change in its migration pattern (data not
shown). Since the purified HTN-ZSCAN4 protein did not migrate properly in the presence
of FBS, other alternate nutritional supplements, namely knockout serum replacement
(KOSR) and Albumax, were used to check the stability. Surprisingly, even in the presence
of KOSR and Albumax, the purified HTN-ZSCAN4 protein did not migrate properly.
Similar to FBS, an intense thick band with a distinct smear running downwards was

observed when purified protein was resuspended in media containing KOSR and Albumax

in the blot (Fig. 2.12A).
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Fig. 2.12. Analysis of the influence of cell culture nutritional supplements on the
stability of purified HTN-ZSCAN protein. A) Analysis of the stability of HTN-ZSCAN4
purified protein in the presence of different nutritional supplements under standard cell
culture conditions. M: marker; 1: 400 nM of HTN-ZSCAN4 in the presence of DMEM and
10% FBS; 2: DMEM and 10% FBS; 3: 400 nM of HTN-ZSCAN4 in the presence of
DMEM and 10% KOSR; 4: DMEM and 10% KOSR; 5: 400 nM of HTN-ZSCAN4 in the
presence of DMEM and 10% Albumax; 6: DMEM and 10% Albumax; 7: 400 nM of HTN-
ZSCAN4 in the DMEM. B) Analysis of the stability of HIN-ZSCAN4 purified protein in
presence of complete media under standard cell culture conditions. M: marker; 1: 400 nM
of HTN-ZSCAN4 in Essential 8 media; 2: Essential 8 media; 3: 400 nM of HTN-ZSCAN4
in Stembrew media; 4: Stembrew media; 5: 400 nM of HTN-ZSCAN4 in Amniomax; 6:
Amniomax media; 7: 400 nM of HTN-ZSCAN4 in DMEM.

Therefore, alternate complete media, which do not require any nutritional
supplements, were analyzed for their compatibility with purified HTN-ZSCAN4. Essential
8 media and Stembrew media used for stem cell culture and Amniomax media used for
amniocytes culture were analyzed. It was found that purified HTN-ZSCAN4 was stable in
the presence of these complete media and no smear was observed, like it did in the presence
of FBS (Fig. 2.12B). From the results it is evident that the purified protein is stable in all
the three complete media (Fig. 2.12B). To analyze the stability of the purified HTN-
ZSCAN4 protein at various time points, the purified protein, HTN-ZSCAN4 diluted in
Amniomax and Stembrew was incubated under standard cell culture conditions for 24 h
and 48 h. Subsequently, the stability was investigated using Western blotting. The results
demonstrated that the HTN-ZSCAN4 protein was stable for at least 24 h in both Amniomax
and Stembrew media (Fig. 2.13).
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Fig. 2.13. Stability analysis of HTN-ZSCAN4 purified protein under standard cell
culture conditions. Analysis of the stability of HTN-ZSCAN4 purified protein in
Amniomax and Stembrew media for various time points under standard cell culture

conditions.

2.3.6 Aggregation of the purified protein greatly hampers its nuclear localization

Next, we examined the cell transduction and nuclear translocation ability of the
purified HTN-ZSCAN4 protein. The MDA-MB-231 cells were treated with purified HTN-
ZSCAN4. Normally, the protein transduction media will be filtered to remove any
aggregated protein. Alongside treating the cells with filtered protein transduction media,
the cells were also treated with unfiltered protein transduction media to analyze the extent
of aggregates and the influence it has on the cell transduction ability. The fig. 2.14A shows
cells treated with both unfiltered and filtered protein media, stained using the a-ZSCAN4
antibody. The top panel shows the control cells, and a faint fluorescent signal is observed,
indicating low levels of endogenous expression of ZSCAN4 in MDA-MB-231 cells (Fig.
2.14A). The middle panel shows the cells treated with unfiltered protein. On observing the
merged images on the middle panel, it is evident that the majority of the protein did not
localize to the nucleus, instead it was localized in the cytoplasm (Fig. 2.14A). The bottom
panel shows the cells treated with filtered protein media, which shows localization of HTN-
ZSCAN4 in the nucleus (Fig. 2.14A; inset). In the case of HTN-ZSCAN4 (filtered)
transduced cells, an increased fluorescent signal was observed compared to the control
cells. This confirmed that the soluble HTN-ZSCAN4 protein remaining after filtration
successfully transduced into the cells and localized in the nucleus (Fig. 2.14A). These
results indicate that the purified protein undergoes extensive aggregation under the current
storage conditions, which significantly reduces its cellular uptake and subsequent nuclear

localization.
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To further confirm the formation of aggregates in the purified protein, a far-UV CD
spectroscopy was performed with the purified protein, before and after removal of
aggregates by centrifugation. The CD spectra before removal of aggregates was similar to
the previously mentioned results (Fig. 2.9B&2.14B). Interestingly, the spectra that was
obtained after removal of aggregates shows an almost flat spectra indicating very
negligible, or no protein present in the solution (Fig. 2.14B). Moreover, measuring
concentration of the protein sample after removal of aggregates using Bradford method
showed undetectable levels of protein was present in the sample. Taken together, these
results suggest that the majority of the purified protein is aggregated in the present buffer

and storage conditions.
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Fig. 2.14. Influence of aggregation on cell transduction and secondary structure. A)
Immunofluorescence analysis of HTN-ZSCAN4 protein transduction (filtered and
unfiltered) in MDA-MB-231 cells. B) CD spectroscopy of HTN-ZSCAN4 purified protein
before and after the removal of aggregates by centrifugation, with wavelength plotted on
the x-axis and measured ellipticity or Ae plotted on the y-axis. Scale bar: 100 pm.

2.3.7 Inclusion of glycerol in protein storage buffer greatly enhanced the solubility of the
purified protein

To demonstrate the effect of glycerol on mammalian cells, MDA-MB-231 cancer
cells were treated with different glycerol buffers for three different time points, and
subsequently, an MTT assay was performed. The results show that the cells were more than
90% viable, when treated with 20 mM PB with 10% glycerol and 20 mM PB with 20%
glycerol for 6 h (Fig. 2.15A). Treating the cells for longer time periods or with buffers
containing glycerol beyond 20% affected the survival rate significantly (below 90%; Fig.
2.15A). Since, for future experiments, repeated protein treatment will be required, survival
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rate below 90% will end up creating more stress to the cells on repeated treatment.
Therefore, we chose 20 mM PB with 10% glycerol and 20 mM PB with 20% glycerol for
the storage of protein and a treatment time of 6 h as the optimal conditions for future
experiments. To analyze the amount of soluble protein present in these new buffer
conditions, a Bradford assay was performed. The results revealed that in the absence of
glycerol, almost no protein was left in soluble fraction (Fig. 2.15B). Notably, in the
presence of 10% and 20% glycerol, ~20% and ~80% of protein was observed in the soluble
fraction (Fig. 2.15B). Therefore, for further experiments, purified protein was eluted out in

20 mM PB in the presence of 20% glycerol and stored for further use.
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Fig. 2.15. Analysis of the effect of glycerol on cell viability and protein solubility. A)
Cell viability assay to assess the effect of buffers containing different percentages of
glycerol for various time points in MDA-MB-231 cells. A: growth media; B: 20 mM PB;
C: 20 mM PB and 10% glycerol; D: 20 mM PB and 20% glycerol; E: 20 mM PB and 30%
glycerol; F: 20 mM PB and 40% glycerol; G: 20 mM PB and 50% glycerol. B) Analysis
of the amount of soluble protein present stored in buffers containing different percentages
of glycerol by Bradford assay. PB: 20 mM phosphate buffer.

2.3.8 Transduction of purified recombinant fusion proteins

Now that we have a stable, purified protein, we next transduced the MDA-MB-231 cells
with the purified protein (stored in 20 mM PB with 20% glycerol) and analyzed the
transduction efficiency. Immunofluorescence results revealed that the HTN-ZSCAN4
protein has transduced inside the cell and localized in the nucleus (Fig. 2.16A). On
comparing the transduction efficiency of the purified protein stored with and without

glycerol, it is evident that protein stored in 20% glycerol transduces more efficiently than
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its counterpart (Fig. 2.16A). Quantification of fluorescence signals from
immunofluorescence images revealed that HTN-ZSCAN4 stored in 20% glycerol achieved
approximately twice the transduction efficiency compared to the protein stored without
glycerol (Fig. 2.16B). Similarly, the purified domain deleted proteins (HTN-ZSCAN4-
ADB and HTN-ZSCAN4-ASD) were also transduced in MDA-MB-231 cells and analyzed.
The fluorescent images showed that both of these proteins, HTN-ZSCAN4-ADB and HTN-
ZSCAN4-ASD, have successfully transduced inside the cells and localized in the nucleus
(Fig. 2.16C).
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Vehicle Control

HTN-ZSCAN4
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Vehicle control

HTN-ZSCAN4-ASD HTN-ZSCAN4-ADB

Fig. 2.16. Intracellular transduction of ZSCAN4 fusion proteins. A)
Immunofluorescence analysis of HTN-ZSCAN4 protein transduction stored in 20 mM PB
and 20% glycerol in MDA-MB-231 cells. B) Relative fluorescence intensity analysis of
(A). C) Immunofluorescence analysis of HTN-ZSCAN4-ADB and HTN-ZSCAN4-ASD
protein transduction stored in 20 mM PB and 20% glycerol in MDA-MB-231 cells. Scale
bar: 100 pm.
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2.4 Discussion

Bacterial systems are widely used for recombinant protein expression and
purification for a variety of reasons, such as ease of culture, well-known genetics and so
forth (Borgohain et al., 2018; Khow and Suntrarachun, 2012). Therefore, in this study, the
bacterial expression host (E. coli) was chosen to express the human ZSCAN4 protein.
Codon bias is one of the significant barriers that affects (Borgohain et al., 2018; Khow and
Suntrarachun, 2012) the efficiency of expression during heterologous expression (Burgess-
Brown et al., 2008). To overcome this, codon optimization was performed for the coding
sequence of ZSCAN4. Codon optimization involves synonymous replacement of the rare
codons with the preferred codons for E. coli. Subsequently, maximum expression of the
recombinant ZSCAN4 protein can be achieved in E. coli. Several studies have shown the
importance of codon optimization and its effect on the expression of recombinant proteins
(Burgess-Brown et al., 2008; Maertens et al., 2010). Following codon optimization, various
expression parameters were screened and optimized to obtain maximal soluble expression.
In this study, the maximum amount of soluble expression is vital since the fusion protein
is being purified from the soluble fraction to maintain the native conformation. Previous
studies from our lab have shown the influence of various expression parameters on the
overall expression of recombinant proteins (Dey et al., 2023, 2022, 2021b; Thool et al.,
2023, 2021).

From the optimization results, it is evident that inducer (IPTG) concentration did
not significantly influence the soluble expression of ZSCAN4 fusion proteins. In contrast,
the growth phase of the bacterial culture at the time of induction was found to be a highly
influential parameter. Several studies have reported the influence of the phase of growth of
the bacterial culture during the time of induction on the expression of recombinant proteins
(Galloway et al., 2003; Garcia-Fraga et al., 2015; Ou et al., 2004; San-Miguel et al., 2013).
All these studies report induction at different growth phases, like early log phase (San-
Miguel et al., 2013), mid-log phase (Garcia-Fraga et al., 2015) and late log phase (Galloway
et al., 2003; Ou et al., 2004) induces optimal recombinant protein expression. These studies
suggest that the growth phase of the culture during induction has a significant impact on
the protein expression and is highly specific to each protein. In case of ZSCAN4 fusion
proteins, inducing the cultures during late log phase (ODsoo ~1.5) resulted in maximum

soluble expression of these proteins. Previous studies have also reported similar results
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where expression is maximum when the cultures are induced at late log phase (Galloway

etal., 2003; Ou et al., 2004).

Screening of incubation time revealed that it had no significant effect on the
expression of ZSCAN4 fusion proteins. Notably, in the case of ZSCAN4-NTH fusion
protein, increasing the incubation time beyond 4 h reduced the soluble expression.
Numerous studies have suggested that lower incubation temperature after induction, greatly
aided in enhancing the soluble expression of recombinant protein (San-Miguel et al., 2013;
Serensen and Mortensen, 2005). There are several reports from our group, which have
revealed the same in case of some recombinant proteins (Haridhasapavalan et al., 2023,
2022, 2021a). In case of ZSCAN4 fusion proteins, reducing the incubation temperature did
not enhance the soluble expression rather it completely hampered the overall expression.
This is in accordance with one of our previous studies (Haridhasapavalan et al., 2021b).
Collectively, these results underscore that protein-specific optimization of expression
parameters is vital to achieve maximal overall and soluble expression of recombinant

proteins.

Following optimization of expression parameters, ZSCAN4 fusion proteins were
purified using immobilized metal ion chromatography. Subsequently, purified proteins
were characterized using far UV-CD spectroscopy. Far-UV CD spectroscopy is a routinely
used technique to study the secondary structure of proteins (Greenfield, 2007; Whitmore
and Wallace, 2008). The spectra will give characteristic peaks and dips depending on the
secondary structure content of the protein (Greenfield, 2007; Whitmore and Wallace,
2008). The initial results revealed that the purified ZSCAN4 fusion proteins did not have a
stable secondary structure. Numerous studies have shown that the concentration of salt
present in the buffer can have a significant effect on the solubility and the structural stability
of the purified proteins (Achouri et al., 2012; Boivin et al., 2013; Choi and Ma, 2005; Qi
et al., 2019). Further, it has been demonstrated that salt can influence protein conformation
by influencing hydrogen bonding in the system (Qi et al., 2019) and electrostatic and
hydrophobic interactions (Damodaran and Kinsella, 1982). Therefore, various salt (NaCl)
concentrations in purification buffers were screened for their influence on maintaining the
secondary structure of the purified protein. Consequently, all these purified HTN-ZSCAN4
proteins were analyzed for their secondary structure using CD spectroscopy. The CD

spectra revealed a stable secondary structure at 450 mM and 600 mM of NaCl
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concentration, but the structure is disrupted as the salt concentration decreases. This is in
agreement with previous studies showing that lowering the salt molarity can induce
conformational changes and disrupt secondary structure, whereas higher salt concentrations
promote structural stability (Achouri et al., 2012; Bhat et al., 2018). One of our previous
studies had reported the influence of salt on the soluble expression of recombinant protein
(Haridhasapavalan et al., 2021a). Interestingly, it was evident from the gel images that the
salt concentration in purification buffers has a direct correlation with the amount of non-
specific proteins eluting out. This can be attributed to salting out, where high salt
concentration promoted protein precipitation, leading to elution of non-specific, weakly
bound proteins (Choi and Ma, 2005). To eliminate these non-specific proteins from the
eluate fraction, the amount of imidazole used in purification buffers was doubled. This was
done to increase the stringency of the wash steps, leading to the removal of weakly-bound

proteins, thereby yielding pure HTN-ZSCAN4 fusion protein.

Next, using the optimized expression and purification parameters established for
the full-length ZSCAN4 protein, the domain-deleted, functionally impaired variants of
ZSCAN4 proteins (AZSCAN4 proteins) were also expressed and purified. To assess the
structural consequences of domain deletion, the purified AZSCAN4 proteins were analyzed
using far UV-CD spectroscopy. It is interesting to note that in case of HTN-ZSCAN4-ADB,
the spectra showed a negative peak at 208 nm, which is much more intense in comparison
to the spectra of HTN-ZSCAN4. This change in the spectra is attributed to the decrease or
absence of B-sheets and the presence of more a-helices in the structure (Barrow et al.,
1992). According to the structure reported in the Alphafold 3 database, the DNA-binding
domain (Zinc finger domain) of ZSCAN4 is the only domain that has B-sheets in its
secondary structure. Zinc-finger domain present in ZSCAN4 belongs to CoHz superfamily
(Thool et al., 2022), which is characterized by the presence of two -sheets and one a-helix
(B/p/a). Deletion of this domain will lead to loss of those B-sheets in the secondary
structure, which is in correlation with the observed CD spectra. Alternatively, there was no
significant difference in the spectra of HTN-ZSCAN4-ASD in comparison to the wild-type
protein. Further, Western blotting with ZSCAN4 antibody verified the identity of the

purified proteins.

Subsequently, the stability of HTN-ZSCAN4 purified protein was assessed under

standard cell culture conditions, which revealed that the protein is unstable or did not
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migrate properly in the presence of media supplements like FBS, KOSR and Albumax.
FBS is rich in proteins, hormones, growth factors among other substituents. Since it is
extensively rich in proteins, they are commonly used to enrich the growth of mammalian
cells. Also, FBS is a commonly used system to mimic the physiological conditions in
testing the biocompatibility of metals and their alloys for their application in implants (Gu
et al., 2011, 2009; Johnson et al., 2017; Li et al., 2019; Liu et al., 2019; Scheideler et al.,
2013; Xu et al., 2022; Yamamoto and Hiromoto, 2009). Although the role of FBS in the
degradation of metals and their alloys is controversial and not clearly understood, numerous
studies have shown that FBS is capable of degrading certain metals and their alloys, like
magnesium (Gu et al., 2009; Johnson et al., 2017) and zinc (Gu et al., 2011; Li et al., 2019).
Notably, zinc is degraded at a much higher rate in the presence of FBS compared to other
metals and their alloys (Gu et al., 2011; Li et al., 2019). ZSCAN4 is a transcription factor,
which is characterized by the presence of four zinc finger domains towards its C-terminal
end as its DNA binding motif (Thool et al., 2022). As mentioned earlier, the zinc finger
domain in ZSCAN4 belongs to the CoHa superfamily (Thool et al., 2022). This is
characterized by a zinc atom coordinately bonded to two cysteine and two histidine
residues. Further, the coordinately bonded zinc atom contributes to the structural stability
of the zinc finger domain present in the protein (Berg and H-y, 1995; Frankel et al., 1987).
Absence of this zinc atom leads to unfolding of this domain, leading to disruption in its
structure (Berg and Hy, 1995; Frankel et al., 1987). Based on these findings, we
hypothesized that the instability of ZSCAN4 in the presence of FBS might be due to the
degradation of the zinc atom present in the zinc finger domain of ZSCAN4 protein by FBS,
leading to structural instability. Other recombinant transcription factors purified from our
lab, which do not have a zinc finger domain has been proven to be stable in the presence of
FBS (Dey et al., 2023, 2022, 2021b; Thool et al., 2023, 2021). The instability observed
with KOSR and Albumax is likely due to the presence of common active components, as
KOSR is a synthetic analog of FBS. BSA is one of the common components in all three
supplements. Therefore, it is safe to assume that BSA might be the reason for the instability
of ZSCAN4 protein. But further studies are required to study the zinc-chelation mechanism
and identify the specific component responsible for the instability. To overcome this, this
study investigated the stability of HTN-ZSCAN4 in the presence of other defined, complete
media like Essential 8 media, Stembrew media and Amniomax media. From the results, it

is evident that the purified HTN-ZSCAN4 is stable in Stembrew and Amniomax media for
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at least 24 h under standard cell culture conditions. These alternatives offer suitable

environments for future functional assays requiring a stable ZSCAN4 protein.

Further cell transduction studies revealed that HTN-ZSCAN4 is prone to
aggregation under the current buffer and storage conditions. To mitigate this,
cryoprotectant like glycerol was included in the storage buffer as its inclusion in the storage
buffer is known to enhance the solubility and reduce aggregation (Feng and Yan, 2008;
Ghahghaei et al., 2011; Vagenende et al., 2009). Our ultimate application is to transduce
these proteins in mammalian cells, and glycerol is known to have a toxic effect on cell
viability of mammalian cells (Dinsdale et al., 1992; Wiebe and Dinsdale, 1991). Therefore,
it is vital to find out the optimal glycerol buffer [20 mM PB; base buffer with different
percentages of glycerol] for the storage of proteins that ensures protein stability without
compromising the health and growth of mammalian cells. Hence, an MTT assay was
performed to analyze the effect of varying concentrations of glycerol on mammalian cells.
Subsequently, using the optimal glycerol buffer, the stability of the purified HTN-ZSCAN4
protein was analyzed. The results revealed that protein is ~80% soluble when stored in 20
mM PB in the presence of 20% glycerol. Finally, all the purified proteins (HTN-ZSCAN4,
HTN-ZSCAN4-ADB, HTN-ZSCAN4-ASD) stored under optimal conditions were
transduced into MDA-MB-231 cells. The immunofluorescence results revealed that all
three purified proteins (HTN-ZSCAN4, HTN-ZSCAN4-ADB, HTN-ZSCAN4-ASD)
successfully transduced inside the cells and translocated in the nucleus. This validated
ZSCAN4 recombinant protein toolbox can be reliably utilized in a time- and dose-
dependent manner to precisely investigate the critical role of ZSCAN4 in pluripotent stem

cell maintenance, cellular reprogramming, and cancer biology.
2.5 Conclusion

This study successfully established a meticulously optimized protocol for the
expression and purification of the recombinant ZSCAN4 fusion protein from E. coli under
native conditions. Initial screening of expression parameters demonstrated that optimizing
these parameters, particularly optical density at the time of induction, is essential to attain
maximal soluble expression. Further, this study demonstrated the influence of NaCl
concentration in the purification buffers on the generation of a structurally stable protein.
Moreover, we determined that HTN-ZSCAN4 fusion protein was unstable in the presence

of nutritional supplements like FBS, KOSR and Albumax. This finding hypothesized that

TH-41202224 B¥6110



Generation of cell permeant recombinant human ZSCAN4 fusion protein

instability might be due to the degradation of zinc ions by FBS, which is critical for the
stability of ZSCAN4. Furthermore, we successfully incorporated glycerol in the storage
buffer, which was shown to mitigate protein aggregation effectively. ZSCAN4 recombinant
protein toolbox generated in this study can be utilized to unfold and understand the
mechanistic role of ZSCAN4 in various biological processes. As mentioned previously,
ZSCAN4 has a tightly regulated, temporal expression in early embryonic development and
in ESCs. The recombinant protein toolbox developed in this study provides the means to
control the expression of ZSCAN4 in a time- and dose-dependent manner, paving the way
to gain deeper insights. Further, this will enable us to study the role of ZSCAN4 in
reprogramming in a stage-specific manner. Given that cancer cells maintain indefinite
proliferative capacity largely through telomere length regulation, and ZSCAN4 is a critical
regulator of this process, the toolbox offers a valuable approach to study telomere biology
in greater detail. Understanding these mechanisms will advance our knowledge of cancer

cell self-renewal and may assist in the development of targeted anti-cancer therapies.
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Generation and characterization of human iPSC line
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Overview

Induced pluripotent stem cells (iPSCs) are in vitro generated, artificial stem cells
reprogrammed from terminally differentiated somatic cells by ectopic expression of stem
cell-specific transcription factors. In this study, adult human dermal fibroblasts were
reprogrammed using the Y4 combination of episomal plasmids expressing hOCT3/4, short
hairpin RNA against p53, hSOX2, hKLF4, hL-MYC, and hLIN28 to generate iPSCs.
Following the formation of colonies, a representative iPSC-like colony was extensively
characterized to confirm its pluripotent characteristics and its identity. Morphologically,
the established iPSC line exhibited hallmark features, including small, rounded cells with
a shiny border and a high nuclear to cytoplasmic ratio. Then, the robust expression of core
pluripotent nuclear markers, namely OCT4, SOX2, NANOG, REX1, and ZSCAN4 was
validated using RT-qPCR, immunofluorescence, and flow cytometry. Further, the
expression of pluripotent surface markers, namely TRA-1-60, TRA-1-81, and SSEA4 was
determined using immunofluorescence and flow cytometry. Moreover, the absence of the
integration of episomal vectors in the generated iPSC line was verified by performing semi-
quantitative PCR using primers specific to the episomal plasmids used for reprogramming.
Furthermore, in vitro trilineage differentiation capability of the established iPSC line was
demonstrated via immunofluorescence and RT-qPCR, which validated the ability of the
iPSC line to differentiate into cells belonging to all three germ layers, namely ectoderm,
mesoderm, and endoderm. Additionally, the genetic stability of the established iPSC line
was confirmed by karyotyping. Lastly, the absence of mycoplasma and the genetic identity
of the generated iPSCs were verified using mycoplasma analysis and DNA fingerprinting
analysis, respectively. All these results substantiate that the established iPSC line exhibits
hallmark characteristics of typical iPSCs. This extensively characterized and established
iPSC line can be utilized for various biological and downstream biomedical research

applications.

Page| 67
TH-4120 206106110



Chapter 3

3.1 Introduction

Induced pluripotent stem cells are generated by reprogramming adult somatic cells,
through overexpression of stem cell-specific transcription factors. Human iPSCs were first
generated in the year 2007 by two independent research groups using retroviral-mediated
(Takahashi et al., 2007) and lentiviral-mediated (Yu et al., 2007) approaches. However, the
iPSCs generated using these integrative approaches carry significant risks of insertional
mutagenesis, rendering them unsafe for use in clinical and therapeutic applications. To
mitigate these safety concerns, a number of non-integrative approaches have been
developed to generate transgene-free iPSCs (Borgohain et al., 2019; Dey et al., 2021a;
Haridhasapavalan et al., 2019). Among these, episomal plasmid-based reprogramming
stands out because of its transient presence, integration-free nature, and ease in use (Dey et
al., 2021a; Haridhasapavalan et al., 2019). The presence of the trans-acting factor Epstein-
Barr Virus Nuclear Antigen 1 (EBNAL1) and cis-acting viral origin of replication (oriP)
enables episomal plasmids to replicate independently of the target cell’s replication
machinery while being maintained as an extrachromosomal DNA (Dey et al., 2021a;
Haridhasapavalan et al., 2019). This method of reprogramming was first reported in the
year 2011, where human dermal fibroblasts (HDF) were reprogrammed to generate iPSCs
(Okitaetal.,2011). A combination of three plasmids, named the Y4 combination, was used
in the study, which proved to be the most efficient combination of factors among the
different combinations screened, to generate iPSCs (Okita et al., 2011). Following this,
many studies have employed this episomal vector-based approach to generate iPSCs (Meng
et al., 2012; Schmitt et al., 2017; Su et al., 2013; Wen et al., 2016), but this study (Okita et

al., 2011) remains a pioneering study for this approach.

The selection of the source cell for reprogramming is a critical determinant for
reprogramming efficiency and the quality of the iPSC generated (Raab et al., 2014; Ray et
al., 2021; Sundaravadivelu et al., 2021). Fibroblasts remain the most commonly used cell
source for reprogramming because of the following reasons: (i) cheap and easy handling,
(i1) well-established cell line in research, (iii) can be obtained using semi-invasive methods,
(iv) easier isolation and expansion, and (v) favourable epigenetic state for reprogramming
(Raab et al., 2014). Therefore, in this study, we have utilized adult human dermal
fibroblasts (AHDF) to generate integration-free, bonafide iPSCs using the Y4 combination

of episomal plasmids (Okita et al., 2011). This integration-free approach was chosen to
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ensure the production of transgene-free iPSC lines. Further, the generated iPSCs were
characterized extensively to demonstrate their pluripotent characteristics and to prove their

identity.
3.2 Materials and Methods

3.2.1 Generation of iPSCs from human dermal fibroblasts

AHDF [ATCC (PCS-201-012)] were transfected with Y4 combination of episomal
plasmids (Okita et al., 2011), namely pCXLE-hOCT3/4-shp53 (Addgene ID: 27077),
pCXLE-hSK (Addgene ID: 27078), and pCXLE-hUL (Addgene ID: 27080) by
electroporation. Briefly, 5x10° AHDF cells were electroporated with 1 pg of each plasmid
using the Neon™ Electroporation System (Thermo Fisher Scientific). Cells were
resuspended in R buffer (Neon Transfection Kit) containing the specific plasmids and
electroporated using the following parameters: 1650 V, 3 pulses, and 10 ms per pulse.
Immediately after electroporation, cells were plated onto 6-well plates containing pre-
warmed fibroblast growth medium (FGM) consisting of DMEM (GIBCO) supplemented
with 10% fetal bovine serum (FBS; GIBCO), without antibiotics, and incubated at 37 °C
in a humidified atmosphere with 5% CO.. After 24 h, the cells were replenished with fresh
FGM with 1% of penicillin-streptomycin (GIBCO) and subsequently refreshed every 48 h
until day 6. On day 7, the cells were reseeded on matrigel (Corning)-coated 6-well plates
in FGM with 1% penicillin-streptomycin at the desired ratio (ideally 1:12). The subsequent
day, the cells were supplemented with TeSR™-E7™ medium for reprogramming
(STEMCELL Technologies), which was replenished every 24 h until morphologically
distinct and iPSC-like colonies appeared. iPSC-like colonies appeared between day 22 and
25. The colonies were picked manually and expanded on matrigel-coated plates using
Essential 8™ media (GIBCO). Cells were passaged in a split ratio of 1:4 using 0.5 mM
EDTA solution (Invitrogen). The generated iPSCs were cryopreserved at multiple passages

for downstream characterization and experimental use.

3.2.2 Characterization of the generated iPSCs for the expression of markers

All the experiments were performed with the generated iPSCs of less than passage
10 unless otherwise mentioned. The generated iPSCs were characterized for the expression
of key surface and nuclear markers using RT-qPCR, immunofluorescence, and flow

cytometry.
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3.2.3 Real-Time quantitative PCR (RT-qPCR)

RNA was isolated from cells using TRIzol (Invitrogen) reagent. Subsequently,
cDNA was synthesized using a cDNA synthesis kit (Bio-Rad) following the manufacturer’s
instructions. RT-qPCR was performed using 2X SYBR green supermix (Bio-Rad) in
AriaMx quantitative PCR systems (Agilent). The results were normalized using GAPDH
as the reference gene. The results thus obtained were visualized and analyzed using AriaMx
software (Agilent). The relative expression levels were calculated using the standard 2-24¢t
method, and the graphs and statistical analyses were done using GraphPad Prism 8
software. The results were plotted as mean+SEM, and they were statistically analyzed using

student’s t-test with 95% confidence interval.

3.2.4 Immunofluorescence

Immunofluorescence was performed as previously described in section 2.2.8.
Briefly, the cells were grown up to 70 to 80% confluency for immunofluorescence. The
cells were fixed, permeabilized, blocked and incubated overnight at 4 °C with respective
primary antibody (Table S3) diluted in blocking solution. Subsequently, they were
incubated in respective fluorophore-conjugated secondary antibody (Table S3) diluted in
blocking solution for 1 h at room temperature. Finally, the nucleus was counterstained with
Hoechst 33342 (Cell Signaling Technology; 1:10000 in PBS) for 5 min at room
temperature, and then the cells were observed and imaged using an inverted fluorescence

microscope (ZOE™ Fluorescent Cell Imager, Bio-Rad).

3.2.5 Flow cytometry

The cells were dissociated using TrypLE™ Express Enzyme (GIBCO), washed
twice with 1X PBS, and then the cells were subjected to live/dead staining using propidium
iodide dye. For surface markers, the cells were incubated using the specific primary
antibody, followed by the respective secondary antibody conjugated with Alexa Fluor™
488 (Table S3). For nuclear markers, the cells were fixed with 4% paraformaldehyde,
permeabilized using 0.1% Triton-X-100 in 1X PBS and blocked using 1X PBS containing
0.5% BSA and 10% normal goat serum prior to antibody staining. Data acquisition was
performed using a BD FACSLyric™ flow cytometer, with unstained cells used as negative
control and single fluorophore-stained samples used for compensation. Flow cytometry

data were analyzed and represented using FlowJo™ software.
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3.2.6 In vitro trilineage differentiation

Pluripotency of the iPSCs was assessed using an in vitro directed trilineage
differentiation assay. The iPSCs were differentiated into derivatives of three germ layers,
namely ectoderm, mesoderm, and endoderm, using STEMdiff™ Trilineage Differentiation
Kit (Cat. No.: 05230; STEMCELL Technologies) according to the manufacturer’s
instructions. Briefly, iPSCs were harvested as a single-cell suspension and seeded on day
0 at a density of 1.5 x 10* cells per well for ectoderm and endoderm differentiation and 1.0
x 10* cells per well for mesoderm differentiation on matrigel-coated 24-well plates. On day
1, respective media (either ectoderm or mesoderm or endoderm differentiation media) was
applied to the cells for lineage-specific differentiation until day 5 (for mesoderm and
endoderm) or day 7 (for ectoderm). At the end of the differentiation period, cells were
subjected to immunofluorescence and RT-qPCR analysis to assess the expression of

lineage-specific markers.

3.2.7 Genomic DNA isolation

The genomic DNA was isolated using the standard phenol:chloroform:isoamyl
alcohol (25:24:1) (PCI; Sigma-Aldrich) protocol. Briefly, one volume of PCI was added to
the cells, and the mixture was centrifuged at 16,000xg for 5 minutes. The upper aqueous
phase containing the genomic DNA was collected. To the aqueous phase, glycogen,
ammonium acetate, ethanol, RNAse, and Proteinase K were added and incubated at -20 °C
overnight to precipitate the genomic DNA. Subsequently, the precipitated genomic DNA
was pelleted by centrifuging at 16,000xg for 30 minutes at 4 °C. Then, the pellet was
washed with 70% ethanol, air dried, and resuspended in Tris-EDTA buffer. The isolated
genomic DNA was stored at -20 °C until further use.

3.2.8 Semi-quantitative PCR

Semi-quantitative PCR was performed using the isolated genomic DNA. 100 ng of
genomic DNA was used per reaction of PCR, and the corresponding episomal plasmids (20
ng) served as a positive control, and nuclease-free water was used as a no-template control.
PCR was performed using specific primers (Table S2) with Taq DNA polymerase (New
England Biolabs) in a Mastercycler® nexus X2 gradient (Eppendorf). The PCR conditions
were as follows: 95 °C for 5 min, 35 cycles of 95 °C for 30s, 54 °C for 30s, 72 °C for 30s,

and final extension at 72 °C for 10 min. The PCR products were resolved using 2% agarose
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gel and imaged using ChemiDoc™ XRS+ (Bio-Rad). The image was analyzed and
processed using Image Lab™ software (Bio-Rad, California, USA).

3.2.9 Karyotyping

Conventional cytogenetic analysis was performed to assess the chromosomal
integrity of the generated iPSCs. The iPSCs (passage 10) were arrested in metaphase by
treatment with 200 pg/ml of HiKaryoXL Colcemid Solution (HiMedia) for 20 min. Then,
the cells were harvested with 0.05% Trypsin-EDTA (HiMedia) and treated with hypotonic
KCl solution for 15 min in a water bath at 37 °C. The cells were fixed with Carnoy's fixative
and centrifuged at 1000 rpm for 10 min at room temperature. These fixed cells were
resuspended in 5 ml of Carnoy’s fixative and spread on a slide where they were banded
according to standard GTG-banding protocol. Images were acquired using the Axiolmager
A1l (Carl Zeiss, Germany), and G-banded metaphases were analyzed using Ikaros Software

(Metasystems, Germany). A total of 20 metaphase spreads were karyotyped and analyzed.

3.2.10 Short tandem repeats (STR) analysis

Cell line authentication was performed using Short Tandem Repeat (STR) profiling.
Cell pellet samples corresponding to the iPSCs (Passage 6) and AHDF (Passage 7) were
submitted to MedGenome Labs Ltd. (Bangalore, India) for analysis. STR typing was
carried out using a validated multiplex STR assay amplifying 16 STR loci located on
autosomal chromosomes (2, 3, 4, 5, 7, 8, 11, 12, 13, 16, 18, 19, and 21) and sex
chromosomes (AMEL). PCR amplification of STR loci was followed by capillary
electrophoresis, and allele calling was performed based on comparison with an internal
allelic ladder. Positive control of DNA was included to confirm assay performance. Data
analysis was conducted using standard fragment analysis software, and electropherograms

were reviewed for peak quality and allele assignment.

3.2.11 Mycoplasma analysis

Mycoplasma contamination was evaluated in passage 6 iPSCs using a validated
PCR-based mycoplasma detection assay (HiMedia Laboratories, India). PCR reactions
were prepared in accordance with the manufacturer’s instructions using a commercial
mycoplasma detection kit (HiMedia). Each assay run included a positive control
(mycoplasma DNA), a negative control (nuclease-free water), and the test sample.
Amplification was performed in a calibrated thermocycler (Model No.: MB-PM-21), and
PCR products were analyzed by 1.5% agarose gel electrophoresis using a 100 bp DNA
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ladder. Assay validity was confirmed by the appropriate performance of the positive and

negative controls.

3.3 Results

3.3.1 Morphological analysis of IITGi001-B iPSCs

AHDF cells were reprogrammed using the Y4 combination of episomal plasmids
(Okita et al., 2011) to generate human iPSCs. The plasmids were electroporated in AHDF
cells on day 0. The cells were reseeded on matrigel-coated plates in reprogramming media
on day 7. From day 15 to day 20, mesenchymal to epithelial transition (MET) was observed.
The MET was characterized by distinct morphological features like smaller, spindle-
shaped, closely packed cells in between elongated AHDF cells (Fig. 3.1A). These MET
eventually progressed into definitive iPSC-like colonies, which were prominent between
day 22 and 25. These colonies exhibited typical iPSC-like morphological features like
small, rounded, tightly packed cells with shiny boundary and a high nuclear to cytoplasmic
ratio (Fig. 3.1A), similar to ESCs. In total, 25 colonies were observed, out of which 13
colonies were manually picked using a micropipette and expanded. After picking, these
colonies maintained the typical iPSC-like morphology (Fig. 3.1B). A representative colony
was characterized extensively for expression of pluripotency markers and in vitro
differentiation capability. The chosen representative iPSC colony was registered in
hPSCreg (Stem cell line repository), and the unique stem cell identifier is IITGi001-B
(hereafter referred as IITGi001-B).

A

—
=

AHDF transfected with Y4 Day7 MET - Day 15 iPSC colony - Day 25
plasmids
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Fig. 3.1. Morphological changes observed during reprogramming. (A) Brightfield
microscopy images taken at different stages of reprogramming until an iPSC-like colony
was formed. (B) Brightfield microscopy image showing the morphology of an iPSC colony
after picking. Scale bar: 100 um.

3.3.2 Expression analysis of pluripotency surface and nuclear markers of IITGi001-B
iPSCs

The expression levels of core pluripotency nuclear markers, namely OCT4, SOX2,
NANOG, and REX1 were analyzed using RT-qPCR to evaluate the molecular identity of
the generated IITGi001-B iPSC line. Due to negligible or undetectable expression of these
markers, particularly OCT4, NANOG and REX1, in the parental human dermal fibroblasts
(AHDF), relative quantification wusing fold-change (2 AACt) would yield
disproportionately large and biologically uninformative values. Therefore, the graphs are
plotted with ACt values (normalized to an internal housekeeping gene GAPDH), where
lower ACt value translates to higher relative expression (higher transcript abundance). The
results showed robust expression of all four core pluripotency markers. Notably, OCT4
exhibited highest relative expression (lowest ACt value) compared to AHDF (Fig. 3.2).
Further, SOX2, NANOG, and REX1 demonstrated higher relative expression, relative to
AHDF cells (Fig. 3.2). These data confirm the successful activation of the endogenous

pluripotency gene regulatory network.
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Fig. 3.2. Expression levels of pluripotency markers relative to AHDF cells. RT-qPCR
results showing the relative mRNA levels of pluripotency markers compared to AHDF
cells. The expression levels were normalized using GAPDH, and the results were plotted
as mean=SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

To evaluate the pluripotency of the newly established IITGi001-B line, its nuclear

marker expression profile was compared against two validated and established iPSC lines,
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namely AAVS1-PDi-Cas9 (hereafter referred as TJC8iCas9; Manian et al.,, 2018;
Thamodaran et al., 2021) and our in-house IITGi001-A (Raina et al., 2023). The
quantitative analysis revealed that the generated iPSC line, IITGi001-B, has a comparable
transcriptional profile for the nuclear markers, OCT4, SOX2, NANOG, and REX1 relative
to TJC8iCas9 and IITGi001-A (Fig. 3.3). In comparison to TJC8iCas9, the generated iPSC
line IITG1001-B exhibited slightly elevated expression of OCT4, SOX2, and REX1, while
NANOG levels were marginally lower (Fig. 3.3; left). In contrast, a comparison with
IITGi001-A cell line revealed slightly higher expression of SOX2 but a lower relative
expression of OCT4 and NANOG (Fig. 3.3; right). The expression level of REX1, a naive
pluripotency marker, remained consistent in both the cell lines (Fig. 3.3; right).
Collectively, these comparative data confirm that [ITGi001-B iPSC line robustly expressed

the core pluripotency markers at levels consistent with validated iPSC lines.
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Fig. 3.3. Expression levels of pluripotency markers relative to TJC8iCas9 and
IITGi001-A cells. RT-gPCR results showing the relative mRNA levels compared to
TJCS8iCas9 cells (left) and IITGi001-A cells (right). The expression levels were normalized
using GAPDH, and the results are plotted as mean+SEM.

Following transcriptomic validation, the expression of pluripotency markers was
examined at the protein level by performing immunofluorescence. Firstly, the expression
of characteristic surface markers, namely TRA-1-60, TRA-1-81, and SSEA4 was assessed.
These fluorescent images revealed the robust expression of these markers at the surface of
the cells (Fig. 3.4; left). Subsequently, the expression of nuclear markers was investigated.
The immunofluorescence results revealed strong expression of nuclear markers, namely
OCT4, SOX2, NANOG, and ZSCAN4 (Fig. 3.4; right). The merged images of the markers
and Hoechst 33342 nuclear counterstain prove that these markers are localized in the nuclei

of the cells (Fig. 3.4; right), consistent with their expected subcellular localization as

Page| 75
TH-4120 206106110



Chapter 3

transcription factors. Collectively, these data demonstrate that the IITGi001-B line
consistently expressed the essential nuclear and surface-specific pluripotency markers,

authenticating its identity as a bonafide iPSC line.

A B

Specific Ab Hoechst Merge

Fig. 3.4. Characterization of IITGi001-B cells for expression of pluripotency markers
using immunofluorescence. Immunofluorescence was performed to analyze the
expression of surface (A) and nuclear markers (B) in IITGi001-B cells. The images were
visualized in an inverted fluorescence microscope. Scale bar: 100 pm.

Specific Ab Hoechst Merge

SSEA4 TRA-1-81 TRA-1-60
NANOG SOX2 OCT4

ZSCAN4

Next, the expression of surface and nuclear markers was analyzed using flow
cytometry to quantitatively evaluate the homogeneity of the IITGi001-B iPSC line. To
ensure data accuracy, cellular viability was first assessed via propidium iodide staining,
and the subsequent expression of markers analysis was strictly performed on the gated
healthy population. The results demonstrated a highly homogeneous expression profile,
with over 90% of the population stained positive for the surface markers, namely TRA-1-
60, TRA-1-81, and SSEA4 (Fig. 3.5). Similarly, quantitative assessment of nuclear markers
revealed more than 95% of the cells were positive for the expression of OCT4, SOX2,
NANOG, and ZSCAN4 (Fig. 3.5).

In summary, the robust and uniform expression of these hallmark surface and
nuclear markers at both RNA and protein levels confirmed the successful establishment of

a bonafide 1ITGi1001-B iPSC line.
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Fig. 3.5. Characterization of IITGi001-B cells for expression of pluripotency markers
using flow cytometry. Flow cytometry was performed to analyze the expression of nuclear
and surface markers in IITGi001-B cells. The results were analyzed and depicted using
FlowJo software.

3.3.3 Assessment of integration of episomal plasmids in the genome of IITGi001-B iPSCs

As mentioned earlier, the Y4 combination episomal plasmids (Okita et al., 2011)
were used for the generation of IITGi001-B iPSCs. A semi-quantitative PCR was
performed to confirm the transgene-free status of [ITGi001-B iPSC line using the genomic
DNA as the template. Vector-specific primers targeting each of the three episomal plasmids
within the reprogramming cocktail were utilized. Assay reliability was established by using
the plasmids as positive controls, which yielded high intensity amplicons at the expected
size (Fig. 3.6; second lane), thereby verifying the integrity and specificity of the primers
used for the analysis. The absence of amplification in the no-template control (Fig. 3.6; last
lane) further confirmed the specificity of the assay. No detectable bands (Fig. 3.6; third
lane) were observed in the samples containing IITGi001-B genomic DNA at sizes
corresponding to those in the positive control (second lane). This validated the integration-
free nature of the generated IITGi001-B iPSC line, confirming that the reprogrammed cells

have returned to a transgene-free state.
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Fig. 3.6. Assessment of transgene-free status of IITGi001-B cells. Semi-quantitative
PCR was performed to verify the absence of episomal plasmids in the genome of the cells
using plasmid-specific primers. The plasmids were used as positive control and nuclease-
free water was used as no-template control. bp: basepairs; NTC: no-template control.

3.3.4 Trilineage differentiation potential of IITGi001-B iPSCs

The IITGi001-B iPSCs were differentiated into three germ layers, namely
ectoderm, mesoderm, and endoderm to functionally validate the pluripotent characteristics
of the cells. Following the differentiation protocol, the lineage commitment was rigorously
assessed through analysis of lineage-specific markers at the RNA and protein levels using

immunofluorescence and RT-qPCR.

First, the expression of lineage-specific markers was analyzed after trilineage
differentiation by performing immunofluorescence. The fluorescent images revealed robust
expression of PAX6 in the cells differentiated towards ectoderm (Fig. 3.7). Similarly,
successful commitment to the mesodermal and endodermal lineages was confirmed by the
strong expression of Brachyury and SOX17, respectively (Fig. 3.7). These findings
demonstrate that the generated IITGi001-B iPSCs have trilineage differentiation potential,

confirming its status as a functionally pluripotent stem cell model.

In parallel, expression of additional lineage-specific markers was analyzed by
performing RT-qPCR to attain further molecular evidence on the pluripotent characteristics
of the generated IITGi001-B iPSCs. Transcript levels were normalized against
undifferentiated iPSCs to determine the fold-enrichment for each germ layer. The RT-
qPCR results revealed increased relative expression of the lineage-specific markers
compared to undifferentiated cells (Fig. 3.8). A strong, robust expression of ectoderm-

specific markers, OTX1, OTX2, and DLK1 was observed relative to undifferentiated cells
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Fig. 3.7. Assessment of in vitro trilineage differentiation potential using
immunofluorescence. The IITGi001-B cells were induced to differentiate towards all three
germ layers, and the expression of lineage-specific markers were analyzed using
immunofluorescence. The images were visualized using an inverted fluorescence
microscope. Scale bar: 100 pm.

(Fig. 3.8). These data provided strong evidence that the IITGi001-B iPSCs differentiated
towards ectoderm. Similarly, cells directed towards mesodermal fate exhibited robust
expression of characteristic mesoderm markers, namely CDX2, TBX6, and CXCR4 (Fig.
3.8), compared to undifferentiated cells. These results show that the IITGi001-B iPSC
differentiated towards mesoderm lineage. Finally, for endoderm lineage, expression of
endoderm-specific markers, namely CER1, EOMES, and FOXA2 was studied. The results
revealed strong expression of all the three markers, relative to undifferentiated cells (Fig.
3.8). Collectively, these quantitative data demonstrate that the generated iPSC line,
IITGi1001-B cells possess the developmental plasticity to differentiate into derivatives of

all three germ layers, thereby authenticating their pluripotent characteristics.

Page| 79
TH-4120 206106110



Chapter 3

0oTX2 DLK1 CDX2 TBX6 CXCR4

w

Ectoderm

Relative mRNA levels

Relative mRNA levels
= ~ o

Mesoderm
Relative mRNA levels
e wn &
Relative mRNA levels
P

Relative mRNA levels
o = 9~

& N - %
s & & & & & & & & &
§ & & C S o s
& S S & &
CER1 EOMES FOXA2
400 1600 o 6

Endoderm
Relative mRNA levels
‘6 l
Relative mRNA levels
]
s w» 22 8
Relative mRNA levels
o ~ £
1

> > 2
& &9 ¢ & @"@b &
& & & &L & &L
& < & $ {l\° S
& & S
N SF N

Fig. 3.8. Assessment of in vitro trilineage differentiation potential using RT-qPCR. The
IITGi001-B cells were induced to differentiate towards all three germ layers, and the
expression of lineage-specific markers were analyzed using RT-qPCR. The expression

levels were normalized using GAPDH, and the results were plotted as mean+=SEM.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001

3.3.5 Karyotype analysis of IITGi001-B iPSCs

Karyotyping was performed to assess the genomic integrity of the generated iPSC

line, ITGi001-B. Standard GTG-banding analysis of both AHDF cells and IITGi001-B

cells revealed a consistent, normal diploid (46, XX) constitution with no detectable

chromosomal abnormalities (Fig. 3.9). Detailed GTG-banding analysis across 20

independent metaphase spreads confirmed that the iPSCs maintained full chromosomal

integrity. No evidence of numerical or structural abnormalities, including aneuploidy,

translocations, deletions, or duplications was observed (Fig. 3.9). These data demonstrate

that the episomal reprogramming process did not compromise the cytogenetic profile of the

cell line. The preservation of a stable, normal genotype at an early passage further validated

the suitability of the IITGi001-B iPSC line for research and downstream applications.
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Fig. 3.9. Karyotyping analysis of AHDF and IITGi001-B cells. The genomic stability of
the AHDF cells (leff) and IITGi001-B cells (right) was studied by performing G-banded
karyotyping. A total of 20 metaphase spreads were analyzed.

3.3.6 Short Tandem Repeats (STR) analysis of IITGi001-B iPSCs

Short Tandem Repeats (STR) analysis was performed to authenticate that the
generated iPSC line IITGi001-B originated from the parental AHDF line. The number of
repeats of each marker present in both alleles at specific loci was analyzed with the genomic
DNA of both AHDF cells and IITGi001-B cells. The perfect match of the number of repeats
of each marker verifies the identity of the generated iPSC line with the parental AHDF cell
line. The STR profiling was done in 16 loci, encompassing 15 loci in somatic or asexual
chromosomes, namely D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THO1, D13S317,
D16S539, D2S1338, D19S433, vWA, TPOX, D18S51, D5S818, FGA, and one locus in
sex chromosome, AMEL (Fig. 3.10). The target loci were amplified and resolved using
capillary electrophoresis. The electrogram showed different intensity peaks for each of the
markers, signifying the number of repeats of that specific marker at each allele. The AMEL
locus exhibited a single peak corresponding to the X chromosome, identifying the AHDF
source as a female origin. A table with the number of repeats of each marker in both alleles
has been generated (Fig. 3.10). A comprehensive comparison of the allelic sizes across all
16 loci revealed a 100% match between the IITGi001-B cells and AHDF cells (Fig. 3.10).
These identical STR profiles provided definitive evidence of genetic identity and confirmed
that the reprogramming process maintained genomic stability without cross-contamination.
This rigorous authentication established the IITGiO01-B line as a validated tool for

biomedical research.
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Fig. 3.10. Short Tandem Repeats (STR) analysis of IITGi-001B cells. The genetic
identity of the IITGi001-B cells was verified by analyzing the STR loci across the genome
of AHDF cells (fop) and IITGi001-B cells (bottom), and comparing of the number of
repeats of each STR locus in both the alleles.

3.3.7 Confirmation of the absence of mycoplasma in IITGi001-B iPSCs

The absence of mycoplasma was verified using a highly sensitive, PCR-based
mycoplasma detection kit. The presence or absence of mycoplasma-specific genomic
sequences was visualized using agarose gel electrophoresis following amplification with
specific primers. Assay validity was confirmed using a positive control DNA (included in
the kit), and a no-template control (water) used as a negative control (Fig. 3.11). No
amplification was observed with the genomic DNA of IITGi001-B cells (Fig. 3.11; last
lane), whereas clear, definitive amplification was observed in the positive control (Fig.
3.11; second lane). Based on these findings, the IITGi001-B cell sample was interpreted as
negative for mycoplasma contamination, meeting the rigorous biosafety standards required

for validated pluripotent stem cell lines.
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100

Fig. 3.11. Confirmation of the absence of mycoplasma in IITGi-001B cells. The absence
of mycoplasma in IITGi001-B cells was verified using a PCR-based detection kit. The
genome of IITGi001-B cells was analyzed for the presence of mycoplasma-specific
genomic sequences using specific primers. The experiment was performed with necessary
positive control and nuclease-free water was used as no-template control. bp: basepairs;
NTC: no-template control.

3.4 Discussion

Episomal plasmids are one of the most efficient and safest ways to generate iPSCs.
Since these plasmids possess an autonomous and extrachromosomal replication, they do
not integrate with the genome, resulting in the generation of transgene-free iPSCs, free
from genetic modifications (Dey et al., 2021a; Haridhasapavalan et al., 2019; Okita et al.,
2011). Hence, these iPSCs have a wide range of biomedical applications like disease
modelling, drug screening, functional genomic studies, and understanding human
developmental biology. Ideally, reprogramming human fibroblasts to iPSCs involves a 25-
day protocol. A critical developmental milestone, mesenchymal to epithelial transition
(MET), was observed on day 15, followed by the emergence of iPSC colonies on day 20.
By day 25, colonies displaying hallmark pluripotent morphology, distinct from the
surrounding AHDF cells, were manually picked for further expansion and
cryopreservation. In total, 25 iPSC colonies were observed, and subsequently, 13 iPSC
colonies were picked and cryopreserved for future use. Since 5x10° AHDF cells were used

for reprogramming, leading to a reprogramming efficiency of ~0.005%, which is
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comparable to other previously reported studies (Raab et al., 2014; Ray et al., 2021).

Subsequently, one of the colonies was chosen and characterized extensively.

Firstly, the pluripotency of the generated iPSC line was authenticated through a
multifaceted expression analysis of hallmark nuclear and surface markers. Similar to
previous studies, standard surface markers were used for analysis, namely TRA-1-60,
TRA-1-81, and SSEA4 (Bos et al., 2026; Jiang et al., 2026; Raina et al., 2023). Similarly,
in the case of nuclear markers, standard markers were used for assessment, namely OCT4,
SOX2, NANOG, and REX1, which are widely used to verify the pluripotency of stem cells
(Bos et al., 2026; Jiang et al., 2026; Raina et al., 2023). Additionally, ZSCAN4 was also
used as one of the markers, since it marks the genomically stable iPSCs (Hirata et al., 2012;
Jiang et al., 2013). To ensure experimental rigor, we employed a combinatorial analytical
approach including RT-qPCR, immunofluorescence, and flow cytometry. All these
experiments demonstrated high levels of expression of all the markers, verifying the
identity of the generated IITGi001-B iPSC line. In addition, expression of nuclear markers
was analyzed relative to established iPSC lines (TJC8i1Cas9; IITGi001-A) using RT-qPCR.
The IITGi001-B cells showed comparable expression of these nuclear markers, consistent
with our previous study (Raina et al., 2023), further confirming the identity of the iPSCs.
Further, to verify the integration-free status of the generated IITGi001-B iPSCs, PCR was
performed using plasmid-specific primers. The PCR results revealed the absence of all
three episomal plasmids in the genomic DNA of IITGi001-B cells, demonstrating that the

established iPSCs have cleared the exogenous vectors and returned to a transgene-free state.

Furthermore, to evaluate the developmental plasticity of [ITGi001-B cells, directed
in vitro trilineage differentiation was performed, followed by dual-level analysis of
expression of lineage-specific markers by using RT-qPCR and immunofluorescence. The
results demonstrated the inherent capacity of the iPSC line to differentiate into derivatives
of all three germ layers. Similar results were reported in previous studies as well (Bos et
al., 2026; Jiang et al., 2026; Raina et al., 2023). STR analysis was performed to confirm
that the generated IITGi001-B cells originated from the parental AHDF cells. The results
confirmed the identity of the IITGi001-B cells. Further, the genomic integrity of the line
was verified using G-banded karyotyping, which revealed a normal karyotype of the
generated IITGi001-B cells without any chromosomal abnormalities. The line was also

confirmed to be free of mycoplasma contamination. To facilitate broader research utility
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and transparency, the IITGi001-B cell line has been officially registered and indexed in the
Human Pluripotent Stem Cell Registry (hPSC reg), a cell line repository/bank
(https://hpscreg.eu/user/cellline/edit/IITGiI001-B).  Collectively, all these results

demonstrated that the generated IITGiO01-B cells are true, bonafide iPSCs with true
pluripotent ability and normal karyotype. This iPSC line can be used in a wide variety of

biomedical and therapeutic applications.

3.5 Conclusion

Adult human dermal fibroblasts were reprogrammed to generate human iPSCs by
transfecting Y4 plasmids by electroporation. Following a 25-day protocol, 13 iPSC-like
colonies were generated. One of those colonies, designated as I[ITGi001-B, was picked and
characterized extensively. The established IITGi001-B iPSC colony exhibited
characteristic morphological features of iPSCs, like circular, compact cells with a shiny
boundary, similar to ESCs. The pluripotent identity was validated through robust
expression of iPSC surface and nuclear markers, namely TRA-1-60, TRA-1-81, SSEA4,
OCT4, SOX2, NANOG, ZSCAN4, and REX1, which was demonstrated using various
assays and experiments. Furthermore, the pluripotent characteristics of the generated
IITGi1001-B iPSCs was authenticated using an in vitro trilineage differentiation assay,
which confirmed the expression of lineage-specific markers after directed differentiation
of cells towards all three germ layers. This demonstrated the pluripotent characteristics of
the IITGi001-B cell line. In addition, the integration-free nature of the IITGi001-B iPSCs
was confirmed by performing semi-quantitative PCR, confirming the absence of episomal
plasmids used for reprogramming. Genomic stability was corroborated by karyotyping
analysis, which showed the normal genotype of IITGi001-B cells. Moreover, STR analysis
confirmed the identity of the IITGi001-B cells. Absence of mycoplasma was also verified
in the IITGi001-B cells. All these results establish IITGi001-B cell line as a bonafide,
integration-free cell line, which will provide a platform for various biomedical applications
like disease modelling, drug screening, functional genomic studies, regenerative medicine

and understanding human developmental biology.
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Knockout of human ZSCAN4 gene using CRISPR-Cas9
toolbox
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Overview

The CRISPR-Cas9 is a powerful and an efficient genome-editing tool to precisely edit or
modify specific target regions in the genome of a wide range of organisms. Among all the
genome editing methodologies available, CRISPR-Cas9 system has proven to be the most
efficient with minimal off-target effects. Several factors can significantly influence its
editing efficiency. In particular, the eukaryotic chromatin state of the target locus, guide
RNA (gRNA) potency, and clonal selection strategies play a critical role in determining the
success of targeted gene disruption. This study aims to assess the effect of these factors and
optimize an efficient CRISPR-Cas9 system to knockout of the target gene of interest,
ZSCAN4. To achieve this, we have used lentiviral-mediated transduction of Cas9 and dual
gRNA construct to knockout ZSCAN4 in human cells. Firstly, the effect of the transduction
ratio of lentiviruses on the efficiency of CRISPR-Cas9 to knockout ZSCAN4 gene was
studied. The results show that increasing the transduction ratio did not have any effect on
the deletion efficiency. Further, the influence of eukaryotic chromatin state on the
efficiency of CRISPR-Cas9 toolbox was studied by using cells having different chromatin
state. Moreover, we used a global DNA demethylating agent (5-Aza-dC) known to relax
chromatin structure, and assessed its effect on the capability of the CRISPR-Cas9 toolbox
to knockout ZSCAN4 gene. This treatment significantly improved gene editing efficiency,
highlighting the importance of chromatin accessibility in facilitating Cas9-mediated
cleavage. Finally, we demonstrated that single cell expansion is essential to obtain
homozygous clonal populations, ensuring biallelic and uniform gene knockout. Together,
our findings highlight key factors that influence CRISPR-Cas9-mediated gene editing and

provide an optimized framework to improve knockout efficiency in mammalian systems.
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4.1 Introduction

CRISPR-Cas9 is a powerful and highly precise tool to edit or modify specific target
regions in the genome of any organism with high precision (Doudna and Charpentier,
2014). Numerous studies have been published to date demonstrating the gene editing
capability of CRISPR-Cas9 toolbox. It is widely regarded as the most efficient genome
editing technology currently available that exhibits relatively low off-target effects
compared to other genome editing methodologies (Gaj et al., 2013; Jinek et al., 2012; Khan,
2019). However, the efficacy of the CRISPR-Cas9 system is significantly influenced by
several biological factors. These factors include viral transduction ratio used for the
delivery of gRNA and Cas9, eukaryotic chromatin state (euchromatin or heterochromatin)
of the target locus, potency of the gRNA, and clonal selection. These factors collectively
play a very crucial role in determining the efficiency of gene editing. In this chapter, our
aim is to attain homozygous, uniform knockout of our gene of interest in the cells by
systematically assessing the influence of these factors on the knockout efficiency of

CRISPR-Cas9.

We have chosen ZSCAN4 as our target gene to knockout in human cells. ZSCAN4
is a transcription factor that has a crucial role in early embryonic development, generation,
and maintenance of induced pluripotent stem cells (iPSCs), and cancer stem cells. ZSCAN4
expression is reported to be restricted to the two-cell stage during mouse embryonic
development (Falco et al., 2007). In embryonic stem cells (ESCs), ZSCAN4 exhibits a
heterogeneous expression pattern, where it is expressed only in 5% of cells at any given
time, highlighting its tight regulation in expression (Zalzman et al., 2010). Its inclusion
during mouse iPSC generation enhances efficiency and genomic stability, and it also
promotes cancer stem cell phenotypes (Hirata et al., 2012; Jiang et al., 2013; Portney et al.,
2020). Various other roles of ZSCAN4 in different cell types are concisely explained
elsewhere (Thool et al., 2022).

Hence, we aim to generate homozygous human ZSCAN4 knockout cells using
CRISPR-Cas9 toolbox. This will provide deeper insight into the role of ZSCAN4 in the
reprogramming paradigm and its contribution to the maintenance of self-renewal and
pluripotency in iPSCs. Therefore, this chapter investigates the influence of the
aforementioned factors on the efficiency of CRISPR-Cas9-based knockout of human

ZSCAN4 gene, and thereby establish an optimized protocol to generate homozygous
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ZSCAN4 knockout in mammalian cells. Subsequently, these ZSCAN4"" cells will be utilized

for further studies to understand various biological roles of ZSCAN4 in human cells.

4.2 Materials and Methods

4.2.1 Cell culture

In this study, HEK293T cells, MDA-MB-231 cells, and adult human primary dermal
fibroblasts (AHDF; ATCC Cat. No.: PCS-201-012; kind gift from Prof. RV Shaji) were
used. These cells were cultured in DMEM (GIBCO) supplemented with 10% fetal bovine
serum (FBS; GIBCO) and 1% antibiotic-antimycotic solution (GIBCO) at 37 °C with 5%
CO; in a humidified atmosphere. The cells were passaged at 80 to 90% confluency using
0.05% Trypsin-EDTA (GIBCO). The iPSCs used in this study, AAVS1-PDi-Cas9 (a kind
gift from Prof. RV Shaji), have a doxycycline-inducible Cas9 cassette integrated at the
AAVSI site, which is explained elsewhere (Thamodaran et al., 2021). The AAVS1-PDi-
Cas9 (TJC8iCas9; hereafter referred as TIC8) iPSCs were cultured on matrigel-coated
plates in StemMACS™ iPS-Brew media (Miltenyi Biotech) supplemented with 0.5% of
antibiotic-antimycotic solution (GIBCO). The iPSCs were passaged when they reached 70-
80% confluency using TrypLE express (GIBCO). The cells were reseeded on matrigel-
coated plates in the presence of RevitaCell supplement (GIBCO).

4.2.2 Designing and cloning of guide RNAs

The puromycin resistance gene was synthesized along with BamHI restriction site at
the 5° end and BsrGl restriction site at the 3° end. The synthesized construct was cloned
into the pKLV-2.2-dgRNA-BB vector. Restriction digestion analysis was performed to
confirm the cloning. The gRNAs against ZSCAN4 gene were designed using various online
tools, namely CHOP-CHOP, Synthego, Integrated DNA technologies, and E-CRISP (Table
S1). The gRNA cassettes with KfII restriction site at 5° end and BamHI restriction site at 3’
end was synthesized. Consequently, the gRNAs were cloned into the pKLV2.2 vector using
the mentioned restriction enzymes. Restriction digestion analysis and Sanger sequencing
was performed to confirm the cloning of the gRNAs. The lentiCas9-Blast plasmid
(Addgene ID: 52962) was purchased from Addgene and used in our experiments for the

expression of Cas9.
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4.2.3 Lentivirus generation

Both pKLV2.2-dgRNA and lentiCas9-Blast lentiviruses were generated as
previously described (Haridhasapavalan et al., 2022). Briefly, HEK293T cells were seeded
at a density of 5x10° cells in a 10 cm dish. The cells were replenished with fresh transfection
media (2% FBS, 1% antibiotic-antimycotic in advanced DMEM; GIBCO) 2 h before
transfection. Subsequently, the cells were transfected with 20 generation packaging
plasmid (psPAX2; Addgene ID: 12260), envelope plasmid (pMD2.G; Addgene ID: 12259),
along with transfer plasmid (either pKLV2.2-dgRNA or lentiCas9-Blast plasmid). Post-
transfection after 6 h and 18 h, the cells were replenished with fresh production media (5%
FBS, 1% antibiotic-antimycotic in advanced DMEM; GIBCO). The generated viruses were
collected at three time points, 42 h, 54 h, and 66 h. The collected viral supernatant was
concentrated using a virus concentrator solution (40% PEG and 1.2 M sodium chloride in
1X PBS). The viral supernatant was mixed with the concentrator solution at a ratio of 1:3,
incubated at 4 °C under rocking conditions for 4 h, and then centrifuged at 4 °C for 1 h at
1600xg. The viral pellet thus obtained was resuspended in DMEM without serum,
aliquoted, and stored at -80 °C until further use.

4.2.4 Virus transduction

The cells were seeded at a density of 5x10* cells per well of a 12-well plate for
iPSCs and 8x10* cells per well of a 12-well plate for AHDF cells. In case of iPSCs, cells
were dissociated using TrypLE express (GIBCO) and the respective number of cells were
seeded in the presence of RevitaCell supplement (GIBCO). After 24 h, the concentrated
lentiviruses were added to cells at the respective transduction ratio in the presence of 5
pg/ml of polybrene. Subsequently, 24 h post-transduction, media was changed. Selection
with the respective antibiotic or microscopic imaging was done using an inverted
fluorescence microscope 48 h post-transduction. After selection with the respective
antibiotic, the cells were expanded, and subsequently, genomic DNA or RNA was isolated

for further analysis.

4.2.5 Real-Time quantitative PCR (RT-qPCR)

The RT-qPCR was performed as previously described in section 3.2.3. Briefly,
RNA was isolated and cDNA was synthesized using cDNA synthesis kit (Bio-Rad)
following the manufacturer’s instructions. RT-qPCR was performed using 2X SYBR green

supermix (Bio-Rad) in AriaMx quantitative PCR systems (Agilent). The results thus
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obtained were visualized and analyzed using AriaMx software (Agilent). The relative
expression levels were calculated using the standard 2" method, and the graphs and the
statistical analyses were done using GraphPad Prism § software. The results were plotted
as mean+SEM and were statistically analyzed using student’s t-test with 95% confidence

interval.

4.2.6 Genomic DNA isolation

The genomic DNA was isolated using the protocol previously described in section
3.2.7. Briefly, one volume of PCI was added to the cells, the mixture was centrifuged at
16,000xg for 5 minutes, and the upper aqueous phase containing the genomic DNA was
collected. To the aqueous phase, glycogen, ammonium acetate, ethanol, RNAse, and
Proteinase K were added and incubated at -20 °C overnight to precipitate the genomic
DNA. Subsequently, the precipitated genomic DNA was pelleted by centrifugation at
16,000xg for 30 minutes at 4 °C. Then, the pellet was washed with 70% ethanol, air dried,
and resuspended in TE buffer. The isolated genomic DNA was stored at -20 °C until further

use.

4.2.7 Semi-quantitative PCR

Semi-quantitative PCR was performed using the isolated genomic DNA as per the
protocol previously described in section 3.2.8. Briefly, 100 ng of genomic DNA was used
per reaction of PCR and nuclease-free water was used as a no-template control. The PCR
was performed using specific primers (Table S2) with Taq DNA polymerase (New England
Biolabs) in a Mastercycler Nexus X2 Gradient Thermal Cycler (Eppendorf). The PCR
conditions were as follows: 95 °C for 5 min, 35 cycles of 95 °C for 30s, respective annealing
temperature for 30s, 72 °C for 30s, and final extension at 72 °C for 10 min. The PCR
products were resolved using 2% agarose gel and imaged using ChemiDoc™ XRS+ (Bio-
Rad). The image was analyzed and processed using Image Lab™ software (Bio-Rad,

California, USA).

4.2.8 Clonal expansion

To isolate a homozygous clonal population, clonal expansion was performed using
two different methods, namely array dilution and single cell seeding. The heterogeneous
population of knockout iPSCs was dissociated using TrypLE express and counted. Single
cell expansion was performed on matrigel-coated 96-well plates, and the StemMACS™
iPS-Brew was supplemented with CloneR-2 supplement (STEMCELL Technologies) and
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RevitaCell supplement (GIBCO). In case of array dilution method, 100 pL of
StemMACS™ iPS-Brew supplemented with CloneR-2 supplement supplement
(STEMCELL Technologies) was added to all the wells of a matrigel-coated 96-well plate.
The first well was seeded with 2000 cells. Then the cells were serially diluted along the
first column at a ratio of 1:1. Subsequently, the cells in first column were diluted serially
along all the columns (column wise) using a multi-channel pipette at a ratio of 1:1. In case
of single cell seeding method, the cells were diluted at a density of 80 cells per 10 mL of
media, and 100 pL of cells were seeded in each well of the matrigel-coated 96-well plate.
After 48 h post-seeding, media was changed to StemMACS™ iPS-Brew supplemented
with CloneR-2 supplement. Subsequently, the media was changed every 48 h till single
colonies were observed. These single clones were further expanded on a matrigel-coated
48-well plate and then on a matrigel-coated 24-well plate. From the 24-well plate, crude
lysates from all the expanded single cell clones were collected using the heat shock method,

and PCR was performed to identify the homozygous ZSCAN4 knockout clones.
4.3 Results

4.3.1 Cloning of puromycin resistance gene in the desired vector

The plasmid pKLV2.2-h7SKgRNAS5-hU6gRNAS5-PGK-EGFP-W [(Raina et al.,
2025); a kind gift from Prof. RV Shaji (CSCR-CMCV)] was used in our experiments. This
vector has EGFP as a fluorescence selection marker. Further, to use puromycin as an
antibiotic selection marker, the vector, pKLV2.2-h7SKgRNAS5-hU6gRNAS5-PGK-EGFP-
W, was modified to express puromycin resistance gene. The coding sequence of the

puromycin resistance gene was synthesized and cloned using BamHI and BsrGI restriction
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Fig. 4.1. Schematic and confirmation of cloning of puromycin resistance gene.
Schematic depicting cloning of the puromycin resistance gene in pKLV2.2-dgRNA vector
(top) and its confirmation using restriction digestion (bottom). bp: basepairs; UD:
undigested.

enzymes, right before the coding sequence of EGFP, yielding the final plasmid pKLV2.2-
h7SKgRNAS5-hU6gRNAS-PGK-Puro-EGFP-W (hereafter referred as pKLV2.2-dgRNA-
BB). The cloning was confirmed with restriction digestion, which showed the successful
cloning of puromycin resistance gene in the pKLV2.2 vector (Fig. 4.1). Further, the

integrity of the cloned gene was verified using DNA sequencing (data not shown).

4.3.2 Designing and cloning of dual gRNAs in the desired vector

In this study, we have utilized dual gRNA (dgRNA) based strategy, where two
distinct gRNAs will target the same region in the genomic DNA approximately 50 to 100
bp apart (Fig 4.2). The Cas9 nuclease will induce double-strand breaks (DSB) at both of
these sites, resulting in excision of a fragment of DNA from the target region (between two
gRNA binding sites), rendering the target gene non-functional (Fig. 4.2). Subsequently, the
knockout can be confirmed by performing PCR using primers flanking the target site (Fig.
4.2). The amplicon sizes before and after deletion are listed in Table 4.1. For the dgRNA
setup, two gRNAs that bind to the target region within 100 bp were chosen. The dgRNAs
pairs were chosen in such a way that they target either exon 3 or exon 5 of human ZSCAN4
gene. This is due to the fact that two important domains of ZSCAN4 protein, the SCAN
domain and zinc finger domain, are coded by exon 3 and exon 5, respectively. These

gRNAs were designed using CHOP-CHOP online tool.
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Fig. 4.2. Schematic representation of ZSCAN4 knockout strategy. Schematic
representation detailing ZSCAN4 knockout strategy using dgRNAs against exon 3 (A) and

exon 5 (B).

Table 4.1. Expected band size for the amplicon for the wild-type and knockout cells.

Target exon Wlld-Type. (WT) Deletion size Expected knoc.k out (KO)
band size band size
Exon 3 211 bp 62 bp 148 bp
Exon 5 286 bp 60 bp 226 bp

Subsequently, the designed gRNAs were synthesized and cloned into pKLV?2.2-

dgRNA-BB vector in a sequential manner, i.e., first gRNA1 was cloned initially using Sapl

restriction enzyme, and cloning was verified using sequencing (Fig. 4.3). Subsequently,

gRNA2 was cloned using Bbsl restriction enzyme, which was also further confirmed using

Sanger sequencing (Fig. 4.3). This sequential cloning was performed for both the dgRNAs

targeting exon 3 and exon 5 of human ZSCAN4 gene. Finally, after the cloning, two
different dqgRNA plasmids were generated, pKLV2.2-dgRNA-Ex3 (dgRNA targeting exon
3 of ZSCAN4 gene) and pKLV2.2-dgRNA-Ex5 (dgRNA targeting exon 5 of ZSCAN4

gene).
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Fig. 4.3. Schematic and confirmation of cloning of dgRNAs. Schematic depicting
cloning of dgRNAs against exon 3 (/eft) and exon 5 (right) in pKLV2.2-dgRNA vector and
its confirmation using Sanger sequencing.

4.3.3 Functional validation of the generated lentiviruses

The lentiviruses were generated using HEK293T cells as described previously
(Haridhasapavalan et al., 2022). The overall workflow of lentivirus generation is depicted
in Fig. 4.4A. To validate the functionality of the dgRNA and Cas9 lentiviruses, the
HEK293T and AHDF cells were transduced with either the dgRNA virus or the Cas9 virus.
Consequently, expression of EGFP was analyzed to validate the functionality of pKLV2.2-
dgRNA-BB virus. The fluorescence microscopy images of the cells transduced with
pKLV2.2-dgRNA-BB virus showed the expression of EGFP (in case of both HEK293T
cells and AHDF cells), confirming the successful transduction and expression of transgenes
in the cells (Fig. 4.4B and 4.4C; /eft). Parallelly, RT-qPCR was performed using primers
specific to the Cas9 transgene to validate the functionality of lentiCas9-Blast virus. The
RT-qPCR results showed almost ~600-fold and ~1500-fold relative expression of Cas9 in
lentiCas9-Blast transduced cells compared to non-transduced HEK293T and AHDF cells,
respectively (Fig. 4.4B and 4.4C; right). These results proved that both pKLV2.2-dgRNA
and lentiCas9-Blast lentiviruses generated have integrated into the target cells and are

expressing the transgene.
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Fig. 4.4. Lentivirus generation, transduction, and functional validation. A) Workflow
detailing lentivirus generation protocol using HEK293T cells and its subsequent
transduction in HEK293T cells to verify the functionality of the generated viruses.
Functional validation of pKLV2.2-dgRNA virus and lentiCas9-Blast virus by observing the
expression of EGFP using an inverted fluorescence microscope and by performing RT-
qPCR, respectively, in HEK293T cells (B) and AHDF cells (C). The expression levels were
normalized using GAPDH, and the results were plotted as mean+SEM. *p<0.05; **p<0.01;
*H%p<(0.001; ****p<(0.0001. Scale bar: 100 pm.

4.3.4 Optimization of transduction ratio of the lentivirus in AHDF cells

To determine the optimal transduction ratio of the lentiviruses, AHDF cells were
transduced with pKLV2.2-dgRNA-BB in different ratios (virus to media ratio) ranging
from 1:5 to 1:100. Subsequently, the expression of EGFP was observed and analyzed to
finalize the optimal transduction ratio for the cells (Fig. 4.5). The optimal transduction ratio
was chosen in such a way that around 60% to 70% of the cells express EGFP without
compromising the health of the cells. As expected, the microscopy images showed an
inverse relation between transduction ratio and EGFP expression. There is a gradual

decrease in expression of EGFP as the transduction ratio increases (Fig. 4.5).

4.3.5 Influence of transduction ratio on the knockout efficiency

Firstly, AHDF cells were transduced with lentiCas9-Blast viruses at a transduction
ratio of 1:10. The transduced cells were selected using Blasticidin, and subsequently, Cas9-
expressing cells were transduced with either pKLV2.2-dgRNA-Ex3 or pKLV2.2-dgRNA-
Ex5 viruses. The pKLV2.2-dgRNA-BB virus was used as a negative control in the
experiment. Then, cells were selected using puromycin, genomic DNA was isolated, and
the knockout efficiency was analyzed by PCR using locus-specific primers (Table S2). In
case of knockout using dgRNA against exon 3, the expected band size for the wild-type
cells is 211 bp. This set of dgRNA leads to a deletion of 62 bp, leading to a knockout band
of 148 bp (Table 4.1). In case of knockout using dgRNA against exon 5, the expected band
size for wild-type cells is 286 bp. The corresponding deletion is 60 bp, leading to a knockout
band of 226 bp (Table 4.1). On performing PCR for cells transduced with dgRNA against
exon 3 of ZSCAN4, two bands were observed in the agarose gel, corresponding to both
wild-type (211 bp) and knockout (148 bp) (Fig. 4.6A). Analyzing the intensity of the bands
using ImagelJ revealed that the wild-type band contributed to ~84% and the knockout band
contributed to ~16% (Fig. 4.6A). Similarly, cells transduced with dgRNA against exon 5
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Fig. 4.5. Optimization of lentivirus transduction ratio. Screening of optimal
transduction ratio for the lentiviruses by transducing different ratios of pKLV2.2-dgRNA-
BB viruses in AHDF cells and observing the expression of EGFP using an inverted

fluorescence microscope. Scale bar: 100 pm.
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of ZSCAN4 gene also led to partial knockout, leading to the formation of two different-
sized amplicons on performing PCR, at 286 bp corresponding to wild-type and at 226 bp
corresponding to knockout (Fig. 4.6A). Quantifying these bands using ImageJ revealed that
the wild-type population contributed to ~55.5% and the knockout population contributed
to ~44.5% (Fig. 4.6A). These results show that knockout efficiency is ~16% for dgRNA
against exon 3 and ~44.5% for dgRNA against exon 5. Both the dgRNA against ZSCAN4
gene led to partial knockout in cells. To enhance the knockout efficiency, this population
of cells was subjected to another round of transduction with both lentiCas9-Blast and
pKLV-dgRNA viruses. After the second round of transduction with the viruses, an
increased knockout efficiency was observed, but it was not sufficient to generate a complete
knockout of ZSCAN4 in cells. Quantifying the bands using ImagelJ showed that in case of
dgRNA against exon 3, the knockout efficiency increased from ~16% (single transduction)
to ~35% (double transduction) (Fig. 4.6B). Similarly, in case of dgRNA against exon 5, the
knockout efficiency increased from ~44.5% (single transduction) to ~60.5% (double
transduction) (Fig. 4.6B). Even though, the second round of transduction with Cas9 and
dgRNA viruses resulted in enhanced knockout efficiency, it was unable to generate
complete ZSCAN4 knockout cells.
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Fig. 4.6. Analysis of knockout of ZSCAN4 gene in AHDF cells using single and double
transduction. Analysis of knockout of ZSCAN4 using dgRNA against exon 3 and exon 5
by performing semi-quantitative PCR in AHDF cells after single transduction (A) and in
AHDF cells after double transduction (B). bp: basepairs; WT: Wild-type; dgRNA-BB: dual
gRNA vector backbone only; dgRNA-Ex3: dual gRNA against exon3 of ZSCAN4;
dgRNA-Ex5: dual gRNA against exon5 of ZSCAN4; NTC: no-template control.
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4.3.6 Influence of chromatin state on the knockout efficiency

To relax the chromatin in fibroblasts, we incorporated the use of a global DNA
demethylating agent, 5-Aza-2’-deoxycytidine (5-Aza-dC), which can globally alter the
chromatin. The cells were treated with 5-Aza-dC for 24 h prior to viral transduction, and
the treatment was continued for the whole time period of the experiment till genomic DNA
isolation. Performing PCR with the genomic DNA isolated from the cells that underwent
5-Aza-dC treatment revealed partial knockout of ZSCAN4 gene in the fibroblasts with a
modest enhancement in knockout efficiency compared to previous cases. In case of
knockout using dgRNA against exon 3, the knockout efficiency is ~54% (Fig. 4.7A), which
is higher than the efficiency using double transduction of viruses. In case of dgRNA against
exon 5, quantitative analysis revealed a knockout efficiency of ~57% (Fig. 4.7A), which is
comparable to the knockout efficiency using double transduction of viruses. Hence, the
usage of a DNA demethylating agent, 5-Aza-dC, assisted in enhanced knockout efficiency,
but still was not able to achieve complete knockout of ZSCAN4 gene.

To further analyze the influence of chromatin state on the efficiency of CRISPR-
Cas9 based knockout, we utilized cells having an euchromatin (open chromatin) structure
to knockout ZSCAN4 using our CRISPR-Cas9 toolbox. Knocking out ZSCAN4 gene using
the dgRNA toolbox in MDA-MB-231 cells resulted in a partial knockout, similar to
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Fig. 4.7. Analysis of knockout of ZSCAN4 gene in cells having different chromatin
state. Analysis of knockout of ZSCAN4 gene using dgRNA against exon 3 and exon 5 by
performing semi-quantitative PCR, in AHDF cells after single transduction in AHDF cells
after treatment with 5-Aza-dC (A), in MDA-MB-231 cells (B), and in iPSCs (C). bp:
basepairs; WT: Wild-type; dgRNA-BB: dual gRNA vector backbone only; dgRNA-Ex3:
dual gRNA against exon3 of ZSCAN4; dgRNA-Ex5: dual gRNA against exon5 of
ZSCAN4; NTC: no-template control.

previous cases. Further quantification revealed that dgRNA against exon 3 resulted in
~42% (Fig. 4.7B) knockout efficiency, and dgRNA against exon 5 resulted in ~69% (Fig.
4.7B), which is higher than the previous cases. Moreover, knockout in TJC8 iPSCs also
resulted in partial knockout of ZSCAN4. Interestingly, the knockout efficiency was the
highest in case of TIC8 iPSCs, yielding ~75% and ~71% (Fig. 4.7C) using dgRNA against
exon 3 and exon 5, respectively. These results prove that chromatin state exerts a significant

influence on the knockout efficiency of CRISPR-Cas9 toolbox.

4.3.7 Influence of gRNA potency on the knockout efficiency

Next, we evaluated the knockout efficiency of gRNAs with varying potencies. To
achieve this, gRNAs were designed using four different computational online tools (Table
4.2), and the top ranked gRNAs were chosen for knocking out human ZSCAN4 gene in
AHDF cells. Notably, each tool yielded a unique set of candidate gRNAs for maximal
knockout efficiency (Table 4.2). These dgRNAs were synthesized and cloned. The cloning
was validated using restriction digestion analysis (Fig. 4.8) and further the fidelity of the

sequences was verified using Sanger sequencing (data not shown).

Table 4.2. Expected band size for the amplicon for the wild-type and knockout cells and
the tools used for designing the gRNAs.

dgRNA Wild-Type Deletion | Expected knockout Online tool used
name (WT) band size size (KO) band size for designing
dgRNA-set 1 281 bp 75 bp 206 bp Synthego
Integrated DNA
dgRNA-set 2 484 bp 114 bp 370 bp technologies
dgRNA-set 3 309 bp 72 bp 237 bp E-CRISP
dgRNA-set 4 309 bp 59 bp 250 bp CHOP-CHOP
dgRNA-set 5 484 bp 47 bp 437 bp CHOP-CHOP
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Fig 4.8. Confirmation of cloning of new sets of dgRNA cassettes. The newly synthesized
dgRNA cassettes were cloned in pKLV2.2-dgRNA vector and the cloning was confirmed
using restriction digestion. bp: basepairs; UD: undigested.

Further, the knockout of ZSCAN4 was carried out in AHDF cells using these new sets
of dgRNAs. The knockout efficiency was assessed via semi-quantitative PCR and
quantifying the intensity of the amplicons using ImagelJ software. The expected amplicon
lengths for the wild-type and knockout are listed in Table 4.2. The results revealed all the
sets of dgRNAs incorporated except for set 4, resulted in partial knockout of ZSCAN4 gene
with varying efficiencies (Fig. 4.9). In case of dgRNA set 1, two different sized amplicons
were observed, one band corresponding to wild-type and other one corresponding to

knockout (Fig. 4.9). Quantifying the band intensities using ImagelJ revealed a knockout
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Fig. 4.9. Analysis of knockout of ZSCA/N4 gene using new sets of dgRNAs in AHDF
cells. The AHDF cells were transduced with new sets of dgRNA lentivirus and Cas9
lentivirus, followed by respective antibiotic selection. The knockout was verified using
semi-quantitative PCR using genomic DNA isolated from these cells. The band intensity
was quantified using ImageJ software. bp: basepairs; WT: Wild-type; dgRNA-BB: dual
gRNA vector backbone only; dgRNA-Set 1: 1st set of dual gRNA against ZSCANY,
dgRNA-Set 2: 2nd set of dual gRNA against ZSCAN4; dgRNA-Set 3: 3rd set of dual gRNA
against ZSCAN4; dgRNA-Set 4: 4th set of dual gRNA against ZSCAN4; dgRNA-Set 5: 5th
set of dual gRNA against ZSCAN4; NTC: no-template control.
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efficiency of ~9%, which is much lesser than the previous dgRNAs that have been used.
The knockout using dgRNA set 2, yielded a knockout efficiency of ~66% (Fig. 4.9), which
is comparable to the efficiency that was obtained using dgRNA against exon 5.
Interestingly, in case of dgRNA set 2, three distinct amplicons were observed. One band
corresponding to wild-type, second band corresponding to knockout and the third band in
between these amplicons (Fig. 4.9). The knockout efficiency of ~44% was observed using
dgRNA set 3 in AHDF cells (Fig. 4.9). Similar to dgRNA set 1, in case of dgRNA set 3,
two different sized amplicons were observed corresponding to wild-type and knockout
(Fig. 4.9). In case of dgRNA set 4, most of the cells died after selection with respective
antibiotics and therefore genomic DNA isolated from these cells was not sufficient to
perform a PCR. So, there was no band observed in the PCR reaction using dgRNA set 4
(Fig. 4.9). Lastly, using dgRNA set 5, a knockout efficiency of ~29% was observed in
AHDF cells (Fig. 4.9). Similar to other dgRNAs, two different sized amplicons were
observed corresponding to wild-type and knockout (Fig. 4.9). All these results
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demonstrated that gRNA potency plays a vital role in knockout efficiency. All the dqgRNAs
gave varying knockout efficiencies against the same target gene, ZSCAN4 and in the same
cell line, AHDF. Given that the dgRNA targeting exon 5 demonstrated one of the highest
knockout efficiencies in both AHDF cells and iPSCs and targets a functionally important

domain of ZSCANA4, it was selected for further experiments.

4.3.8 Clonal expansion led to homogeneous knockout population of iPSCs
Following transduction of iPSCs with dgRNA targeting exon 5 and induction of
Cas9 expression using doxycycline, clonal expansion was performed. A total of nine clones

were isolated, expanded, and subjected to genotypic analysis.

Among these, clones C2, C4, C7, and C9 exhibited a single PCR amplicon of ~226
bp, consistent with a ~60 bp deletion at the target site (Fig. 4.10; fop). Sanger sequencing
confirmed the deletion within exon 5 of ZSCAN4 gene in all four clones (Fig. 4.10; bottom).
The presence of a single deletion-specific band and absence of a wild-type amplicon

indicate biallelic editing, consistent with a homozygous knockout in these clones.

Clone C1 exhibited two distinct PCR amplicons (~286 bp and ~226 bp; Fig. 4.10;
top), indicating the presence of both a non-deleted and a deletion allele. Sequencing
revealed that the wild-type-sized amplicon harbors three nucleotide substitutions resulting
in two amino acid changes (Fig. 4.10; bottom). These findings indicate heterozygous
editing, with one allele containing a deletion and the other harboring missense mutations,

consistent with compound heterozygosity in this clone.

Clone C3 displayed a single PCR amplicon of ~250 bp, which was intermediate
between the wild-type (~286 bp) and expected knockout (~226 bp) bands (Fig. 4.10; top).
Sequencing analysis revealed indels at the target locus within exon 5 (Fig. 4.10; bottom),
suggesting CRISPR-Cas9-mediated editing. The absence of a wild-type band and the

presence of a single amplicon indicate biallelic editing.

Clone CS5 also displayed two distinct PCR amplicons (~286 bp and >300 bp; Fig.
4.10; top), indicating the presence of wild-type—sized amplicon and insertional events at
the target locus consistent with CRISPR-Cas9-mediated insertion. Sequencing analysis
revealed multiple point mutations in the wild-type-sized amplicon (Fig. 4.10; bottom).
These results indicate heterozygous editing, with one allele harboring an insertion and the
other containing point mutations.
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Clone C6 exhibited two PCR amplicons of ~226 bp and ~300 bp (Fig. 4.10; top),
corresponding to deletion and insertion events, respectively. Sequencing confirmed the
presence of multiple indels in the ~300 bp amplicon size within exon 5 of ZSCAN4 gene
(Fig. 4.10; bottom). The absence of a wild-type amplicon indicates biallelic editing, with
one allele harboring a deletion and the other containing insertional mutations, likely

resulting in functional disruption of ZSCAN4 gene.

Clone C8 showed two PCR amplicons, one corresponding to the expected knockout
band (~226 bp) and a second smaller band (<226 bp), with no detectable wild-type—sized
amplicon (Fig. 4.10; top). Sequencing revealed deletions accompanied by minor nucleotide
changes at the target locus (Fig. 4.10; bottom). These findings indicate biallelic editing with
distinct deletion events, consistent with compound heterozygous disruption of ZSCAN4

gene.

As a control, wild-type TJCS cells and cells transduced with dgRNA-BB exhibited
a single PCR amplicon corresponding to the wild-type band (286 bp; Fig. 4.10; top).
Sequencing confirmed 100% identity with the reference sequence (Fig. 4.10; bottom),
indicating the absence of nucleotide changes. These samples served as unedited controls,
validating the specificity and accuracy of CRISPR-Cas9-mediated editing observed in the

experimental clones (Clones C1 to C9).
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Fig. 4.10. Confirmation of ZSCAN4 knockout in the isolated clones using semi-
quantitative PCR and Sanger sequencing. The single cell clones isolated after ZSCAN4
knockout were subjected to semi-quantitative to confirm the 60 bp deletion in exon 5 region
(top) and further the amplicons were analyzed by Sanger sequencing (bottom). The red line
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corresponds to wild-type amplicon size of 286 bp. bp: basepairs; WT: wild-type; dgRNA-
BB: TJC8 cells transduced with dgRNA-BB; C1 to C9: ZSCAN4 knockout TJC8 iPSC
clones; NTC: no-template control; KO: knockout.

A summary of the genotype analysis of ZSCAN4 knockout iPSC clones, based on
semi-quantitative PCR and Sanger sequencing, is presented in Table 4.3.

Table 4.3. Summary of genotype analysis of ZSCAN4 knockout iPSC clones derived

from semi-quantitative PCR and Sanger sequencing.

Clon PCR Cenbtvne Editing Functional
one Bands yp Type Interpretation
Cl ~250%p + Heterozygous Delction’) hgtzlrl(l)zoulcl)is
~226 bp veou point mutations e
mutant
. 1 Deletion Homozygous
€2 28'op Elclio (both alleles) knockout
. . Deletions Homozygous
€3 g0 br Bl (indel variant) knockout
2 . Deletion Homozygous
4 826 bp A (both alleles) knockout
C5 ~Z@\br'g Heterozygous S hgtzlrl(l)zoulcl)is
>300 bp Ve point mutations vE
mutant
. Functional
6 | T0PT | Biallelic Deletion * knockout
P (biallelic disruption)
. . Deletion Homozygous
<7 226bp piate i (both alleles) knockout
Functional
8 | 0Pt Biallelic ooy knockout
p cietions (biallelic disruption)
. ) Deletion Homozygous
€9 ~226 bp Biallelic (both alleles) knockout
Control| 286 bp WT/WT No editing Wild-type
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4.4 Discussion

The transcription factor ZSCAN4 has been reported to be vital for various cellular
functions during embryonic development, as well as in ESCs, iPSCs, and cancer cells.
However, the exact mechanistic role of ZSCAN4 in reprogramming of human somatic cells
and in the maintenance of self-renewal and pluripotency property of iPSCs is still unclear.
Therefore, understanding its role by complete deletion of ZSCAN4 gene is of paramount
importance, which will help us advance the therapeutic application of iPSCs. The CRISPR-
Cas9 toolbox is a powerful and precise tool to edit target regions in the genome (Doudna
and Charpentier, 2014). Certain biological hurdles need to be addressed to make the toolbox
much more efficient. This chapter identified such hurdles and demonstrated its significant
influence on the efficiency of CRISPR-Cas9 toolbox. This chapter employed lentivirus-
based expression of dgRNA and Cas9 in the target cells. Lentivirus is proven to be one of
the efficient tools to deliver the transgenes in the target cells with high efficiency (Denning
etal., 2013; Durand and Cimarelli, 2011; Vigna and Naldini, 2000). Viral transduction ratio
was identified as a critical factor to attain efficient delivery of the transgenes without
compromising the health of the cells. Firstly, we demonstrated the influence of the
transduction ratio on the knockout efficiency. Our results demonstrated a positive
correlation between the transduction ratio and the knockout efficiency. Increasing the
transduction load led to an increased amount of transgene expression (Denning et al., 2013;
Zhang et al., 2004), which in turn helped in improving in knockout efficiency of CRISPR-
Cas9 system. Although increasing the transduction ratio enhanced the knockout efficiency,
it was unable to generate a homozygous knockout of ZSCAN4 gene. The cells still displayed
partial deletion of ZSCAN4 gene.

To date, there are no studies reporting the expression of ZSCAN4 in human
fibroblasts. It is hypothesized that the genomic region of ZSCAN4 may exist in the
heterochromatin region of the genome, making it inaccessible for the dgRNA and Cas9
nuclease. Previous reports suggest that eukaryotic chromatin state can significantly impede
the activity and the efficiency of CRISPR-Cas9 (Verkuijl and Rots, 2019; Wu et al., 2014),
which is due to the inaccessibility of the protospacer adjacent motif sequence (Hinz et al.,
2015). Therefore, we speculated that the observed partial knockout of ZSCAN4 gene in
fibroblasts was a direct consequence of this inaccessibility. Similar results have been

observed in one of our previous studies where the target gene, UTFI, not expressed in
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human fibroblasts was deleted partially in fibroblasts using CRISPR-Cas9 toolbox (Raina
et al., 2025). To test this hypothesis, we employed the use of 5-Aza-dC, a global DNA
demethylating agent. This molecule is reported to relax the chromatin structure of cells,
shifting them towards euchromatin state (Christman, 2002; Patra and Bettuzzi, 2009).
Therefore, human fibroblast cells were treated with 5-Aza-dC before and during lentiviral
transduction to enhance the accessibility of ZSCAN4 locus by the dgRNA and Cas9. As
anticipated, treatment with 5-Aza-dC resulted in higher knockout efficiency in both dqgRNA
against exon 3 and exon 5. However, even with chromatin modification, knockout of
ZSCAN4 gene was still partial as observed by the presence of two amplicons corresponding
to wild-type and knockout sizes. This observation confirmed that the inherent eukaryotic
chromatin state exerts a substantial influence on editing efficacy. Consequently, we made
the strategic decision to employ the usage of cell lines that have relatively open chromatin

profile to knockout ZSCAN4 gene.

To accomplish this, we used MDA-MB-231 breast cancer cells and iPSCs, which
are reported to have a relatively open chromatin structure compared to fibroblasts (Cai et
al., 2020; Gaspar-Maia et al., 2011; Harris et al., 2023; Knaupp et al., 2017; Li et al., 2021).
It is a well-known prerequisite that chromatin opens up and becomes more accessible
during reprogramming to generate iPSCs (Knaupp et al., 2017; Li et al., 2021). This open
chromatin is one of the crucial factors for the maintenance of pluripotency in iPSCs
(Gaspar-Maia et al., 2011). The iPSCs used in this study, TJCS, is a well characterized
iPSC line (Manian et al., 2018; Thamodaran et al., 2021). The TJC8 iPSC used in this study
has a dox-inducible Cas9 cassette integrated at the safe harbor AAVS] site (Thamodaran
et al., 2021). Therefore, TIC8 iPSCs were transduced only with pKLV2.2-dgRNA viruses
and induced with Dox for the expression of Cas9. As our results suggest, the cells with a
relatively open chromatin, like MDA-MB-231 and iPSCs, led to higher knockout efficiency
when compared to fibroblasts. Importantly, we were able to achieve highest knockout
efficiency so far in this study, in case of iPSCs. Taken together, these results suggest that
eukaryotic chromatin state has a very significant influence on the knockout efficiency while
using CRISPR-Cas9 toolbox. However, despite this enhanced knockout efficiency in
iPSCs, we were unable to generate homozygous ZSCAN4 knockout cells. This is in contrast
with one of our previous studies, where an incomplete knockout of the target gene, UTF1,
was observed in fibroblasts, but homozygous knockout of UTF1 was observed in case of

iPSCs (Raina et al., 2025), suggesting a ZSCAN4-specific resistance to complete knockout.
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Earlier studies revealed controlled expression of ZSCAN4, where it is reported to be
expressed only in ~5% of cells in culture in mouse ESCs and iPSCs (Hirata et al., 2012;
Zalzman et al., 2010). This tight control over its expression suggests that ZSCAN4 locus
might be present in the euchromatin region of iPSCs, leading to inaccessibility by the
dgRNA and Cas9 nuclease as discussed earlier (Verkuijl and Rots, 2019; Wu et al., 2014).
This, in turn, might be generating a heterozygous knockout of ZSCAN4 gene in target cells.

Despite, optimizing transduction ratio and employing multiple cell lines with
relatively open chromatin, CRISPR-Cas9-based knockout of ZSCAN4 gene failed to
achieve a complete, homozygous knockout. Previous study reported gRNA potency as one
of the vital parameters for the success of CRISPR-Cas9-based knockout of target gene
(Yuen et al., 2017). The study suggested that all the gRNAs have their own intrinsic
potency, the efficiency with which the gRNA will bind to the target locus and induce a
DSB at the locus (Yuen et al., 2017). Therefore, screening and choosing the best gRNA
with maximum potency is crucial for the success of CRISPR-Cas9-based knockout of target
gene. Hence, we performed a comparative screening of multiple pairs of gRNAs, which
were designed using different online tools and subsequently, their potency to knockout
ZSCAN4 gene was assessed in AHDF cells. Although, all the dgRNA sets were ranked as
most efficient ones by their respective designing tool, experimental validation revealed a
significant variability in knockout efficiency, emphasizing the significance of in vitro
experimental validation over computational modelling. All the chosen new dgRNAs
resulted in partial knockout of ZSCAN4 in AHDF cells with varying knockout efficiencies.
Interestingly, in case of dgRNA set 2, a third band was observed with an amplicon size
lying between corresponding wild-type and knockout amplicon sizes. This third band might
be due to indels incorporated from the process of non-homologous end joining (NHEJ) at
the target locus by the DNA repair machinery of the cells. These results signify the
screening of gRNA that has best potency is crucial for successful knockout of the target
gene. Among all the gRNAs that were screened in this study, the dgRNA against exon 5
demonstrated superior knockout efficiency across all evaluated cell lines. Moreover,
dgRNA against exon 5 specifically targets the Zinc finger domain, a functionally
indispensable domain of ZSCAN4 protein (Thool et al., 2022). Targeting this conserved
domain will increase the probability of rendering the protein non-functional. Therefore,

dgRNA against exon 5 was chosen for further experiments.

TH-412P 28 1B8. 10



Knockout of human ZSCAN4 gene using CRISPR-Cas9 toolbox

The persistent partial knockout across different cell lines and with gRNAs with
varying potencies suggested the cell populations attained after selection were
heterogeneous, indicated by the presence of two bands (WT and KO) in the PCR analysis.
This heterogeneity can be attributed to two main scenarios. Firstly, DSBs have been
induced at the target site, ZSCAN4, in one of the alleles, leaving the other allele intact. This
scenario would have led to the formation of two amplicons of different sizes on performing
PCR. Secondly, population mosaicism, which can be attributed to the presence of a
heterogeneous population of knocked out and wild-type cells. We hypothesize that the
second scenario may arise from the inherent varying potency of gRNAs as discussed earlier
(Yuen et al., 2017). One of the previous studies showed that all the gRNAs possess an
inherent potency with which they can bind to the target and eventually induce a DSB at the
target locus (Yuen et al., 2017). The gRNAs that are being employed in this study have
varying potencies to induce a DSB at the target site, ZSCAN4, as evident from the results,

leading to a heterogeneous population of mixture of wild-type and knockout cells.

To resolve the issue of heterogeneity and attain a homozygous population of
ZSCAN4 knocked out cells, we performed clonal expansion (Bhargava et al., 2022; Chen
and Pruett-Miller, 2018). In this method, single cells were seeded in a 96-well plate and
eventually expanded. Since the population will have emerged from a single cell, it will
generate a homogeneous, clonal population having uniform genotype, which in our case
will be ZSCAN4 knockout. Isolating clonal population is one of the major bottlenecks in
CRISPR-Cas9 based genome modification (Bhargava et al., 2022; Chen and Pruett-Miller,
2018; DeWeirdt et al., 2020). Since iPSCs possess indefinite self-renewal capability and
the ability to generate a clonal population, clonal expansion was performed with iPSCs
(Bhargava et al., 2022; Chen and Pruett-Miller, 2018; Singh, 2019). The clonal populations
attained were screened for EGFP expression. Those clones expressing EGFP were further
expanded, genomic DNA was isolated, and the knockout was analyzed by performing PCR.
Isolating clonal population is one of the major bottlenecks in CRISPR-Cas9 based genome

modification.

Among the nine clones analyzed following clonal expansion, seven clones (77.8%;
C2,C3, C4, C6, C7, C8, and C9) exhibited biallelic disruptive mutations with no detectable
wild-type allele, indicating high-confidence functional knockout of ZSCAN4 gene. These

included clones harboring either precise deletions or compound indel events affecting both
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alleles. In contrast, the remaining two clones (22.2%; C1 and C5) retained a wild-type-
sized amplicon (although sequencing revealed nucleotide substitutions in these alleles)
along with an additional smaller or larger band, consistent with heterozygous editing and
incomplete disruption of ZSCAN4 gene. Overall, the majority of clones demonstrated high-
confidence biallelic disruption of ZSCAN4 gene, highlighting the efficiency of CRISPR-
Cas9-mediated gene editing in human iPSCs. Functional validation at the protein level will

be required to confirm complete loss of ZSCAN4 activity in all these clones.

Notably, there were four clones (C1, C5, C6, and C8) out of the nine clones that
exhibited heterozygous amplification profile, yielding two different-sized amplicons with
indels or deletions (sequencing data). This suggests that both the alleles in that clonal
population have repaired the DSB in an independent and distinct manner. This
heterogeneity is a hallmark of the error-prone DNA repair mechanism of the cell via NHEJ
pathway (Gaj et al., 2013), which repairs DSBs with unique indels in each cell, and thereby
the clonal population expanded from them (Fischer et al., 2022; Wang et al., 2019). This
led to the generation of two amplicons of different sizes corresponding to each allele. This
phenomenon of obtaining heterozygous knockout in a clonal population is observed in
previous studies in case of fibroblasts as well as in iPSCs (Fischer et al., 2022; Wang et al.,
2015, 2019). The remaining five clones (C2, C3, C4, C7, and C9) exhibited homozygous
amplification profile, yielding single amplicon upon semi-quantitative PCR. The
sequencing results corroborated the same. This phenomenon underscores the necessity of
rigorous clonal selection and sequencing to ensure that the functional genetic disruptions

observed are tied to a clearly defined genomic state.

Despite initial heterogeneity in knockout, final optimization yielded a
homogeneous, clonal population having complete knockout of ZSCAN4 gene in iPSCs.
These cells can be further characterized to get a deeper understanding on the role of
ZSCAN4 in the maintenance of self-renewal and pluripotency property of iPSCs. This is
the first study to design a lentivirus-based, dgRNA CRISPR-Cas9 toolbox for robust
ablation of human ZSCAN4 gene in any target cell and to provide a validated strategy for
the generation of homozygous ZSCAN4 knockout population.
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4.5 Conclusion

CRISPR-Cas9 is an effective tool in molecular biology for gene editing, which
enables us to gain an in-depth insight on the mechanistic role of the target gene. However,
there are few hurdles that needs to be addressed for an efficient application of the CRISPR-
Cas9 toolbox. This study systematically investigated various critical factors, such as viral
transduction, chromatin state of the cells, gRNA potency, and clonal selection, and the
influence of these factors on the efficiency of knockout of human ZSCAN4 gene using
CRISPR-Cas9 toolbox. It is evident that factors like viral transduction ratio and chromatin
state of the cells have a significant influence on the efficiency of gene knockout using
CRISPR-Cas9 toolbox. We have demonstrated that using chemical molecules like 5-Aza-
dC to relax the chromatin state enhanced the efficiency of the knockout. Moreover, the
efficiency of knockout of ZSCAN4 gene is considerably higher in cells having an open
chromatin structure (like MDA-MB-231 and iPSCs) compared to those cells having a
closed chromatin structure (like fibroblasts). Furthermore, this study demonstrated that the
inherent potency of gRNA plays a crucial role in determining knockout efficiency and that
experimental validation is absolutely necessary in spite of higher efficiencies calculated by
computational tools. Despite optimizing transduction ratio, chromatin state, and gRNA
potency, our efforts resulted in a heterogeneous population of cells having a mixture of
wild-type and knockout cells. To overcome this, clonal expansion was performed to attain
a homozygous population of ZSCAN4 knockout cells. This is the first study to develop an
efficient, dggRNA-based toolbox to knockout ZSCAN4 gene in human cells. By elucidating
and addressing the influence of factors such as viral delivery and chromatin accessibility,
this work provides an optimized methodology that will facilitate the successful and efficient

utilization of the CRISPR-Cas9 system in molecular biology research.
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Characterization of ZSCAN4 knockout iPSCs

Overview

The knockout of human ZSCAN4 gene in human induced Pluripotent Stem Cells (iPSCs)
was carried out successfully in the previous Chapter 4. Homozygous ZSCAN4 knockout
clones were identified, expanded, and cryopreserved. Out of the nine ZSCAN4 knockout
clones, four of them were chosen for expansion and comprehensive characterization to
understand the functional role of ZSCAN4 in the maintenance of iPSCs. Morphological
analysis revealed a divergent response to ZSCAN4 deficiency among the clones. Two of
the knockout clones exhibited iPSC-like morphology with round, tightly packed cells,
while the other two clones showed differentiated morphology that was characteristically
different from iPSC-like morphology, indicating their spontaneous differentiation. Gene
expression profiling of core pluripotency markers, namely OCT4, SOX2, NANOG, and
REX1, revealed significant downregulation of the pluripotency genes analyzed in the
clones that showed differentiated morphology. Further, immunofluorescence analysis of
pluripotency surface (TRA-1-60, TRA-1-81, and SSEA4) and nuclear markers (OCT4,
SOX2, and NANOG) revealed comparable expression of pluripotency markers in the
clones that showed iPSC-like morphology relative to negative control. Interestingly, the
clone exhibiting differentiated morphology showed complete loss of pluripotency marker
expression, with the exception of TRA-1-60. Furthermore, studying the relative telomere
length in ZSCAN4 knockout clones revealed no significant differences, indicating the
existence of compensatory or redundant mechanisms involved in telomere maintenance.
Moreover, analysis of lineage-specific markers in the clone that showed differentiated
morphology, revealed that the clone differentiated spontaneously towards all the three germ
layers, resulting in a phenotype consistent with carcinoma-like cells. Finally, a semi-
quantitative PCR was performed on RNA isolated from knockout clones to confirm the
absence of ZSCAN4 knockout at transcript level at passage 10, which showed the
maintenance of stable knockout cells. Taken together, all these results show that knockout
of ZSCAN4 gene in human iPSCs led to heterogeneous behavior in the analyzed
homozygous clones, and further studies are required to completely understand the vitality
of ZSCAN4 in the maintenance of self-renewal and pluripotency characteristics of these

cells.
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5.1 Introduction

The CRISPR—Cas9 toolbox is widely employed to investigate and elucidate the
functional roles of genes in cellular pathways that were previously not investigated or not
well understood. Since its inception in 2012, the CRISPR-Cas9 genome editing toolbox has
revolutionized the field of functional genomics (Jinek et al., 2012). This platform has been
extensively utilized to generate targeted knockouts, facilitating a deeper understanding of
gene involvement in complex metabolic and regulatory networks (Ben Jehuda et al., 2018;
Chehelgerdi et al., 2024). Rigorous characterization of these gene knockout clones is an
essential prerequisite for defining their biological significance. This approach has been
widely applied to iPSCs to study gene functions across various applications (Geng et al.,
2020; Harper et al., 2023; Wu et al., 2018; Xu et al., 2019). Through various molecular and
cellular assays, we can observe the phenotypic, genotypic, and metabolic changes resulting
from a knockout, providing a direct insight into the functionality of the target gene (Geng
et al., 2020; Harper et al., 2023; Wu et al., 2018; Xu et al., 2019). The broader applications
of CRISPR-Cas9 toolbox in disease modelling and functional analysis are discussed in brief
elsewhere (Li et al., 2023; Sundaravadivelu et al., 2025). This chapter details the extensive
phenotypic and molecular characterization of ZSCAN4 knockout clones to determine the

functional requirement of this gene in the long-term maintenance of human iPSCs.

This chapter employs a multifaceted experimental framework comprising RT-
qPCR, immunofluorescence and telomere qPCR to systematically evaluate the
consequences of the absence of ZSCAN4 in human iPSCs. Ensuring the permanent stability
of the genetic disruption is of paramount importance for accurate interpretation of long-
term knockout effects. Consequently, the stability of homozygous knockout of ZSCAN4
gene in the clones at a transcriptome level was studied by performing a semi-quantitative
PCR with specific primers. Notably, this research represents inaugural study to achieve and
characterize homozygous knock out of ZSCAN4 in human iPSCs, providing a foundational

baseline for understanding its essentiality in the maintenance of iPSCs.
5.2 Materials and Methods

5.2.1 Semi-quantitative PCR
Semi-quantitative PCR was performed in accordance with the protocol detailed in

section 3.2.8. Briefly, either genomic DNA or cDNA was used as the template for
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amplification. The PCR was performed using target-specific primers at their optimized
annealing temperatures (Table S2). The PCR products were resolved using 2% agarose gel

and imaged using the ChemiDoc XRS+ system (Bio-Rad).

5.2.2 Immunofluorescence

Immunofluorescence was performed following the protocol previously mentioned
in section 2.2.8. Briefly, the cells were fixed, permeabilized, blocked, incubated with
respective primary and secondary antibodies (Table S3), counterstained with Hoechst
nuclear stain, and imaged using an inverted fluorescence microscope (ZOE™ Fluorescent

Cell Imager, Bio-Rad). The images were further processed using ImageJ software.

5.2.3 Real-Time quantitative PCR (RT-qPCR)

The total RNA was isolated from the cells and RT-qPCR was performed following
the protocol previously mentioned in section 3.2.3. Briefly, RNA was isolated, cDNA was
synthesized, and RT-qPCR was performed. The results were normalized using GAPDH as
the reference gene. The final results were plotted as mean+SEM, and were statistically

analyzed using student’s t-test or one-way ANOVA with 95% confidence interval.

5.2.4 Telomere qPCR

The relative telomere length was quantified by performing qPCR as previously
described (Cawthon, 2009; Joglekar et al., 2020). Briefly, genomic DNA was isolated
following the protocol previously mentioned in section 4.2.6. For performing telomere
qPCR, 60 ng of genomic DNA was used as a template per PCR reaction. The qPCR was
performed by using 100 nM of telomere-specific primers (Cawthon, 2009) and 180 nM of
primers specific to human B-globin (Joglekar et al., 2020). The human B-globin is a single
copy gene and was used as a reference gene for normalization. No template control was
used as a negative control. The relative telomere length was calculated using 222t method
as previously described (Joglekar et al., 2020). The relative telomere length values were
plotted using GraphPad Prism software and were statistically analyzed using one-way

ANOVA with 95% confidence interval.
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5.3 Results

5.3.1 Phenotypic analysis of ZSCAN4 knockout iPSC clones

From the semi-quantitative PCR results from previous chapter, it was revealed that
four of the nine clones (C2, C4, C7, and C9) exhibited homozygous ZSCAN4 knockout
yielding the expected single amplicon at ~226 bp. For this chapter, these four clones were
chosen for further expansion and characterization to understand the functional role of

ZSCAN4 in the maintenance of iPSCs.

Further, the phenotypic consequences of ZSCAN4 knockout in iPSCs, were
observed using brightfield microscopy. Wild-type iPSCs and iPSCs transduced with
dgRNA-BB maintained characteristic pluripotent morphology defined by small, rounded
cells organized in tightly packed colonies (Fig. 5.1; left panel). In contrast, the four
confirmed ZSCAN4 knockout clones exhibited a heterogeneous phenotypic spectrum.
Clones C4 and C7 closely resembled wild-type iPSCs, displaying compact colonies
composed of small, rounded cells consistent with typical iPSC morphology (Fig. 5.1,
middle panel). Conversely, clones C2 and C9 exhibited differentiated morphologies distinct
from the pluripotent state. Clone C2 displayed an elongated cellular morphology, whereas
clone C9 consisted of comparatively larger, rounded cells (Fig. 5.1, right panel). Upon
subsequent passaging, both C2 and C9 progressively lost their characteristic iPSC

morphology and underwent complete differentiation. In contrast, clones C4 and C7 retained

typical iPSC morphology and showed no signs of spontaneous differentiation up to passage

15.

100 pm

TJC8 — Wildtype TJC8-ZSCAN4-- — Clone C4 TJC8-ZSCAN4-- — Clone C2
¢ 100 pm ‘
TJC8 — dgRNA-BB TJC8-ZSCAN4-- — Clone C7 TJC8-ZSCAN4-- — Clone C9

TH-412Pagef 10rL10



Characterization of ZSCAN4 knockout iPSCs

Fig. 5.1. Phenotypic analysis of ZSCAN4 knockout TJC8 iPSC clones. The four chosen
ZSCAN4 knockout clones were analyzed using brightfield microscopy for any
morphological changes in their phenotype. The wild-type TJC8 cells and TJCS8 cells
transduced with dgRNA-BB served as negative controls. Scale bar: 100 um.

Collectively, these observations indicate that, despite all the four clones being
confirmed as homozygous ZSCAN4 knockouts at the genomic level, loss of ZSCAN4
resulted in a heterogeneous phenotypic response. This suggests that ZSCAN4 plays a
context-dependent role in maintaining pluripotency and cellular stability in some clones,

potentially mediated by compensatory or parallel regulatory pathways.

5.3.2 Assessment of relative expression of pluripotency markers in ZSCAN4 knockout
iPSC clones
The relative expression levels of pluripotency markers were analyzed using RT-

qPCR to evaluate the molecular impact of ZSCAN4 knockout in iPSCs. The expression of
core pluripotency markers, namely OCT4, SOX2, NANOG, and REX1 was analyzed.
Although clone C2 exhibited rapid phenotypic collapse and did not survive beyond passage
3, total RNA was isolated successfully at passage 2 to enable this analysis. The results
revealed differential response among ZSCAN4 knockout clones compared to the cells
transduced with dgRNA-BB virus, which served as the negative control in this experiment.
The expression level of OCT4 exhibited a marked increase in clone C4 (~2.2-fold), while
its expression was significantly downregulated in the other three clones relative to control,
C2 (~1000-fold), C7 (~2-fold), and C9 (~50-fold) (Fig. 5.2). A similar pattern was observed
for the expression of SOX2, where in clone C4 showed significant upregulation (~1.8-fold)
whereas significant downregulation was observed in the clones C2 (~500-fold), C7 (~5-

fold), and C9 (~11-fold) relative to control cells (Fig. 5.2).

Next, relative expression levels of NANOG was assessed in ZSCAN4 knockout
iPSC clones. Unlike the divergent patterns observed for OCT4 and SOX2, NANOG
expression was universally and significantly downregulated in all the four clones relative
to control cells, C2 (~1000-fold), C4 (~2-fold), C7 (~2.5-fold), and C9 (~100-fold) (Fig.
5.2). Expression of REX1, a marker of naive pluripotency, was significantly increased in
C4 (~2.8-fold), while being significantly reduced in the remaining clones compared to the
control (C2: ~50-fold; C7: ~50-fold; C9: ~25-fold) (Fig. 5.2). Collectively, the expression
levels of OCT4, SOX2, and REX1 followed a similar pattern
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Fig. 5.2. Relative expression analysis of pluripotency genes in ZSCAN4 knockout
TJC8 iPSC clones. RT-qPCR was performed to analyze the relative expression of
pluripotency markers, namely OTC4, SOX2, NANOG, and REX1 in ZSCAN4 knockout
TJCS8 iPSC clones. The expression levels were normalized using GAPDH, and the results
were plotted as mean+=SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. dgRNA-
BB: TICS8 cells transduced with dgRNA-BB; C2, C4, C7, C9: ZSCAN4 knockout
homozygous TJC8 iPSC clones.

in ZSCAN4 knockout clones, whereas their expression was significantly upregulated in C4
but suppressed in other three clones (C2, C7, and C9). NANOG stood out as the only factor
that was downregulated in all the four knockout clones regardless of their initial
morphology. These data suggest that while ZSCAN4 deficiency consistently destabilizes
NANOG expression, it may trigger compensatory upregulation of other core factors like

OCT4, SOX2 or REXI in specific cellular contexts like clone C4.

5.3.3 Immunofluorescence analysis of pluripotent markers in ZSCAN4 knockout iPSC

clones
The expression of surface and nuclear pluripotent markers was analyzed in ZSCAN4

knockout iPSC clones using immunofluorescence. Since the clone C2 did not survive
beyond passage 3, the immunofluorescence analysis was not carried out for this clone and
was performed for the other three clones (C4, C7, and C9). The analysis revealed robust
expression of the surface markers, TRA-1-60, TRA-1-81, and SSEAA4, in the clones C4 and

C7 (Fig. 5.3). In case of C9, no expression was observed when the cells were stained for
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TRA-1-81 and SSEA4 (Fig. 5.3). Notably, a faint signal for TRA-1-60 was detected in
clone C9, despite its differentiated morphology (Fig. 5.3).

dgRNA-BB

Fig. 5.3. Immunofluorescence analysis of pluripotency surface markers in ZSCAN4
knockout TJC8 iPSC clones. ZSCAN4 knockout clones, C4, C7, and C9, were analyzed
for the expression of pluripotency surface markers, namely TRA-1-60, TRA-1-81, and
SSEA4 using immunofluorescence. Scale bar: 100 um. dgRNA-BB: TJICS cells transduced
with dgRNA-BB; C4, C7, C9: ZSCAN4 knockout homozygous TJCS iPSC clones.

Subsequently, the expression of nuclear pluripotency markers was also analyzed.
The analysis revealed robust expression of the core nuclear markers, namely OCT4, SOX2,
and NANOG, in the clones C4 and C7 (Fig. 5.4). In contrast, no detectable expression of
the nuclear markers was observed in the clone C9 (Fig. 5.4). The complete lack of these
master regulators confirmed that the clone C9 has exited pluripotent state and undergone

spontaneous differentiation.
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dgRNA-BB

Fig. 5.4. Immunofluorescence analysis of pluripotency nuclear markers in ZSCAN4
knockout TJC8 iPSC clones. ZSCAN4 knockout clones C4, C7, and C9 were analyzed for
the expression of pluripotency nuclear markers, namely OCT4, SOX2, and NANOG using
immunofluorescence. Scale bar: 100 um. dgRNA-BB: TICS cells transduced with dgRNA -
BB; C4, C7, C9: ZSCAN4 knockout homozygous TJC8 iPSC clones.

5.3.4 Spontaneous differentiation in ZSCAN4 knockout iPSC clone C9

As mentioned earlier, one of ZSCAN4 knockout clones C9, underwent rapid
differentiation in early passage and maintained its differentiated state at least until passage
15. To determine whether this phenotypic change in the absence of ZSCAN4 in clone C9 is
random or is a directed transition towards a particular lineage, relative expression of
lineage-specific markers was observed. The RT-qPCR results revealed that differentiation
is random (towards all three lineages) with the cells leaning towards mesoderm lineage
(Fig. 5.5). In case of mesodermal markers, maximum upregulation was observed for CDX2
(~22,000-fold), and HANDI1 (~3500-fold) (Fig. 5.5). Similarly, a significant induction of
ectodermal transcripts was observed, with OTX2 and DLK1 showing approximately ~2.5-
fold and ~40.5-fold upregulation, respectively, relative to negative control cells (Fig. 5.5).
In the case of endodermal markers, a marked upregulation was also detected, with EOMES
and FOXAZ2 exhibiting an increase of ~360-fold and ~3-fold, respectively, compared to its

controls.
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Collectively, these results demonstrate that the loss of ZSCAN4 in clone C9 resulted in a
spontaneous collapse of the pluripotent state. While the resulting differentiation was
heterogeneous, containing signatures of all three germ layers, the molecular profile was

heavily skewed toward mesoderm lineage.
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Fig. 5.5. Relative expression analysis of lineage-specific markers in ZSCAN4 knockout
TJC8 iPSC clone C9. RT-qPCR was performed to analyze the relative expression of
lineage-specific markers in ZSCAN4 knockout clone C9. Ectodermal markers (OTX2,
DLKI1), mesodermal markers (CDX2, HANDI1), and endodermal markers (EOMES,
FOXAZ2) were evaluated. Gene expression levels were normalized to GAPDH, and the
results were plotted as mean=SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<(0.0001.
dgRNA-BB: TICS cells transduced with dgRNA-BB; C9: ZSCAN4 knockout homozygous
TJCS iPSC clones.

5.3.5 Assessment of relative telomere length of ZSCAN4 knockout iPSC clones
ZSCAN4 is a critical transcription factor having a major role in regulating telomere
length in iPSCs via ALT pathway. Therefore, to assess the effect of loss of ZSCAN4 on
telomere length, telomere qPCR was performed using the genomic DNA isolated from
ZSCAN4 knockout iPSC clones. The telomere qPCR revealed no change in relative
telomere length compared to the iPSCs transduced with dgRNA-BB (Fig. 5.6). All the four
ZSCAN4 knockout clones (C2, C4, C7, and C9) did not have significant difference in
relative telomere length (Fig. 5.6). Notably, the maintenance of telomere length was
observed regardless of the morphological state of the clone. Even in clone C2, which was
not viable beyond passage 3, the telomeres remained at length statistically insignificant
from control cells. Similarly, the differentiated clone C9 maintained its telomeric length

comparable to control cells.
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Fig. 5.6. Relative telomere length analysis of ZSCAN4 knockout TJCS8 iPSC clones.
Telomere qPCR was performed to analyze the relative telomere length in ZSCAN4
knockout TJCS8 iPSC clones. The results were normalized using human -globin, a single
copy gene, and the results were plotted as mean+£SEM. *p<0.05; **p<0.01; ***p<0.001;
*Hx%p<0.0001. dgRNA-BB: TJC8 cells transduced with dgRNA-BB; C2, C4, C7, C9:
ZSCAN4 knockout homozygous TJCS iPSC clones.

5.3.6 Confirmation of stability of ZSCAN4 knockout in iPSCs at transcriptome level
The knockout of ZSCAN4 was previously confirmed at the genomic DNA level
using semi-quantitative PCR and Sanger sequencing. To assess the long-term stability of
the genetic disruption, total RNA was isolated from ZSCAN4 knockout iPSC clones at
passage 10 and analyzed by semi-quantitative PCR to confirm maintenance of the knockout
during extended culture. The cDNA synthesized from the isolated RNA was used as the
template for the PCR. Firstly, the PCR was performed using the dgRNA-Ex5 primers
(Table S2), which were designed to flank the DSBs induced by the Cas9 nuclease (Fig.
5.7A). Therefore, the cells transduced with dgRNA-BB, will give an amplicon of size 286
bp, whereas knockout clones will give an amplicon of size 226 bp. As expected, the cells
transduced with dgRNA-BB gave a single amplicon of size ~286 bp (Fig. 5.7B; second
lane), whereas ZSCAN4 knockout clones, namely C4, C7, and C9 produced a single
amplicon of ~226 bp (Fig. 5.7B). This correlated to a deletion of 60 bp fragment in the
target region of exon 5. This data confirmed that ZSCAN4 knockout remained stable at the

mRNA level across 10 passages.

To provide an additional layer of validation, another set of primer was designed in
such a way that the forward primer will bind exactly in the 60 bp deletion region as depicted

in fig. 5.7C and the reverse primer will bind in the region downstream of DSB induced by
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Cas9 nuclease (Fig. 5.7C). This primer set will result in a formation of an amplicon of 242
bp in cells transduced with dgRNA-BB, where the target locus will remain intact, resulting
in the production of an amplicon. In ZSCAN4 knockout clones, the deletion disrupted the
forward primer binding site, thereby preventing primer annealing and resulting in the
formation of no PCR product. The PCR results revealed formation of amplicon in cells
transduced with dgRNA-BB corresponding to ~242 bp (Fig. 5.7D). As expected, ZSCAN4
knockout clones did not produce any PCR products (Fig. 5.7D), confirming the deletion of
60 bp fragment in the target region. The consistency of these results at passage 10 in all the
three homozygous clones C4, C7, and C9 indicated that ZSCAN4 knockout is

transcriptomically stable over long-term culture.
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Fig. 5.7. Confirmation of long-term stability of ZSCA/N4 knockout at transcript level
in ZSCAN4 knockout TJC8 iPSC clones. To confirm the stability knockout of ZSCAN4
at RNA level, the knockout clones from passage 10 were analyzed using semi-quantitative
PCR. The PCR was performed with two different sets of primers as depicted in (A) and
(B). The PCR products were resolved in 2% agarose gels (C) and (D). bp: basepairs;
dgRNA-BB: TJC8 cells transduced with dgRNA-BB; C4, C7, C9: ZSCAN4 knockout
homozygous TJCS8 iPSC clones; NTC: no template control; WT: wild-type; KO: knockout.

5.4 Discussion

ZSCAN4 is one of the crucial transcription factors for the generation of mouse
iPSCs and their maintenance (Hirata et al., 2012; Jiang et al., 2013). While the role of

ZSCAN4 has been established in murine system, its role in human iPSC reprogramming
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and maintenance is greatly unexplored. Therefore, understanding the role of ZSCAN4 from
the perspective of human iPSC reprogramming and maintenance is of utmost importance.
This chapter addresses that, by employing CRISPR-Cas9 toolbox to knockout ZSCAN4 in
human iPSCs and studying the effect of loss of ZSCAN4 on the maintenance of the
pluripotent and self-renewal property of iPSCs.

The morphological analysis of ZSCAN4 knockout clones revealed a distinct
phenotypic divergence immediately following clonal selection. The morphological analysis
revealed that two of the clones exhibited signs of differentiation right from passage 1 (C2
and C9), of which clone C2 was not viable beyond passage 3. In contrast, the other two
clones (C4 and C7) maintained their iPSC-like morphology at least till passage 15. The
ablation of ZSCAN4 directly led to the loss of pluripotency in 50% of the characterized
clones with one clone failing to survive beyond early passage, highlighting the vital role of

ZSCAN4 in maintaining the self-renewal property of human iPSCs.

The molecular profile of ZSCAN4 knockout clones was further elucidated through
quantification of expression of core pluripotency factors. The analysis revealed that clones
exhibiting differentiated morphology (C2 and C9) showed a pronounced and statistically
significant downregulation of the pluripotency network. The expression level of the
pluripotency genes analyzed, namely OCT4, SOX2, NANOG and REX1 was significantly
downregulated (less than ~0.1-fold relative to control) in both the differentiated ZSCAN4
knockout iPSC clones C2 and C9. This marked suppression indicates a coordinated collapse
of the gene regulatory network required to maintain the undifferentiated state, confirming
that the observed morphological changes in these clones are driven by loss of the core
pluripotency program. The expression of these pluripotent factors in the other two iPSC
clones that maintained the pluripotent morphology (C4 and C7) was either upregulated or
comparable to the expression levels in iPSCs transduced with dgRNA-BB. The observed
upregulation in certain factors suggests a potential compensatory mechanism where the cell

attempts to stabilize the pluripotent network in the absence of ZSCAN4.

The expression of pluripotent markers was further corroborated at protein level by
performing immunofluorescence. The results revealed robust and comparable expression
of pluripotency surface and nuclear markers in ZSCAN4 knockout clones C4 and C7, which
maintained their pluripotent morphology. These results indicate that in these two ZSCAN4

knockout clones (C4 and C7), the core pluripotent protein network remains functionally
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intact. Conversely, clone C9, which exhibited a differentiated morphology, showed an
absence of both surface and nuclear pluripotency markers, with the exception of residual

TRA-1-60 expression.

Further, to definitively validate that the differentiated state of clone and characterize
its development trajectory, the relative expression levels of lineage-specific markers was
analyzed. The analysis revealed that the clone C9 has showed a random and rapid exit from
pluripotency and has differentiated spontaneously towards all three lineages, namely
ectoderm, mesoderm, and endoderm. While the population is heterogeneous, a distinct
lineage bias was observed. The expression profile suggested that the cells are heavily
skewed towards a mesodermal fate. Taken together, all these results suggests that the clone
C9 has lost its pluripotent property and spontaneously differentiated towards all three

lineages with a biasness towards mesoderm.

Even though TRA-1-60 is considered as one of the characteristic surface markers
for identification of stem cells, its expression is not exclusive to pluripotent stem cells.
Previous reports suggested that expression of TRA-1-60 is found in other cells as well,
namely embryonal carcinomas of testes (Schopperle and DeWolf, 2007), embryonal
carcinomas of ovaries (Malecki et al., 2012), follicular lymphomas (Takata et al., 2019),
blood cells of patients with metastatic prostate cancer (Schéfer et al., 2020), and in
differentiated cells like foetal and adult human kidney (Fesenko et al., 2010). Notably,
TRA-1-60 is highly expressed in embryonal carcinoma. Embryonal carcinoma is a highly
malignant tumor arising in germ cells and is considered as the malignant counterparts to
ESCs (Schopperle and DeWolf, 2007), since they possess self-renewal and pluripotent
characteristics. The phenotypic and molecular profile of ZSCAN4 knockout clone C9 aligns
closely with these characteristics of embryonal carcinoma cells. The clone C9 expresses
only TRA-1-60 out of all the pluripotency markers analyzed, exhibited differentiated
morphology, was viable for up to 15 passages despite its differentiated state and
simultaneously expressed markers of all three lineages, which suggested that the clone C9
has transformed into carcinoma-like cells. However, further functional assays are required

to confirm this malignant transformation.

As discussed previously, pluripotent stem cells regulate their telomere length using
two different independent pathways, namely telomerase-dependent pathway and
telomerase-independent pathway also called as ALT pathway. Existing literature has
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robustly characterized ZSCAN4 as one of the master regulators of ALT pathway (Thool et
al., 2022; Wang et al., 2012; Zalzman et al., 2010). Also, inactivation of ZSCAN4 led to
telomere shortening in mouse ESCs and in specific ALT-positive cancer cell lines as
reported by previous studies (Dan et al., 2022; Zalzman et al., 2010), which underscores
the importance of ZSCAN4 in telomere length regulation. Since telomere length was
shortened in the absence of ZSCAN4 in mouse ECSs (Zalzman et al., 2010), we were
curious if ZSCAN4 has same functionality in human iPSCs as well. However, our
investigation in human iPSCs revealed a divergent outcome. Despite the successful
homozygous knockout of ZSCAN4, no significant difference in relative telomere length
was observed in the characterized clones. We hypothesize that this might be due to the fact
that stem cells have two independent pathways to regulate telomere length and since
ZSCAN4 is vital for one of the pathways, absence of which might have triggered the
upregulation of the telomerase-dependent pathway to compensate for the absence of
ZSCAN4. This metabolic shift in telomere maintenance could preserve the telomere length
masking the deficit caused by the inactivation of ZSCAN4. While our data confirmed
telomeric length regulation, further assays such as TRAP assays and expression of profiling
of TERT and TERC are required to definitively confirm whether telomerase-dependent
pathway is indeed compensating for the loss of ZSCAN4 in these knock out clones.

Despite the definitive validation of ZSCAN4 deletion at genomic level in all the four
knockout clones, each line exhibited a distinct and unique characteristics. This necessitated
a rigorous investigation into the potential for clonal stability. A primary hypothesis for the
differential behavior of the knockout clones was the possibility of an incomplete or unstable
knockout. Specifically, we considered whether a minor population of wild-type cells could
have persisted during initial stage due to technical limitations. In such a scenario, even a
negligible number of wild-type cells could exert a selective growth advantage over
ZSCAN4 knockout population. Over the course of multiple passages, this wild-type fraction
could potentially outcompete the knockout cells, eventually dominating the culture and
restoring a wild-type like phenotype and molecular signature. This speculation is further

supported by the observed heterogeneity in the early stages of ZSCAN4 knockout process.

Therefore, a semi-quantitative PCR was performed from the RNA isolated from
clones at passage 10 to validate the stability of knockout of ZSCAN4 at transcriptome level,.
The PCR results revealed that the knockout of ZSCAN4 remained stable after 10 passages

TH-412Pagef 1Ba.10



Characterization of ZSCAN4 knockout iPSCs

at transcriptome level in the knockout clones C4, C7, and C9. The absence of the wild-type
amplicon in knockout clones, together with consistent detection of the truncated knockout

transcript, provides strong evidence that the isolated clones are homozygous.

The transcriptomic stability of the knockout across all clones suggested that the
observed phenotypic heterogeneity may be driven by extrinsic or process-related factors
rather than genomic instability. We propose two hypotheses as to why ZSCAN4 knockout
clones exhibit this differential behavior. Firstly, iPSCs are inherently epithelial and rely on
growing as tightly packed colonies to maintain their pluripotent state. This growth
architecture is essential as this arrangement provides a microenvironment niche that
facilitate cell-to-cell contact and aid in localized concentration of create certain growth
factors that assist in the maintenance of their pluripotent state (Hicks and Pyle, 2023). The
process of clonal isolation mandates seeding these cells as individual cells, which
intrinsically disrupts this microenvironment niche. This might activate some non-specific
differentiation pathways leading to spontaneous differentiation, which in turn leading to
formation of carcinoma-like cells. Because this lineage commitment was not uniform
across all ZSCAN4 knockout clones, it may represent a technical artifact of the isolation
stage rather than direct consequence of ZSCAN4 deletion. Further investigation into the
correlation between seeding density and differentiation kinetics in ZSCAN4 knockout line

is required to validate this hypothesis.

An alternative hypothesis for the observed phenotypic divergence is the inherent
potential of off-target effects associated with the CRISPR-Cas9 system (Gaj et al., 2013;
Jinek et al., 2012; Khan, 2019). Despite high specificity, the Cas9 nuclease can occasionally
induce DSBs at genomic loci that possess partial sequence complementarity to the designed
gRNAs (Gaj et al., 2013; Jinek et al., 2012; Khan, 2019). If these off-target sites are
functionally significant genes that has role in maintaining pluripotency or survival of the
cells, induction of DSBs in those sites might lead to deleterious effects. In our study, such
off-target effects could provide a mechanistic explanation for the differential behavior
observed in the knockout clones. Because CRISPR-mediated off-target effects can vary
between individual cells, they can result in highly heterogeneous clonal populations. To
definitively distinguish primary effects of ZSCAN4 deletion from secondary technical
artifacts, whole-genome sequencing and transcriptome analysis by RNA sequencing are

required. These approaches will enable assessment of potential off-target effects associated
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with the CRISPR—Cas9 system used in this study, thereby providing a possible explanation

for the differential behavior observed among knockout clones.
5.5 Conclusion

ZSCAN4 is recognized as one of the important transcription factors that has
multifaceted roles in the maintenance of mouse ESCs and iPSCs. While its inclusion in
reprogramming generated genomically stable mouse iPSCs, its functional significance in
human iPSCs remains largely unexplored. Therefore, this study generated stable,
homozygous ZSCAN4 knockout iPSC clones and characterized them extensively to gain an
in-depth knowledge on its role. The isolated homozygous clones exhibited differential
behavior. Out of the four homozygous ZSCAN4 knockout clones isolated, C2 did not
survive beyond passage 3, C9 displayed differentiated morphology maintained up to at least
passage 15, and C4 and C7 retained pluripotent-like morphology. Quantifying the relative
expression of pluripotency markers revealed profound transcriptional collapse in the clones
C2 and C9 in all the markers analyzed. The clones C4 and C7 exhibited a different
expression pattern compared to control cells, where OCT4, SOX2 and REXI1 are
significantly upregulated in clone C4, suggesting a compensatory response. In contrast
clone C7 demonstrated significant downregulation of all the three markers. The expression
of NANOG was significantly downregulated in both C4 and C7 clones. The
immunofluorescence of surface and nuclear markers corroborated these findings where
robust expression of the markers was observed in clones C4 and C7, whereas the clone C9
showed loss of pluripotency machinery, except for TRA-1-60. Analysis of relative
expression lineage-specific markers in clone C9 revealed significant expression of markers
for all three lineages with predominant expression mesodermal markers. This multi-lineage
signature, combined with the persistence of TRA-1-60 suggested that ZSCAN4 deficiency
led to carcinoma-like transition. Interestingly, analysis of relative telomere lengths of
ZSCAN4 knockout clones revealed no significant difference. This suggests that in human
iPSCs, ZSCAN4 may not be the primary determinant of telomere length or that other
maintenance pathways are activated to compensate for the loss of ZSCAN4. Finally, to
verify the stability of ZSCAN4 knockout in these clones, it was confirmed at transcriptome
level at passage 10. The results showed that the knockout of ZSCAN4 was stable long term,
ruling out the possibility of wild-type reversion as a cause of differential behavior of

knockout clones. The diverse outcomes following ZSCAN4 deletion underscore the
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complexity of its regulatory role. Consequently, high resolution analyses such as whole
genome sequencing and RNA-sequencing are essential to definitively elucidate the
mechanistic pathways through which ZSCAN4 governs pluripotency and self-renewal in

iPSCs.
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Conclusions and Future Perspectives

6.1 Overall conclusions

The transcription factor ZSCAN4 is recognized for its critical role in maintaining
genomic stability and generating quality, bonafide iPSCs in mouse system. Given the high
degree of functional conservation between mouse and human orthologs, elucidating the
role of human ZSCAN4 is pivotal for enabling the effective translation of induced
pluripotent stem cells (iPSCs) into clinical therapeutics and advancing personalized
medicine. Consequently, defining the regulatory mechanisms of human ZSCAN4 in iPSC
homeostasis is of paramount importance. Hence, the primary focus of this thesis was to
develop an cell-permeant recombinant protein and knockout toolbox for ZSCAN4 and
utilize them to gain a resourceful insight on the functional role of ZSCAN4 in the
maintenance of self-renewal and pluripotent property of iPSCs. To achieve this, we have
systematically designed four main objectives in this thesis, which are segregated as four

main chapters.

In the first chapter, we established a meticulously designed study for the
heterologous expression and purification of the cell-permeant recombinant ZSCAN4 fusion
protein from E. coli under native conditions. To supplement this molecular toolbox, we
have also generated domain deleted variants of recombinant ZSCAN4 protein to serve as
experimental controls. Further, in this chapter we demonstrated the influence of various
factors that influence recombinant protein expression, purification and stability. The

purified fusion proteins exhibited cell transduction ability with nuclear localization.

The second chapter delineates the generation of human iPSCs by reprogramming
adult human dermal fibroblasts, by electroporation of Y4 episomal plasmids containing
reprogramming factors. A representative clone, designated as IITGi001-B, was picked,
expanded, and characterized extensively for the expression of pluripotency markers, in
vitro trilineage differentiation capability, absence of integration of episomal plasmids,

genomic stability, identity, and absence of mycoplasma.

The third chapter details the designing and validation of CRISPR-Cas9 toolbox for
targeted knockout of ZSCAN4 gene in human cells. This was achieved by systematically
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investigating the influence of various critical factors, such as viral transduction, chromatin
structure, gRNA potency, and the rigor of clonal selection on the efficiency of knockout of
ZSCAN4 gene. Our findings demonstrated that all the screened factors have varied effects
on the knockout efficiency of ZSCAN4 in AHDF cells. Additionally, the data suggests that
clonal expansion is an essential requirement for the derivation of homozygous ZSCAN4
knockout iPSCs. We isolated nine ZSCAN4 knockout clones, out of which all nine clones
exhibited ZSCAN4 knockout genotype, resulting the knockout efficiency to be 100%.

The fourth and final chapter provides the extensive characterization of ZSCAN4
knockout iPSC clones. Among the nine clones that exhibited ZSCAN4 knockout genotype,
four of the clones (C2, C4, C7, C9) that exhibited the target homozygous ZSCAN4 knockout
was chosen for further experiments. Out of those four homozygous ZSCAN4 knockout
clones chosen, one of them failed to survive beyond passage 3 (C2), the other showed
differentiated morphology (C9) that was maintained at least till passage 15, and two of the
clones (C4 and C7) maintained pluripotent-like morphology. The chosen homozygous
clones exhibited differential behavior in terms of morphology and expression profile of
pluripotency markers. Furthermore, a semi-quantitative PCR confirmed the long-term
stability of ZSCAN4 ablation at the transcript level. The diverse outcomes observed
following ZSCAN4 deletion, underscore the intricate and multifaceted regulatory role this

transcription factor plays in maintaining iPSC homeostasis.
6.2 Future perspectives

The recombinant protein toolbox developed in this study enables modulation of the
application of ZSCAN4 in a time- and dose-dependent manner in wild-type and knockout
iPSC lines, paving the way to gain deeper insights. Moreover, the non-integrative nature of
recombinant proteins offers a significant advantage for clinical and basic research
applications bypassing the risks associated with genomic alterations. As depicted in Fig.
6.1, this toolbox can be utilized to investigate the stage-specific role of ZSCAN4 in

reprogramming.

The iPSC line, IITGi001-B, established in this study proved to be a bonafide,
integration-free cell line, which will provide a platform for various biomedical applications
like disease modelling, drug discovery and toxicity screening, functional genomic studies,

personalized regenerative medicine, and understanding human developmental biology.
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Further, this study designed an optimized CRISPR-Cas9 toolbox to generate ZSCAN4
knockout cells. This toolbox can be utilized to generate ZSCAN4-deficient cells to study
the importance of ZSCAN4 in various cellular and metabolic processes. Given that the
mechanistic role of ZSCAN4 in the generation of human iPSCs remains unexplored to date,
the CRISPR-Cas9 toolbox generated and optimized in this thesis can be utilized to
knockout ZSCAN4 in human fibroblasts. By subjecting these cells to reprogramming
alongside wild-type fibroblasts, definitive insights can be gained into the vitality of
ZSCAN4 in reprogramming as depicted in Fig. 6.1. Furthermore, the recombinant protein
generated in this thesis can be utilized in rescue experiments to determine if the changes
observed in ZSCAN4-deficient cells are reversible. Thereby we can study the direct

functional role of the transcription factor as depicted in Fig. 6.1.

Moreover, in this study, we successfully generated ZSCAN4-knockout iPSCs
providing a critical model for investigating its regulatory functions. Preliminary
characterization of these ZSCAN4 knockout iPSC clones revealed the complex role of
ZSCAN4 in the maintenance of self-renewal and pluripotency characteristics of iPSCs. To
further understand this, high resolution analyses such as whole genome sequencing and
RNA-sequencing in ZSCAN4 knockout iPSCs are essential to definitively elucidate
integrity of the genome and mechanistic pathways, respectively, through which ZSCAN4

governs pluripotency and self-renewal in iPSCs.

Reprogramming - Y4 plasmids (Okita et al., 2011)

+ HTN-ZSCANA4 purified fusion protein to
understand its stage-specific role

Fibroblasts iPSCs

- Dual gRNA
=S + Cas9

.
.

Reprogramming - Y4 plasmids (Okita et al., 2011) e o e

-

) 3 on Wan Ry

+ HTN-ZSCAN4 purified fusion protein to rescue B A2
the ZSCAN4 deficient cells

ZSCAN4 knockout ZSCAN4 knockout
I fibroblasts iPSCs

Transcriptome profiling by RNA-seq analysis of the wild type and
knockout of both human fibroblasts

Fig. 6.1. Schematic depiction of future perspectives. The CRISPR-Cas9 toolbox can be
utilized to knockout ZSCAN4 in human fibroblasts and these fibroblasts can be
reprogrammed to generate iPSCs to understand the role of ZSCAN4. The HTN-ZSCAN4
purified protein can be used in stage-specific manner to deduce its role in reprogramming
and also in rescue experiments.
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Appendix

Alexa 488 Alexa 594

a-rabbi

a-mouse

Fig. S1. The secondary antibody (control only) used in immunofluorescence experiments
in this thesis. Scale bar: 100 pm.

Wildtype 1 MALDLRTIFQCEPSENNLGSENSA
FIVELPRREERER i el
KO clone 1 1 MALDLRTIFQCEPSENNLGSENSAFQQS

T

MVLNSF 50
LCLLLLLELLLEL |
VOREEGTSEFSRMYLNSF 50

Wildtype 51 QUSNNSYARQELQRLYRIFHSWLOPEKHSKDETISLLYLEQFMIGGHCND 108
LI EELELEEDLEEELEE e eyl

Ko clone 1 51 QDSNNSYAROELQRLYRIFHSWLOPEKHSKDETTSLLYLEQFMIGGHCND 108

Wildtype 101 KASVKEKWKSSGKNLERFIEDLTDOSINPPALVHVHMQGQEALFSEDMPL 150

LT
KO clone 101 KASVKEKWK

FELERECEEEET e eyl
NLERFIEDLTDDSINPPALVHVHMOGQEALFSEDMPL 150

Wildtype 151 ROVIVHLTKOVNAQTTREANMGTPSOTSODTSLETGE, E GWNSSS 200
[RERARRN PECTERETEE et et e el

Ko clone 1 151 RDVIVHLTKQUNAQTTREANMGTPSQTSODTSLETGQGYEDEQDGWNSSS 200

Wildtype 201 KTTRVNENTTNOGN)TYSLTTTQEENGPRPEEGGVSSONPYNSKRAELYT 250
PIETELLL EELLEREETP e e e e e et

Ko clone 1 201 KTTRVNENITNQGNOIVSLIIIQEENGPRPEEGGYSSONPYNSKRAELYT 250

wildtype 251 ARSQEGSINGI TFQGVPMYMGAGCISQFEQSSPESALTHQSNEGNSTCEY 300
FILLETL PECERVEREEREr e e eeierd

KO clone 1 ARSQEGSINGL TFQGYPMVMGAGCISQPEQSSPESALTHQSNEGNSTCEY 300

Wildtype 301 HOKGSHEVOKSYKCEECPKYFKYLCHLURHORAHRNERPFVCPECQKGFF 350
(NN R RARUNAR AN (1% ERRRR AR RN RAAA|

Ko clone 1 307 HOKGSHGYOKSYKCEECPKYEKYL CHLLSHORRRRNERPEVCPECQKGFFE 350

Wildtype 351 QISDLRVHQTTHTGKKPFTCSMCKKSFSHKTNLRSHERTHTGEKPYTCPE 400
FILETTLN PEELERTERERT e et et el

Ko clone 1 351 QISDLRYHUIIHTGKKPFTCSMCKKSFSHKTNLRSHERIHTGEKPYTCPE 400

Wildtype 401 CKTSYRQSSTYHRHMRTHEKITLPSYPSTPEAS 433

PECRELERTRRER e el
K0 clone 1 201 CKTSYRQSSTYHRHMRTHEKITLPSYPSTPEAS 433

Fig. S2. The pairwise alignment of ZSCAN4 wild-type protein sequence and the translated
sequencing data of ZSCAN4 knockout clone C1 showing two substitution mutations.
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TJCB - Wildtype

TJCB - Backbone

Fig. S3. The chromatogram corresponding to the sequencing of the TIC8 ZSCAN4

knockout clones.

Table S1. List of gRNAs used in this thesis.

Name Online tool Deletion
of gRNA | Sequence (5’-3’) used for size (bp)
gRNA designing
dgRNA- | gRNA1 | ACAGCAATAATTCATATGCA CHOP- 63
Exon3 | gRNA2 | CTGCTGTTCAGAGAGAAGAA CHOP
dgRNA- | gRNA1 | TAGCTCACCAGAGAAGACAC CHOP- 60
Exon5 | gRNA2 | AGAGATACTTAAAGACCTTG CHOP
dgRNA- | gRNA1 | TCAGCGTTTCAACAAAGCCA Svntheeo 75
setl gRNA2 | GGATGGTTCACACTGAAATA YLK
dgRNA- gRNA1 | GAACGGTCCTAGGCCTGAAG Integrated
set2 gRNA2 | CCAAGGTGTCCCTATGGTGA DNA ) H4
Technologies
dgRNA- | gRNA1 | GGATTCTCTCATGAGACCGC E-CRISP 7
set3 gRNA2 | GGCGGTGGTATGTGGATGAC
dgRNA- | gRNA1 | CCACATACCACCGCCATATG CHOP- 59
set4 gRNA2 | CGGTAGCTTGTCTTACAAAA CHOP
dgRNA- | gRNA1 | CCACAAGAGAAGCAAACATG CHOP- 47
setS gRNA2 | ACTTCCTTAGAAACAGGACA CHOP

TH-412Pagef 108310




Appendix

Table S2. List of primers used in this thesis.

TH-4120_206106110

Purpos Name of Amplicon Annealing
urp . Forward/Reverse primer (5’-3’) . p temperature
e Primer size (bp) C)
. | Octd-epi- | CATTCAAACTGAGGTAAGGG/
fg?lym Tg TAGCGTAAAAGGAGCAACATAG 124 >4
: . | CCACCTCGCCTTACACATGAAGA
episome | Klf4-epi- ) 156 62
Integrati Tg TAGCGTAAAAGGAGCAACATAG
on 1 L-Myc- | GGCTGAGAAGAGGATGGCTAC/ 954 54
EENOME | ori Tg | TAGCGTAAAAGGAGCAACATAG
GTGGAGGAAGCTGACAACAATG/
OCT4 | 1CTCACTCGGTTCTCGATACTG 105 51
GCACAACTCGGAGATCAG/
Pluripot SOX2 " | TAATCCGGGTGCTCCTTC 126 60
AGCCTAATCAGCGAGGTTTC/
fgiers NANOG | )\ c AGAGCAAGACTCCGTTTC 101 577
TTGCATACGCCTGTGTTCC/
REXT" | GGCTCTTGCTGTTATCCAGTC 127 33
GTCTCCTCTGACTTCAACAGCG/
GAPDH | |\ ~CACCCTGTTGCTGTAGCCAA 131 58
TACGCCCTCCTCTTCCTACT/
Ectoder | OTX! | GCATGTGGGTGGTGATGATG 138 P
m- GGAAGCACTGTTTGCCAAGACC/
specific OTX2 | CTGTTGTTGGCGGCACTTAGCT 133 60
matkees CCCCAAAATGGATTCTGCGAGG/
DLK1 | GGTTCTCCACAGAGTCCGTGAA 119 60
ACAGTCGCTACATCACCATCCG/
CDXZ | CCTCTCCTTTGCTCTGCGGTTC 107 60
Mesode TCATCTCCGTGACAGCCTACCA/
rm- TBX6 | cCGCAGTTTCCTCTTCACACGG 137 60
specific CTCCTCTTTGTCATCACGCTTCC/
markers | CXCR4 | GGATGAGGACACTGCTGTAGAG 127 58
TCAAGGCTGAACTCAAGAAGG/
HANDI | 15 eGTecTTTAATCCTCTTCTC 120 33
CAGGACAGTGCCCTTCAGCCA/
Endode CERL |\ CAGTGAGAGCAGGAGGTATGG 142 60
e AAATGGGTGACCTGTGGCAAAG
" EOMES | ¢/ 102 60
Specli 1€ CTCCTGTCTCATCCAGTGGGAA
markers
GGAACACCACTACGCCTTCAAC/
FOXA2 | A GTGCATCACCTGTTCGTAGGC 134 58
dgRNA- | CAGTGTGAACCATCCGAGA/ WT: 211 s
Conti Ex3 GCTGTGCTTTTCTGGTTGCA KO: 148
Oi‘. T [T dgRNA- | CTTTCCAAGGTGTCCCTATG/ WT: 286 5
Lnfa ton Ex5 | ACCCGTAGGTCTGATATCTG KO: 226
Knocko | 9ERNA- | AGAGACACAAGGCAAGAGAC/ WT: 281 6
ot setl CAGCCATGAGTGAAAGATCC KO: 206
dgRNA- | GTGAATGCCCAAACCACAAG/ WT: 484 6
set2 TCATTGCTCTGGTGGGTAAG KO: 370
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dgRNA- | GAGAGGCCATTTGTTTGTCC/ WT: 309 6
set3 TATCAGACCAGCAGCTTAGG KO: 237
dgRNA- | GAGAGGCCATTTGTTTGTCC/ WT: 309 6
setd TATCAGACCAGCAGCTTAGG KO: 250
dgRNA- | ACGTCCACATGCAGGGACAG/ WT: 380 6
set5 CTTCAGGCCTAGGACCGTTC KO: 333
dgRNA-
- T: 242
Vfﬁy ot | CCAGAGAAGACACAGGAATG/ \I)Zo- No 55
ATGTGGATGACT TAG :
RNA GTGGATGACTGGCGG band
level
. AAGCAGTCCGGCAAGACAATCC/
LentiCas9 | 4 A TGTGCTCGTGCAGGCTATCG 156 58
ACACTAAGGTTTGGGTTTGGGTT
Telomere | TGGGTTTGGGTTAGTGT/ N 6
Telomer ClOMeIe | T GTTAGGTATCCCTATCCCTATC
PCR CCTATCCCTATCCCTAACA
©d Human p. | CCTTCTGACACAACTGTGTTCAC
b TAGC/ 120 58
globi 1 cACCAACTTCATCCACGTTCACC

Table S3. List of antibodies used in this thesis.

Name of the
Antibody

Dilution
for flow
cytometry

Dilution
for ICC

Dilution for
Western blot

Company and Cat.
No.

Histidine

1:5000 NA NA

Biobharati Lifescience
Cat. No.: BB-AB0010
RRID: AB 3741480

ZSCAN4

1:1000 1:250 1:250

Novus Biologicals
Cat. No.: NBP1-77120
RRID: AB 10559205

TRA-1-60

NA 1:500 1:1600

Cell Signaling
Technologies

Cat. No.: 4746
RRID: AB 2119059

TRA-1-81

NA 1:500 1:1600

Cell Signaling
Technologies

Cat. No.: 4745
RRID: AB 2119060

SSEA4

NA 1:200 1:800

Cell Signaling
Technologies

Cat. No.: 4755
RRID: AB 1264259

OCT3/4

NA 1:100 1:400

SantaCruz
Biotechnology
Cat. No.: sc-5279
RRID: AB 628051
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Cell Signaling
_ _ Technologies
SOX2 NA 1:400 ) 1300 0 No.: 3579
RRID: AB 2195767
Cell Signaling
_ _ Technologies
NANOG NA 12001 1100 cof No.: 4903
RRID: AB 10559205
Cell Signaling
_ Technologies
PAX6 NA 1400 1 NA - cat No.: 60433
RRID: AB 2797599
Cell Signaling
_ Technologies
Brachyury NA 1:1600 NA Cat. No.: 81694S
RRID: AB 2799983
Cell Signaling
_ Technologies
SOX17 NA 1:400 NA Cat. No.: 3579
RRID: AB 2650582
HRP-conjugated Invitrogen
anti-rabbit secondary | 1:5000 NA NA | Cat. No.: 31460
antibody RRID: AB 228341
. . Invitrogen
Sloat agl-fa‘f:t‘gg NA 1:2000 | 1:400 | Cat. No.: A-11034
¢xa rluor RRID: AB 2576217
) . Invitrogen
Sloat ag{l-fa‘;‘;ﬁ NA 1:500 | 1:400 | Cat. No.: A-11037
exa Fluor RRID: AB 2534095
e Invitrogen
A?a alﬁll_mofgg NA 1:1000 1:400 | Cat. No.: A-11029
exa Fluor RRID: AB 2534088
P Invitrogen
A?a al;f'm"S“SX NA 1:500 1:400 | Cat. No.: A-11032
¢xa rluor RRID: AB 2534091
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List of abbreviations

iPSCs
ZSCAN4
mESCs
CRISPR-Cas9

HSCs
MSCs
SSCs
SCNT
OSKM
OSNL
UTF1
GLISI
ORF
CD34
LDOCI
GOR4
SOPMA
PSIPRED
COBALT
MEGA
ICM
ZGA
Eifla
MERVL
Dmnts
PI3K
GSK
SCE
ALT
MEFs

TH-412022@4 1110

induced pluripotent stem cells

Zinc and SCAN domain containing 4

murine embryonic stem cells

Clustered regularly interspaced short palindromic repeats -
CRISPR associated protein 9

Hematopoietic stem cells

Mesenchymal stem cells

Spermatogonial stem cells

Somatic cell nuclear transfer

Oct3/4, Sox2, Kl1f4, c-Myc

OCT4, SOX2, NANOG, LIN28

Undifferentiated embryonic cell transcription factor 1
GLI-similar 1

Open reading frame

Cluster of differentiation 34

Leucine zipper downregulated in cancer 1
Garnier-Osguthorpe-Robson version 4
Self-optimized prediction method with alignment
PSI-BLAST based secondary structure prediction
Constraint-based multiple alignment tool

Molecular evolutionary genetics analysis

Inner cell mass

Zygotic genome activation

Eukaryotic translation initiation factor 1A

murine endogenous retroviruses with leucine tRNA primer
DNA methytransferases

Phosphatidylinositol 3-kinase

Glycogen synthase kinase

Sister chromatid exchange

Alternate lengthening of telomeres

Mouse embryonic fibroblasts
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LIF
LSD1
Ctbp2
HTNT1
terc

terc
T-SCE
TCA
CSC
DSBs
DDR
HDR
NHEJ
ZFNs
TALENSs
RVDs
Pre-crRNA
crRNA
tracrRNA
PAM
CD
SNPs
ODs0o
SDS-PAGE
TBS
TBST
HRP

PB
DMEM
MTT
DMSO
BSA
PBS
GRCA

TH-4120_206106110

Leukemia inhibitory factor

Lysine-specific histone demethylase 1A
C-terminal binding protein 2

Histidine triad nucleotide-binding protein 1
telomerase reverse transcriptase
telomerase RNA component

Telomere sister chromatid exchange
Tetraploid complementation assay

Cancer stem cells

Double stranded breaks

DNA damage response
Homology-directed repair
Non-homologous end joining

Zinc finger nucleases

Transcription activator-like effector nucleases
Repeat-variable di-residues

Precursor crispr RNA

CRISPR RNA

trans-activating crRNA

Protospacer adjacent motif

Circular dichroism

Single nucleotide polymorphisms

Optical density at 600 nm

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Tris-buffered saline

Tris-buffered saline with Tween-20
Horseradish peroxidase

Phosphate buffer

Dulbecco’s modified eagle media
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Dimethyl sulfoxide

Bovine serum albumin

Phosphate buffered saline

GenScript rare codon analysis
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GCUA
TAT
NLS

E. coli
IPTG
FBS
KOSR
RT-qPCR
PCI
EBNA1
OriP
HDF
AHDF
FGM
STR
PCR
MET
gRNA
EGFP
dgRNA
5-Aza-dC
WT
KO

TH-412022R4 1A 10

Graphical codon usage analyzer 2.0
Transactivator of transcription
Nuclear localization sequence
Escherichia coli

Isopropyl B-D-1-thiogalactopyranoside
Fetal bovine serum

Knockout serum replacement

Reverse transcription quantitative polymerase chain reaction
Phenol chloroform isoamyl alcohol mixture
Epstein-barr virus nuclear antigen 1
Origin of replication

Human dermal fibroblasts

Adult human dermal fibroblasts
Fibroblast growth media

Short tandem repeats

Polymerase chain reaction
Mesenchymal to epithelial transition
guide RNA

Enhanced green fluorescence protein
dual guide RNA
5-Aza-2’-deoxycytidine

Wild-type

Knockout
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learning-based segmentation aided cell mixtures classification in digital holographic microscopy.
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resistant lipopeptide AMP. New Journal of Chemistry. 48(6):2764-77. 10.1039/D3NJ04815B.
(Royal Society of Chemistry).
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Conferences/ Workshops

1.

Oral and Poster presentation in Research and Industrial Conclave, 2025 organized by IIT Guwahati,
Guwabhati, Assam, India.

Presented a poster in “ISSCR 2024 Annual meet: The Global Stem Cell Event” organised by the
International Society for Stem Cell Research (ISSCR) held from 10 July to 13™ July, 2024 in
Hamburg, Germany.

Attended a Hands-on workshop on the Applications of Fluorescence-Activated Cell Sorting (FACS)
organized by Department of Chemistry, Indian Institute of Technology Guwahati in association with
Becton Dickinson India funded by DBT, Govt. of India from 4™ March to 7™ March, 2024.
Presented a poster entitled “Optimizing expression and purification of biologically active
recombinant human ZSCAN4 protein” in International conference on Biomaterials, Regenerative
medicine and Devices held on Dec 14™-18™, 2022, at Indian Institute of Technology Guwahati,
Guwabhati, Assam, India.
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1.

Recipient of the Prime Minister Research Fellowship (PMRF) for a period of four years from 2021
to 2024 with a research contingency of INR 8 lakhs.

Recipient of the travel award by the International Society for Stem Cell Research (ISSCR), an
amount of 1500 USD, for attending the ISSCR 2024 Annual meeting in Hamburg, Germany.
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