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ABSTRACT

Reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) has been
accomplished through the delivery of four transcription factors, Oct4, c-Myc, Klf4 and Sox2.
Although the reprogramming capacity of the four genes has been recapitulated across cell
types and species, the molecular intricacies involved in the reprogramming process are not
fully delineated. To address this, genetic analyses have been conducted to identify factors that
can replace or enhance the defined set of four genes. Of the reprogramming cocktail, Oct4
has been most recalcitrant to replacement, as suggested by the inability of its family
members, Octl and Oct6, to act as substitutes. The importance of Oct4 is highlighted in its
obligatory need during development and embryonic lethality by ablation of Oct4. To decipher
the role of Oct4 during the establishment of pluripotency, this project aims to identify genetic
replacements of exogenous Oct4 during the generation of IPSCs using a genome-wide

piggyBac transposon-assisted mutagenesis approach.

Transposons are mobile genetic elements that integrate into the host genome in a random
fashion. The consequent disruption of genes can facilitate the identification of critical genes
in a process-of-interest, and acts as the basis to my project. Mouse fibroblasts were
mutagenised and assessed for their ability to generate iPSCs in the presence of ectopic c-
Myc, KIf4 and Sox2. Basonuclin-2 (BNC2) and Retinoic Acid Receptor beta (RARp) were
identified to be novel candidate genes involved in reprogramming. Both genes were validated
and able to generate iPSCs from mouse fibroblasts in cooperation with c-Myc, KIf4 and
Sox2, hence abolishing the need for the ectopic expression of Oct4. To demonstrate the
pluripotent potential of these iPSCs, | showed that these iPSCs resembled ESCs, and
displayed the capacity of contributing to both somatic lineages and the germline, when

introduced into mouse blastocysts.

As the retinoic acid pathway was recently implicated in the reprogramming process, the
molecular mechanism behind the action of RARB was pursued. Bioinformatics and

experimental data have described several Retinoic Acid Response Elements (RARES) in the

\"



enhancer and promoter regions of Oct4. Given that RAREs are motifs recognisable by
Retinoic Acid Receptors, | demonstrated that RARB binds to the RARE within the distal
enhancer of Oct4 and activates Oct4 expression. | also examined RARY, another RAR family
member, which has been described to promote reprogramming speed and efficiencies in
synergy with LRH1. Similar to RARB, RARy also had the capacity to positively regulate
Oct4 levels through the Oct4 distal enhancer. Moreover, a combination of RARy, LRH1,
Oct4, c-Myc, KIf4 and Sox2 (6F) represents the most efficient was to activate Octd

expression in the luciferase assay.

As the 6F reprogramming cocktail (RARy, LRH1, Oct4, c-Myc, KIf4, Sox2) improves the
speed, quality, and efficiency of reprogramming, | next investigated if these properties were
partly attributed to rapid epigenetic changes at the Oct4 distal enhancer. By examining this
enhancer locus over the first three days of reprogramming, | demonstrated that the region was
associated to activating histone marks within 24 hours of the ectopic expression of 6F,
drawing a parallel to rapid reprogramming. In contrast, the Oct4 distal enhancer remained
silent for the first 3 days when only four reprogramming factors (Oct4, c-Myc, Klf4, Sox2)
were used. These findings represent a unique approach to dissect the Kkinetics of
reprogramming through the observation of epigenomic changes at the Oct4 locus,

culminating in the better understanding of molecular events during nuclear reprogramming.

Vi
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CHAPTER 1 : INTRODUCTION
1.1 Pluripotency

1.1.1 History behind the study of Vertebrate Development

The development of vertebrates involves the orchestration of a series of steps in a tightly
regulated process that determines cell lineage specification into endodermal, ectodermal
and mesodermal derivatives. Imprinted into the operational dogma of modern
developmental biology, conception of these notions has been accompanied by a history of

key observations and controversies (Figure 1.1).

Originating from examinations of the chick embryo, Aristotle witnessed the development
of a palpitating heart, head and eyes, laying ink on a clean palette of embryology
(Aristotle, 1979). With the proposition of epigenesis, he described development as a
sequential process involving the formation of organs to construct a complete organism.
Almost two thousand years after these initial recordings, the field was reawakened and the
mechanisms behind these phenomena were questioned. To examine the root of
development, Girolamo Fibrici performed dissections on cadavers of pregnant mammals,
providing comparisons between anatomical structures of uteri (Fibrici, 1621). This work
was advanced by his student William Harvey who hypothesised the presence of female
germ cells within uteri that hold the capacity to constitute a new organism (Harvey, 1651).
Furthermore, identification of budding and subdivision during primary stages of
embryonic development of the chick led him to be a strong advocate of epigenesis. These
findings revived Aristotle’s theory and provoked collision against preformation views.
Preformationism was held as the dominant perception of development, and describes the
existence of a miniature organism that expands without increasing complexity within the
germ cell. Although epigenesis perceptions were resurrected, it was not received warmly.
Transformation of the field of development biology was invoked by subsequent
experiments led by Caspar Frederich Wolff and Karl Ernst von Baer. Using plants as a
surrogate organism for study, Wolff explained the ability of differentiated plant root to

regenerate a new organism. This study was traversed to chick embryos where Wolff



studied the formation of embryonic kidneys (Wolff, 1774). Building on the scaffold of
information uncovered by his predecessors, von Baer discovered the presence of primitive

germ cells and ultimately eclipsed any influence of preformationism (von Baer, 1827).

Simultaneous work by Rathke and Pander (von Baer, 1828; Pander, 1817) reinforced the
epigenesis model. Through the examination of chick embryos, Pander noted that specific
regions within the embryo gave rise to specialised organs. This led to the notion of three
germ layers and is routinely referenced in modern developmental biology. Inspecting a
broader spectrum of vertebrates, Rathke observed similarities in the development of frogs,
salamanders, fish, birds, and mammals, and described the formation of pharyngeal arches,
skull and reproductive, excretory, and respiratory systems, completely refuting notions of

preformation and providing the basis of developmental biology as we know it today.



Timeline| Historical Perspective on the inception of Developmental Biology

300B.C.

1621

Aristotle proposes
notion of epigenesis

1651

1774

1817

William Harvey
postulates presence
of female germ cells

in uteri

Pander notes
formation of
specialised organs
arising from specific
embryonic regions
and delineated the
three germ layers

1888

1894

1928

1970s

Ryan Roux
demonstrates
ablation of one of
two-cell frog
embryo results in
incomplete larval
development

Hans Spemann
employs the use of
newt embryos to
portray pluripotent
nature of cells within
the developing

embryo

1981

1992

First isolation of
EG cells

First isolation of
ES cells from
pre-implantation
epiblast

Girolamo Fibrici conducts
anatomical studies on
pregnant cadavers to

understand embryonic
development

Caspar Frederich
Wolff studies
embryonic
kidney
development

Karl Ernst von Baer
discovers presence of
primitive germ cells

Hans Driesch
isolates individual
cells from sea
urchin blastomeres
and generates two
complete larvae

First isolation of
ECcells

2007

First isolation of EpiSCs
from post implantation
epiblast

Figure 1.1 Timeline displaying milestones that led to the inception of developmental biology




1.1.2 Pluripotent stem cells

Vertebrate development as delineated by epigenesis proposes the presence of pluripotent
cells which participate in the contribution of the cellular entirety of an adult organism.
Analagous to the establishment of epigenesis, the proposition of pluripotent stem cells was
also met with opposing opinions. Coining the germ plasm theory, August Weismann
believed that development occurred in a unilateral fashion where germ cells were the only
cells capable of hereditary potential and somatic cells received permanent modifications
which rendered them committed to perform limited functions. This was further supported
by Wilhelm Roux who showed that ablation of one cell of the two-cell frog embryo with a
hot needle resulted in incomplete larval development (Roux, 1888). These beliefs were
quickly confounded by Hans Driesch who turned to an invertebrate system and conducted
a similar experiment using sea urchin blastomeres. Isolation of individual cells at its 2-cell
stage culminated in the generation of two but small complete larvae (Driesch, 1894). In
parallel, Hans Spemann duplicated the findings using newt embryos (Spemann, 1928),
where separation of the embryo at its 2-cell stage gave rise to two intact organisms. Poised
with micro-surgical skills, Spemann extended his findings in embryology through the
constriction of developing embryos using baby hair. Using this technique, he was able to
restrict the position of the nucleus to one side of the cytoplasm, leaving solely cytoplasmic
material in the other. As the embryo divides successively into the 16-cell stage, one cell
would escape to the other side and the hair knot would be tightened to prevent any further
transfer to occur. As a result, twin larvae would form, suggesting the pluripotent capacity
of cells within the developing embryo. These pieces of evidence refuted the germ plasm

theory, illuminating a new era of embryology study.

1.1.2.1 Embryonic Carcinoma Cells

To reinforce the notion of pluripotency, pluripotent cells have been successfully
established on the Petri dish (Figure 1.2). Teratocarcinomas are tumours discovered in
humans and mice (Stevens and Little, 1954; Giovanella et al., 1974). Inspection of these
cellular masses reveals the presence of a plethora of organised structures, including teeth,

fingers and hair, suggesting the presence of pluripotent cells within the tumour. This was



corroborated through the determination that intraperitoneal injection of a single cell could
generate teratocarcinoma consisting of an array of differentiated tissues (Kleinsmith and
Pierce, 1964). Likewise, grafting of mouse embryos into adult mice also leads to the
formation of teratomas, reinforcing the existence of all-encompassing cells (Stevens et al,
1970; Solter et al., 1970). Teratomas in both contexts have been successfully maintained in
culture (Kahan and Ephrussi, 1970; Rosenthal et al., 1970; Evans, 1972; Martin and Evans,
1974). Designated as embryonic carcinoma (EC) cells, these cells exhibit pluripotent
properties including the ability to form teratomas in immune-compromised mice and serve

as the first platform to study embryonic development of mice in vitro.
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Figure 1.2 Comparison of pluripotent cells established from various stages of embryonic
development. Once fertilised, the zygote undergoes several rounds of cell division and forms an
inner cell mass, as indicated in grey. Cultivation of the inner cell mass results in the establishment
of ESCs. The inner cell mass generates two cell types, (i) the primitive endoderm (brown) which
forms the parietal and visceral endoderm, and (ii) the primitive ectoderm (grey) which gives rise to
the fetus. EpiSCs and EC cells can be achieved from various stages of the primitive ectoderm. As
the mesoderm starts to form at the boundary between the endoderm and ectoderm, primordial germ

cells are generated and EG cells can subsequently be isolated.



1.1.2.1 Embryonic Stem Cells

Soon after, the inner cell mass of mouse blastocysts was demonstrated to be sustained on a
petri dish, recapitulating an early developmental event in vitro (Evans and Kaufman, 1981,
Martin, 1981). Labelled as embryonic stem (ES) cells, these cells were competent at
contributing to the three germ layers in teratomas, when injected into immune-
compromised or syngenic mice. Furthermore, re-introduction of these cells into the mouse
blastocyst led to the formation of high percentage chimeras, indicating their ability to
participate in normal murine development, a property not frequently shared with EC cells.
To satisfy stringent pluripotent stipulations, ESCs were also studied for their ability to
contribute to the germline and an intact embryo. The former was approached through the
cross of chimeras to phenotypically distinct wildtype mice (Bradley et al., 1984), whereas
the latter was addressed through tetraploid complementation assays (Nagy et al., 1990;
Nagy et al., 1993).

Amenable to modifications, ESCs embody a useful tool for genetic alterations (reviewed in
Evans, 2011). With the elucidation of the genetic composition of the mouse in 2002
(Waterston et al., 2002), the genomic content of ESCs has been frequently disrupted in a
precise fashion to study gene function. The capacity for germline transmission results in
the establishment of intact mice harbouring any desired genetic mutation in the germline
(Smithies et al., 1985; Kuehn et al., 1987; Thomas and Capecchi, 1987; Skarnes et al.,
2011).

1.1.2.3 Epiblast Stem Cells

ESCs represent a subset of cells isolated from the epiblast in pre-implantation blastocysts
and depict a primitive developmental stage of the developing embryo. To recapitulate late
phases, two independent groups have segregated the columnar epithelial epiblast of the
early post-implantation embryo and cultivated it on a petri dish (Tesar et al., 2007; Brons
et al., 2007). Termed as Epiblast stem cells (EpiSCs), they behave distinctly from ESCs

and are rarely able to generate chimeras. However, both ESCs and EpiSCs are competent



in multi-lineage differentiation, where injection of these cells into immune-compromised
mice results in the development of teratomas comprised of tissue types characteristic of the

three germ layers (Tesar et al., 2007; Brons et al., 2007).

Examination of the molecular circuitry within these cells revealed some similarities to
ESCs, where the core transcriptional machinery consisting of Oct4, Sox2 and Nanog was
expressed (Boyer et al., 2005; Loh et al., 2006; Wang et al., 2006). However, ESCs and
EpiSCs exhibit disparities in transcript and epigenetic levels of markers associated to the
inner cell mass and early germ layers (Tesar et al., 2007), highlighting distinctions in their
original developmental stages.

Differences between ESCs and EpiSCs also lie in epigenomic modifications of
pluripotency markers. Although Oct4 is detected at similar levels in ESCs and EpiSCs,
Octd is differentially regulated, as disclosed by chromatin immunoprecipitation
experiments which illustrate that the proximal and distal enhancers of Oct4 control its
expression in EpiSCs and ESCs respectively (Tesar et al., 2007). These pieces of evidence
uncover variations in the maintenance of different stages of pluripotency, placing emphasis

on an assortment of developmental cues spanning embryogenesis.

1.1.2.4 Embryonic Germ Cells

Pluripotent stem cells divergent from the mouse blastocyst were first derived from
primordial germ cells (PGCs) (Matsui et al., 1992; Resnick et al., 1992). Emergent at 7
days post coitum (dpc), these cells are represented by a small population of alkaline-
phosphatase positive cells (Ginsburg et al., 1990). In a span of six days, these cells
undergo extensive proliferation every 16 hours to comprise of 25,000 PGCs (Tam and

Snow, 1981), and eventually reside in either the testis or ovary of the mouse.



Extraction of PGCs at 8.5-12.5 dpc from the posterior fragment of the embryo and
cultivation in the presence of soluble factors such as leukemia inhibitory factor (LIF), steel
factor (SF) and fibroblast growth factor (FGF), results in a population of cells that exhibits
self-renewal and limitless proliferation (Godlin et al., 1991; Matsui et al., 1991; Matsui et
al., 1992; Resnick et al., 1992). Coined as embryonic germ (EG) cells, these cells resemble
ESCs and are capable of generating chimeras and contributing to the mouse germline
(Matsui et al., 1992; Stewart et al., 1994; Labosky et al., 1994).

1.1.3 Chemicals and Pathways associated with Murine Pluripotent Stem Cells

Pluripotent cells exist in a fleeting manner within the mouse embryo, placing emphasis on
the remarkable extension of their life in culture. Supporting chemicals or matrix are
necessary for the maintenance of pluripotency in culture, as exemplified in the reliance on
fibroblasts and serum in primary studies describing ESCs, EC cells and EG cells,
suggesting a non-cell autonomous mechanism in self-renewal. Extrication of components
that support pluripotency, in concert with our current understanding of developmental
pathways, can lead to the improvement of growth parameters of pluripotent cells, and

augment our knowledge on embryonic development.

Stemming from the discovery that medium conditioned by Buffalo rat liver cells was
sufficient to retain pluripotency (Smith and Hooper, 1987), the active component
necessary for this phenomenon was narrowed down to leukemia inhibitory factor (LIF)
(Smith et al., 1988; Williams et al., 1988). The importance of LIF has been portrayed by its
obligatory need in the culture medium (Stewart et al., 1992), acting through gp130 and the
recruitment of JAK kinase and STAT3 (Yoshida et al., 1994; Niwa et al., 1998). The
ability of LIF to maintain pluripotency in culture is mirrored in a physiological context,
where LIF and gp130 are expressed in early embryos and during diapause (Nichols et al.,
2001). This is reinforced by the observation that female mice expressing truncated LIF
mutants are fertile but the inability of blastocysts to implant into the uterus leads to

developmental arrest. On the contrary, transient expression of LIF exhibits a rescued



phenotype where implantation and development of the blastocysts are permitted (Stewart
etal., 1992).

Although LIF/gp130 and their related pathways are pivotal in the maintenance of
pluripotency, the use of chemically defined basal media supplemented with N2, B27 and
LIF is unable to impede differentiation of ESCs into neuronal derivatives (Ying et al.,
2003). This propensity to differentiate can be restrained by the addition of bone
morphogenetic protein (BMP), an anti-neural factor in vertebrate development (Wilson
and Hemmati-Brivanlou, 1995). Functioning through Inhibitor of differentiation (Id), BMP
together with LIF are sufficient to drive ESCs into self-renewal without differentiation
(Ying et al., 2003).

Interaction between LIF and gpl30 triggers a conflicting response, where both the
JAK/STAT and ERK1/2 pathways are activated (Burdon et al., 1999; Kunath et al., 2007).
As the latter stimulates differentiation, ERK or FGF inhibitors were demonstrated to
circumvent this impediment and support the maintenance of ESCs (Ying et al., 2008).
Activation of the Wnt pathway through the inhibition of GSK3p also assists in the
sustenance of an undifferentiated state. The effects of ERK and GSK3p inhibition (2i) are
compounded when used in combination, and results in a homogenous population of
primitive cells designated as ground state pluripotency (Silva et al., 2008). Mirroring this
in vivo, addition of 2i to early mouse embryos in culture causes an expansion of the
Nanog-expressing epiblast at the expense of the hypoblast and trophoectoderm
compartments (Nichols et al., 2009b). Growth media containing 2i and LIF has also made
it possible to derive ESCs from mouse strains, such as CBA and NOD, and rats, which
have been recalcitrant to previous methods (Ying et al., 2008; Nichols et al., 2009a; Buehr
etal., 2008; Li et al., 2008).

The culture conditions of EpiSCs are distinct from ESCs. FGF and Activin are necessary
to preserve EpiSCs (Brons et al., 2007; Tesar et al., 2007), whereas the addition of 2i and
10



LIF results in cell death (Guo et al., 2009). In contrast, addition of an Activin inhibitor
leads to widespread differentiation, suggesting reliance on Nodal/Activin signalling (Tesar
et al., 2007).

The disparities reflected by dissimilar developmental potential and growth conditions of
mouse ESCs and EpiSCs has led to the notion of naive and primed pluripotency (Nichols
and Smith, 2009c¢). Originating from the pre-implantation epiblast, ESCs display complete
pluripotent potential and are capable of germline contribution. In contrast, EpiSCs derived
from the post-implantation epiblast are incapable of germline contribution, exhibiting
limited pluripotent potential.

1.1.4 Establishment of ESCs from other species

After successful isolation and culture of mouse ESCs, there have been several attempts at
engineering an equivalent in various species, including rodents such as hamsters and rats
(Doetschman et al., 1988; Buehr et al., 2008; Li et al., 2008), non-rodents such as rabbits,
minks, chickens, pigs and cows (Graves and Moreadith, 1993; Sukoyan et al., 1993; Pain
et al., 1996; Notarianni et al., 1990; Notarianni et al., 1991; Saito et al., 1992; Stice et al.,
1996), and primates such as rhesus monkeys and the common marmosets (Thomson et al.,
1995; Thomson et al., 1996).

Heightened interest in the generation of an array of pluripotent stem cells can be attributed
to its potential to differentiate into an array of cell types, representative of the three germ
layers. Application of this technology to humans illuminates the possibility of regenerative
medicine. To address this, human ESCs were derived from cleavage stage human embryos
that were acquired from in vitro fertilization donors (Thomson et al., 1998). However,
human ESCs are distinct from mouse ESCs, where LIF and BMP signalling pathways are
incapable of sustaining undifferentiated human ESCs (Daheron et al., 2004; Humphrey et
al., 2004; Xu et al., 2002; Gerami-Naini et al., 2004). Instead, growth conditions and gene
expression patterns of human ESCs are reminiscent of EpiSCs (Beattie et al., 2005; Vallier

et al., 2005; Wang et al., 2005; Xu et al., 2005; Adewumi et al., 2007). In a bid to confront
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the possibility of an unexplored naive human pluripotent state which resembles mouse
ESCs, recent studies have described the presence of a Nanog-expressing epiblast
compartment in human embryos that is recalcitrant to inhibitors against FGF, ERK and
GSK3. This observation highlights a stark contrast to conventional human pluripotent cells
which readily differentiate in similar conditions (Roode et al., 2012; Kuijk et al., 2012). An
additional study proposes that establishment of human ES cell lines implicates the
transition into a post-ICM intermediate displaying X-reactivation, reminiscent of mouse
ESCs but not EpiSCs (O’Leary et al., 2012). Overall, these findings broaden our
understanding of human embryonic development and surmise the existence of a population

of naive pluripotent stem cells which have yet to be captured from the developing embryo.

1.2 Cellular Plasticity

1.2.1 Cellular Regeneration

To pursue survival, organisms have evolved strategies to maintain their functional and
physical integrities when damage is inflicted or as aging takes its toll. This is exemplified
in mammals by the continuous rejuvenation of the circulatory system, gut and skin
epithelium. Time-lapse imaging and visualisation of cultured endothelial sheet colonies
reveals the disengagement of tight junctions and the display of erythroid and monocytic
haematopoietic antigens (Eilken et al.,, 2009). In parallel, conversion of glucagon-
producing a-cells into pancreatic insulin-producing B-cells upon a diphtheria toxin insult
has also been described (Thorel et al., 2010). These examples reflect a dynamic

environment to maintain homeostasis.

However the inherent ability of mammals to regenerate functional organs is limited, and
can be better delineated using invertebrates and amphibians. The study of cellular
regeneration can be traced to the 18™ century when Abraham Trembley pioneered studies
on Hydra, a small freshwater animal. Through the dissection of its polyps, Trembley
noticed that both halves developed into complete organisms, documenting the first
observations of cellular regeneration (Lenhoff and Lenhoff, 1986). This phenomenon was

mirrored in a spectrum of invertebrates such as planarians and annelid worms. Vertebrates
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such as amphibia, have also demonstrated their ability to replace lost limbs, tails, lens,
retina, and several internal organs and repair skeletal muscle, peripheral nervous system
and CNS. The ability of vertebrate regeneration is illustrated in newts by the regeneration
of its eye lens upon lentectomy (Tsonis et al., 2004). Pigmented epithelial cells contribute
to the formation of the replacement lens by losing their pigment and exiting from the
quiescent state. Thereafter, the cells proliferate and redifferentiate into lens epithelial cells

and subsequently into the mature lens fibers that comprise the regenerated lens.

The plasticity of cellular identity was once perceived to be impossible amidst the
proposition of Weismann’s germ plasm theory. This ability to transcend lineage restriction
barriers and generate distinct cell types in a natural setting has ignited an undulating
interest in the field of reprogramming. Emanating from naturally occurring examples of
cellular regeneration, attempts at replicating these observations through artificial means

have led to a series of landmark studies.

1.2.2 Nuclear Reprogramming

Nuclear reprogramming is depicted by the transition between distinct cell types introduced
by switches in gene expression patterns (Figure 1.3). Contesting against the germ plasm
theory, preliminary nuclear reprogramming experiments sought to contradict the belief that
cells accumulate permanent modifications during development and prevent reversion to a
primitive state. The successful transfer of nuclei from cells of a developing embryo into
enucleated oocytes provided confounding evidence and the notion behind the germ plasm
theory was effectively eradicated. This procedure was coined as somatic cell nuclear
transfer (SCNT) and paved the way for cell fusion and lineage switching experiments,
culminating in the recent discovery that introduction of transcription factors can drive

somatic cells into pluripotency.
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Figure 1.3 Methods to achieve nuclear reprogramming Nuclear reprogramming is defined as

the transition between distinct cell types introduced by switches in gene patterns. This can be
accomplished through various methods. (A) Somatic cell nuclear transfer entails the transfer of a
somatic cell nucleus into an enucleated oocyte. (B) Exposure of cellular components within
pluripotent cells to somatic cells triggers the loss of somatic identity. (C) The fusion between
somatic and pluripotent cells results in the generation of heterokaryons that exhibit pluripotent
properties. (D) Expression of transcription factors that are lineage specific results in the conversion
of cell types across lineage barriers (E) Introduction of Oct4, c-Myc, KIf4 and Sox2 into somatic

cells results in the reprogramming into an ES-like state.
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1.2.2.1 Somatic Cell Nuclear Transfer

The first observations of nuclear reprogramming in vitro were witnessed in 1952 when
Briggs and King successfully transplanted a nucleus from a Rana pipiens embryo into an
enucleated oocyte to produce adult organisms (Briggs and King, 1952). A later study by
the pair revealed that endoderm nuclei from an early tail-bud stage resulted in arrest at
blastula gastrula and early-neurula stages (King and Briggs, 1955). Surprisingly, when
similar experiments were carried out in Xenopus laevis, nuclei from terminally
differentiated intestinal epithelial cells were successfully transplanted into irradiated
oocytes and developed into fertile male and female frogs (Gurdon, 1958; Gurdon, 1962).
Intestinal epithelium cells of feeding tadpoles which correspond to terminally
differentiated endoderm cells gave rise to normal feeding tadpoles at a frequency of 1.5%
when transplanted into unfertilised oocytes. This was noticeably lower than nuclear
transfers from the blastula and gastrula endoderm which led to a proportion of 36%
feeding tadpoles. Interestingly, serial transplantations of intestine nuclei which promoted
abnormal development after the first transfer could support the formation of normal
feeding tadpoles, suggesting that disparities in efficiencies between differentiated and
embryonic nuclei were partially explained by non-genetic causes such as technical
limitations and incompatible mitotic properties. Collectively, first and serial
transplantations, in concert with grafts, generated functional tadpoles at a frequency of
30% (Gurdon, 1962; Byrne et al., 2003).

Shortly after came reports of successful transplantations of nuclei from a spectrum of cell
origins, such as kidney, lung and skin (Gurdon et al., 1975; Laskey and Gurdon, 1970).
Non-dividing erythrocytes from Rana pipiens were demonstrated to produce normal larvae
upon serial transplantations (DiBerardino and Hoffner, 1983). Nuclear transfer from
myotomes could also effectively produce swimming tadpoles at a frequency of 2%
(Gurdon et al., 1984). Transcription of muscle differentiation markers ceased upon entry
into the oocyte and re-activated once gastrulation occurred. Taken together, these studies
suggest that the chemical milieu in the oocyte is able to perturb the transcriptional
machinery of the donor cell and reverse its differentiation status.
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Alternatively, SCNT can be performed using oocytes in their first meiotic prophase
(Byrne, 2003). This manipulation results in the swelling of the cell due to a stark increase
in mRNA synthesis. DNA replication is reversely synchronised and pauses, contrary to the
use of oocytes in the second meiotic metaphase which leads to multiple rounds of cell
division and little transcription. Although mechanistically distinct, this reaffirms the

intrinsic ability of the oocyte to influence the donor cell nucleus.

Concurrent to the described experiments, other groups ventured away from amphibians.
Using one-cell mouse embryos as donor and host, adult mice were generated at a success
ratio of 13% (McGrath and Solter, 1983). In contrast, transplantation of nuclei from tail-tip
fibroblasts plunged the reprogramming efficiency to 0.5%. Mirroring this phenomenon in
sheep, Willadsen demonstrated the ability to produce cloned lambs by transplanting a
nucleus of an 8-cell embryo to enucleated oocyte (Willadsen, 1986). Mammary gland cell
nuclei were also competent at producing an adult fertile female sheep, albeit at a low
efficiency of 0.2% (Wilmut et al., 1997).

Several attempts have been made with the use of human oocytes. Injection of donor nuclei
into enucleated oocytes gave rise to blastocysts at low frequencies (Stojkovic et al., 2005;
Hall et al., 2007; French et al., 2008). Low reprogramming efficiency was alleviated by
leaving the nuclei of the oocyte intact (Noggle et al., 2011), leading to the successful
development of blastocysts. The inner cell mass was stable in culture and triploid in
karyotype, with one set of diploid chromosomes from the somatic nucleus and one set of
haploid chromosomes from the oocyte. Competent in producing teratomas consisting of
cell types representative of all three germ layers, these cells display similar transcriptional

patterns to pluripotent stem cells derived from in vitro fertilised blastocysts.

These findings present evidence that somatic cells encompass the capacity to return to
pluripotency and can be evaluated in two ways. First, cells which have veered away from

pluripotency require strict conditions for reprogramming. Second, the egg naturally
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contains factors which dominate the performance of the somatic nucleus. Stripping the
composition of the egg would allow us to comprehend the intricacies that trigger rapid
dedifferentiation. To this end, histones 1 and B4 and the Tet proteins have been illustrated
to play roles both in the oocyte and male pronucleus, highlighting the importance of
epigenetic remodelling interactions during reprogramming (Teranishi et al. 2004; Gao et
al., 2004; Becker et al., 2005; Jullien et al., 2010; Maki et al., 2010; Inoue and Zhang,
2011; Wu and Zhang, 2011).

1.2.2.2 Exposure to Cell Extracts and Cell Fusion

Re-illustrating the innate ability of the chemical milieu within an oocyte to instigate
transcriptional alteration, exposure of cytoplasmic contents from Xenopus laevis oocytes
and early embryos to human somatic cells elicited the expression of pluripotency markers
(Hansis et al., 2004). This capacity extended till late blastula-stages where extracts were
inhibitory to reprogramming. Human embryonic kidney cells incubated with cell extracts
from embryonic carcinoma cells for a mere hour also resulted in transcriptional activation
and partial demethylation of pluripotency genes within a week (Flasza et al., 2003;
Taranger et al., 2005; Freberg et al., 2007).

Corroborating these observations, cell fusions between human lymphocytes and mouse
ESCs have been competent at triggering the reactivation of Oct4. However, the level of
transcriptional induction was <1% compared to human ESCs (Pereira et al., 2008). The
capacity of cell fusion induced reprogramming has been further exemplified through the
combination of male ESCs and female thymocytes. Resulting heterokaryons expressed
pluripotency genes and reactivated the silent X chromosome (Tada et al., 2001). In
addition, spontaneous fusion between mouse neural progenitors and mouse ESCs led to the
silencing of neural markers (Ying et al., 2002). Replicated in human cells, human ESCs
fused to human foreskin fibroblasts generated hybrid pluripotent cells that exhibited the
capacity to develop into three germ layers (Cowan et al., 2005). In general, cell fusion
experiments displayed trends analagous to SCNT. First, terminally differentiated cells
were more demanding to transform. Second, cell fusion leads to rapid reprogramming,

where genes are expressed within two days and independent of DNA replication (Pereira et
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al., 2008; Do and Scholer, 2010). Despite success in generating pluripotent stem cells,
reprogramming through cell fusion is inefficient (~1%), and creates a bottleneck during the
purification of stable hybrids for analysis. Introduction of selection markers in the two
starting populations can overcome this problem, but does not alleviate the eventual low

population of reprogrammed cells.

Apart from establishing pluripotency, other cell types have also been successfully
reprogrammed through cell fusion. Stemming from early experiments, hetreokaryons
between erythrocytes from a mature hen and HeLa cells have been described to swell in
size and prompt transcriptional activity in terminally differentiated erythrocytes,
reminiscent of the observations in SCNT (Harris, 1965; Harris et al., 1966). Surprisingly,
the combination of human amniotic cells and mouse muscle cells triggered the expression
of genes specific to muscle cells, albeit the naive nature of amniotic cells (Blau et al.,
1983). This draws attention to inherent factors in somatic cells that safeguard the integrity
and lineage of the cell. Besides sharing similarities to SCNT, it is useful to note that cell
fusion encompasses unique qualities such as the ability to generate heterokaryons using
multiple cell-nuclei. As a result, gene dosage influences the reprogramming efficiencies
and the presence of the dominant nuclei in more than two fold will delay transcriptional
activation (Pavlath and Blau, 1986).

1.2.2.3 Transcription Factor Induced Lineage-Switch

It is evident from cell fusion experiments that there are specific components within each
branch of cell lineage, shielding it from external influences and guarding its designed
function. These intrinsic cell specific properties can be harnessed to redirect differentiation
signals. Using observations that DNA demethylating agent, 5-azacytidine, enables efficient
reprogramming into muscle lineage (Chiu and Blau, 1985), Weintraub and colleagues
identified MyoD as a master regulator of myogenesis, and its ectopic expression forced
recipient non-muscle cells to convert into myocytes (Weintraub et al., 1989). Although
cells from three germ layers were successfully reprogrammed, starting material originating

from the mesoderm was effectively converted, whereas cells from endoderm and ectoderm
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lineages retained their original gene signatures. This suggests the necessity of additional

factors to induce a complete reform of the pre-existing gene expression profile.

Intuitively, forced expression of transcription factors that naturally occur during
developmental programs can incite lineage-switches. As described above, expression of
MyoD can redirect non-muscle cells into the muscle lineage (Weintraub et al., 1989). In
addition, overexpression of adipocyte-specific nuclear hormone receptor, PPARY2, triggers
adipogenesis in fibroblasts (Tontonoz et al., 1994). Although single genetic factors have
been described to control cell fate in adipocytes and myocytes, dermal fibroblasts require a
combination of Gata4, Mef2c and Tbx5 to be converted into cardiomyocytes (leda et al.,
2010). Likewise, ectopic expression of separate sets of transcription factors have
successfully triggered transdifferentiation of dermal fibroblasts into neuron-like, blood
progenitors, insulin secreting P-cells, brown adipose cells and cardiac-like myocytes
(Vierbuchen et al., 2010; Szabo et al., 2010; Zhou et al., 2008; Kajimura et al., 2009; Song
et al., 2012). Further exploration in the realm of lineage switching has placed emphasis on
the importance of spatial, temporal and quantitative control of transcription factor
expression in the generation of an array of cell types (Kulessa et al., 1995; Xie et al., 2004;
Laiosa et al., 2006; Iwasaki et al., 2006).

Lineage switching mimics the acquisition of pluripotency via SCNT and cell fusion
closely. First, cells which have climbed the differentiation ladder face more roadblocks
during reprogramming (Chickarmane et al., 2009). Second, lineage-switching occurs
without the need for cell division. Markers of progenitor cells are often not detected,
suggesting that reprogramming may occur in a direct fashion without the presence of an
undifferentiated intermediate (Thorel et al., 2010). However, this does not exclude the

possibility of a transient intermediate state.

1.2.2.4 Transcription Factor Induced Pluripotency

The ability of transcription factors to impose a lineage switch suggests that the right
cocktail of factors would be able to erase all differentiation marks in somatic cells, driving

the cell to pluripotency. In 2006, Takahashi and Yamanaka conducted a systematic screen
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of 24 transcription factors associated with pluripotency to identify a distinct set of genes
able to activate the endogenous Fbx15 gene locus of mouse embryonic fibroblasts (MEFs)
(Takahashi and Yamanaka, 2006). This was narrowed to 4 genes, Oct4, c-Myc, KIf4 and
Sox2, and produced cells that resembled ESCs. These cells were able to differentiate into
three germ layers when injected into immune-compromised mice, portraying its

pluripotent potential.

Shortly after, the phenomenon was replicated in human fibroblasts (Takahashi et al.,
2007). Concurrently, an independent laboratory reported the generation of human ES-like
cells through a discrete set of genes, Oct4, Sox2, Nanog, and Lin28 (Yu et al., 2007),
reinforcing the notion that somatic cells can be reprogrammed to an undifferentiated state.
These groundbreaking discoveries indicated that mere four genes can elicit pluripotency,
igniting a surge of interest in this sphere of reprogramming. For the ease of nhomenclature,

these cells have since been termed as induced pluripotent stem (iPS) cells.

Several advancements have been made to the generation of iPSCs (Figure 1.4). First,
alternative delivery methods were discovered, circumventing the initial use of retroviruses
that leaves a permanent footprint in the recipient genome. As the reprogramming cocktails
are made up of genes implicated in diseases such as cancer, the use of iPSCs may lead to
oncogenic transformation (Okita et al., 2007). Surrogate gene delivery tools include
polycistronic lentiviruses, piggyBac mediated transposition and non integrating approaches
such as adenoviruses, Sendai viruses, episomal DNA, repeated transfections of mRNA or
plasmid DNA and purified proteins (Sommer et al., 2009; Carey et al., 2009; Fusaki et al.,
2009; Stadtfeld et al., 2008; Yu et al., 2009; Warren et al., 2010; Okita et al., 2008; Kim et
al., 2009a; Zhou et al., 2009; Woltjen et al., 2009; Kaji et al., 2009; Yusa et al., 2009).
Albeit the low efficiency of producing iPSCs, the employment of non integrating methods

allows the generation of colonies which are completely free of exogenous material.

Second, the selection procedure for reprogrammed cells has been enhanced. Population of

cells selected based on re-activation of Fbx15 displayed an incomplete erasure of somatic

methylation marks and could not contribute to the mouse germline (Takahashi and

Yamanaka, 2006). Subsequent studies used the activation of endogenous Nanog, Oct4 or
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Rex1 as an indication of pluripotency (Okita et al., 2007; Meissner et al., 2007; Wang et
al., 2011c).

To illustrate the robustness of the protocol, somatic cells originating from the three germ
layers have been described to be pliable to reprogramming (Aasen et al., 2008; Shi et al.,
2008; Hanna et al., 2008; Aoi et al., 2008). In addition, iPSCs from an array of organisms,
including pigs, monkeys and rats, have also been achieved (Esteban et al., 2009; Liu et al.,
2008; Liao et al., 2009). Akin to SCNT and cell fusion experiments, terminally
differentiated cells have been proven difficult to reprogram (Hanna et al., 2008). Cell types
which possess high intrinsic expression of certain factors negotiate the need for the
complete set of reprogramming cocktail (Tsai et al., 2010; Kim et al., 2009b; Kim et al.,
2009c; Giorgetti et al., 2009). Overall, these studies display the inherent ability of a

spectrum of somatic cell types to revert to its pluripotent state.
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Figure 1.4 Timeline highlighting the milestones achieved since the inception of transcription
factor induced pluripotency Transcription factor induced pluripotency was conceived in 2006
through the introduction of four transcription factors, Oct4, c-Myc, KIf4 and Sox2 into mouse
fibroblasts. Since its conception, a variety of somatic cell types have been successfully
reprogrammed. Various refinements have been demonstrated to enhance the initial protocol. This
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factors have been identified to improve reprogramming efficiencies or replace the ectopic necessity
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1.3 Induced Pluripotent Stem Cells

The advent of iPSC technology holds many promises in the clinic. A plethora of cell types,
ranging from dermal fibroblasts, primary hepatocytes, blood and keratinocytes exhibits
amenability to reprogramming (Dimos et al., 2008; Liu et al., 2010; Loh et al., 2009;
Giorgetti et al., 2009; Aasen et al., 2008). In addition, manipulation of fibroblasts derived
from patients inflicted with disease allows faithful recapitulation of the disease phenotype
in vitro (Park et al., 2008; Dimos et al., 2008; Rashid et al., 2010; Jang et al., 2011,
Agarwal et al., 2010; Zhang et al., 2011; Shi et al., 2012; HD iPSC consortium, 2012). The
potential of patient-derived iPSCs can be illuminated two-fold, as reflected in the ability to
act as a platform for drug screening (ltzhaki et al., 2011; Moretti et al., 2011; Ebert et al.,
2009; Lee et al., 2009; Cooper et al., 2012), and cell therapy (Hanna et al., 2007; Raya et
al., 2009; Nori et al., 2011; Yusa et al., 2011; An et al., 2012).

Although the use of iPSCs in the clinic is regarded attractively, there are several anomalies
which have to be addressed. Cells derived from patients suffering from Fanconi’s Anemia
(FA) and Fragile X (FX) syndrome are not easily amenable (Raya et al., 2009; Urbach et
al., 2010). These bottlenecks impede disease modelling and amendments to the existing
protocol have to be taken into consideration. In addition, although comprehensive studies
of iIPSCs and ESCs reveal minute differences in phosphoproteomic and transcriptomic
components that were statistically disregarded (Phanstiel et al., 2011), epigenomic analysis
at high resolution expose subtle differences between iPSCs and ESCs (Lister et al., 2011;
Stadtfeld et al., 2010) and continuous in vitro culture could incur genomic aberrations
(Gore et al., 2011; Hussein et al., 2011; Lister et al., 2011). These discrepancies could
account for functional disparities such as epigenetic memory (Kim et al., 2010; Ohi et al.,
2011; Polo et al., 2010) and immunogenicity (Zhao et al., 2011), imposing barriers in
clinical applications.

From disease modelling to drug screening and cell therapy, the ability to generate
pluripotent stem cells from human somatic cells displays volumes of potential. However,
conceived in 2006, this platform is still in its infancy and harbours many unknowns. To

address our lack of knowledge on the reprogramming process, it is crucial to elucidate
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factors and chemicals which play a complementary role to the defined cocktail of

reprogramming factors.

1.3.1 Molecular mechanisms behind the initial set of four reprogramming factors

Before we endeavour to expand our knowledge of the reprogramming process, it is crucial
to understand the roles undertaken by each of the four transcription factors. Naturally
present in ESCs, the regulatory roles of these transcription factors create a ripple effect,
instigating a cascade of molecular events that preserves the functional integrity of the
ESCs (Loh et al., 2006; Nichols et al., 1998; Avilion et al., 2003).

Oct4 and Sox2 act in concert with Nanog to activate several pluripotency-associated
elements (Boyer et al., 2005; Kim et al., 2008; Masui et al., 2007). The expression levels
of both genes are tightly regulated, where the absence of Oct4 and Sox2 in ESCs results in
the loss of pluripotency and differentiation into trophoblast cells (Chew et al., 2005;
Nichols et al., 1998; Niwa et al., 2000; Tomioka et al., 2002). Conversely, surplus amounts
of Oct4 results in differentiation into the primitive endoderm (Niwa et al., 2000; Kopp et
al., 2008), while elevated Sox2 levels induce neuroectoderm, trophectoderm and

mesoderm lineage specification.

KIf4 belongs to the family of Kruppel like factors which display functional redundancy to
maintain pluripotency (Jiang et al., 2008). Occupying genomic sites similar to the Oct4-
Sox2-Nanog cluster, it acts as part of the foundation preserving the undifferentiated
environment within ESCs (Jiang et al., 2008). The KIf family has been described to act
downstream of Oct4, p53 and leukemia inhibitory factor (LIF)/Stat pathways (Hall et al.,
2009; Rowland et al., 2005). In addition, overexpression of KIf4 leads to sustained levels
of Oct4 and inhibits differentiation of ESCs.

c-Myc is a helix-loop-helix/leucine zipper transcription factor that mediates pleiotropic
cellular functions including metabolism, cell cycle, splicing, translation and oncogenic
transformation (Kim et al., 2008; Sridharan et al., 2009; Klein, 1983). It has been

implicated in the transcriptional elongation in ESCs (Rahl et al., 2010) and shares similar
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genetic targets with other pluripotency associated transcription factors (Chen et al., 2008;
Kim et al., 2008; Dejosez et al,, 2008). In ESCs, c-Myc resembles KIf4, acting in the
LIF/Stat pathway (Cartwright et al., 2005) and opposing anti-proliferative properties of
p21Cipl (Claassen and Haan, 2000). c-Myc also recruits histone acetylase complexes
(Bouchard et al., 2001; Frank et al., 2001), unfolds the chromatin structure in somatic cells

and enables under-privileged sites to undergo remodelling.

The four transcription factors participate in the maintenance of the pluripotent state, where
Oct4, Sox2 and KIf4 constitute the core apparatus and c-Myc manipulates a wider scope of
cellular functions. Although the genomic targets of each transcription factor act as jigsaw
pieces to the pluripotency network puzzle, they do not necessarily reflect the molecular
changes coupled to reprogramming in vivo. To acquire a mechanistic view of
reprogramming, additional components that participate in the process have been

unravelled.

1.3.2 Chemicals that enhance reprogramming

The route to pluripotency is multi-faceted. In addition to the identification of the four
transcription factors that encompass the reprogramming mix, elucidation of chemicals that
affect the reprogramming process may illuminate potential approaches to improve the

reprogramming protocol.

Transcription factor induced pluripotency occurs at sub-optimal frequencies of 0.01-0.2%
(reviewed by Hochedlinger and Plath, 2009). Forced re-expression of reprogramming
factors in secondary fibroblasts resulted in 20% of cells displaying early pluripotency
markers but a mere 1.2% of these cells re-activating their endogenous Nanog locus after 16
days (Mikkelsen et al., 2008). Amalgamating this to the knowledge that primitive cells
which encompass fewer somatic epigenetic marks are more pliable to dedifferentiation and
iPSCs which harbour incomplete erasure of silencing modifications were unable to
contribute to the mouse germline (Takahashi and Yamanaka, 2006), it is tempting to

speculate that overcoming the epigenetic barrier would enhance reprogramming.
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To address this, a DNA methyltransferase inhibitor, 5-aza-cytidine (AZA), was described
to propel partially reprogrammed cells into pluripotency and improved the efficiency of
producing iPSC colonies by 4-fold (Mikkelsen et al., 2008; Huangfu et al., 2008a). Given
that c-Myc regulates histone deacetylation and greatly improves reprogramming
efficiencies, histone deacetylase inhibitors, such as valproic acid (VPA), trichostatin A,
and suberoylanilide hydroxamic acid, have been proven to be efficacious in increasing the
kinetics and efficiencies of generating iPSCs (Huangfu et al., 2008a). Moreover, VPA
ablates the need for c-Myc and KIf4, producing ES-like cells solely in the presence of Oct4
and Sox2.

As reprogramming leads to the accumulation of reactive oxygen species, antioxidant
vitamin C was described to increase the efficiency of generating iPSCs (Esteban et al.,
2010). This is triggered by vitamin C-dependent H3K36me2/3 demethylation and the
repression of p53/p21 and Ink4/Arf loci (Wang et al., 2011a).

Besides the addition of chemicals, altering environmental conditions during
reprogramming can also benefit the generation of iPSCs. In a natural setting, development
of embryos occurs in physiologically hypoxic conditions. Recapitulating low oxygen
concentrations during reprogramming experiments increases the efficiency of obtaining
IPSCs (Yoshida et al., 2009). Furthermore, resultant female human iPSCs exhibit two
activated copies of X chromosomes, indicating the attainment of ground state pluripotency
(Lengner et al., 2010). Possible explanations behind this phenomenon include decreased
accumulation of chromosomal abnormalities (Forsyth et al., 2006) and protection against
spontaneous differentiation (Ezashi et al., 2005; Prasad et al., 2009).

1.3.3 Cellular processes associated to reprogramming

Although the search for chemicals that enhance the creation of iPSCs has yielded a
considerable amount of information, other avenues of studying the dedifferentiation
process have also provided us with much insight. Two complementary approaches were
used to determine the importance of mesenchymal-to-epithelial transition (MET) during

the reprogramming process (Samavarchi-Tehrani et al., 2010; Li et al., 2010). Molecular
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dissection of the process identified BMP as a key mediator, leading to a later discovery
that BMP can replace KIf4 in the reprogramming process, and its expression with Oct4
alone is sufficient to generate iPSCs (Chen et al., 2011). These findings were corroborated
by two independent studies describing the essential roles of E-cadherin (Redmer et al.,
2011) and the TGFf pathway (Ichida et al., 2009) in driving partially reprogrammed cells

to pluripotency.

Secondary cells isolated from chimeras act as a homogenous platform to study the
mechanics behind induced pluripotency. Silencing p53 or p21, or over-expressing Lin28 in
secondary B-cells improved reprogramming efficiencies in a cell division dependent
manner (Hanna et al., 2009). This validated an initial finding that silencing p53 in primary
fibroblasts improved reprogramming conditions (Zhao et al., 2008). An addition five
studies also illustrated the role of DNA damage response and immortalization in
reprogramming (Utikal et al., 2009; Maridn et al., 2009; Li et al., 2009; Kawamura et al.,
2009; Hong et al., 2009).

The importance of cell division in generating iPSCs is disparate to the mechanics behind
SCNT and cell fusion, insinuating that the current recipe of transcription factors is unable
to replicate natural reprogramming events. Interestingly, delivery of Nanog into secondary
B-cells increased the number of reprogrammed colonies, independent of cell division
(Hanna et al., 2009). Nanog is known to play essential roles in reprogramming and cell
fusion (Yu et al., 2007; Chambers et al., 2007; Silva et al., 2006; Silva et al., 2009) despite
a deficiency in its expression in mouse oocytes (Chambers et al., 2003; Yamaguchi et al.,
2005), postulating that it functions in a discrete role, providing a new dimension to the

process.

1.3.4 Genetic factors that improve the reprogramming process

As a surrogate method to peel away additional layers of complexity behind induced
pluripotency, attempts to explore beyond the initial set of 24 ES cell specific transcription
factors have been made to identify genetic components that contribute to the

reprogramming process.
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To delve into an expanded list of genes, several screens of varying scopes have been
conducted. From a narrow screen examining three genes known to participate in primodial
germ cell development and EG cell derivation, Prmt5 was discovered to improve
reprogramming efficiencies and ablation of its expression led to decreased number of
reprogrammed colonies (Nagamatsu et al., 2011). In contrast, the study of a wide library
consisting of 1,437 transcription factors revealed that Glisl can increase the generation of
IPSC colonies (Maekawa et al., 2011). Additional screens have delineated the roles played
by Thx3, Esrrb and Nr5a2 in the acquisition of pluripotency (Han et al., 2010b; Heng et
al., 2010; Feng et al., 2009).

Using an unbiased piggyBac assisted approach, co-operation between RARy and Nr5a2
was demonstrated to augment the transcriptional activity of Oct4 and trigger rapid
dedifferentiation (Wang et al.,, 2011c and unpublished). Although implication of the
retinoic acid pathway in the reprogramming process is surprising, it is not completely
unexpected (Ben-Shushan et al., 1995; Barnea et al., 2000). As the dedifferentiation
process is distinct to the maintenance of ES cell pluripotency (Mansour et al., 2012), this
study may shed light from a new perspective on the molecular mechanisms behind

reprogramming.

Aside from transcription factors, microRNAs have also been addressed. The miR-290
cluster constitutes more than 70% of the entire miRNA population in mouse ESCs and its
overexpression amplifies the reprogramming efficiencies due to Oct4, Sox2 and Klf4, but
not c-Myc, potentially due to its regulatory role (Judson et al., 2009). miR302-367 and
miR-372 also display abilities to enhance the dedifferentiation process (Subramanyam et
al., 2011; Liao et al., 2011). Two independent studies have reported that microRNAs alone
could reprogram both mouse and human somatic cells (Miyoshi et al., 2011; Anokye-
Danso et al., 2011). Extending this discovery, a new class of large intergenic non coding
RNAs (lincRNAs) associated with epigenetic regulators were portrayed to be involved in
pluripotency. Of 10 lincRNAs identified to be differentially expressed in iPS and ESCs,
deregulation of lincRNA-RoR in human fibroblasts has been described to affect iPSC

formation (Loewer et al., 2010).
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1.3.5 Genetic factors that replace the exogenous requirement of reprogramming

factors

The roles of each of the four reprogramming factors have been well described in literature
and their genomic targets in ESCs are clearly depicted. However, the reprogramming
process begins with somatic cells and adds a layer of uncertainty to our understanding of
their functions while triggering dedifferentiation (Figure 1.5). To address this, genes
which act as proficient substitutes to the conventional reprogramming components may
provide insight to the roles performed by the four transcription factors during the

acquisition of pluripotency.

Inspection of functional redundancy among family members reveals that relatives of Klif4,
Sox2 and c-Myc could successfully operate as substitutes, whereas Octl and Oct6 were
unable to replace Oct4 (Nakagawa et al., 2008).

In addition to family members, directed screens have been employed to uncover genes
competent at substituting components of the reprogramming cocktail. Through the study of
18 ES cell-associated transcription factors that were absent in the original screen
(Takahashi and Yamanaka, 2006), Esrrb was demonstrated to possess the ability of
replacing the exogenous requirement of KIf4 during reprogramming, albeit at a lower
reprogramming efficiency of 50% (Feng et al., 2008). In addition, ES cell differentiation
induced by triple knockdown of Klf2, KIf4 and KIf5 could be rescued through the co-
expression of Esrrb, indicating that Esrrb regulates cellular pathways independent of KIf
family members. Both a genomic target (Jiang et al., 2008) and a regulatory component of
KIf4, the study suggests a reciprocal relationship between the two genes, hence providing
some mechanistic insight to the role of KIf4 during reprogramming.

In a separate directed screen, 17 transcription factors were utilised to determine their
effects on the reprogramming efficiencies of adult human foreskin fibroblasts (Zhao et al.,
2008). Two genes, Utfl and p53 siRNA, were isolated and their co-operation with Oct4, c-

Myc, KIf4 and Sox2 could escalate reprogramming efficiencies by 100-fold. It was
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subsequently discovered that both genes could effectively reprogram human fibroblasts in

the absence of c-Myc.

Two independent studies have identified factors capable of substituting the exogenous
requirement of Sox2. As described above, three genes associated with primodial germ cell
development and EG cells derivation were tasked to trigger pluripotency in MEFs
(Nagamatsu et al., 2011). The co-introduction of the three genes with Oct4, c-Myc, Klf4
and Sox2 led to the formation of iPSC colonies but only a small population expressed
Nanog. Circumventing this, Prmt5, Oct4 and KIf4 alone could generate a higher proportion
of iPSCs which expressed Nanog. In addition, silencing of Prmt5 led to a reduction of
Nanog-positive iPSCs, reinforcing its importance in reprogramming. The second study
explored a chemical library to search for compounds that can elicit dedifferentiation and
activate the expression of endogenous Oct4 in the presence of VPA (Ichida et al., 2009).
Three compounds were isolated from the screen, where two were not able to induce
reprogramming in the absence of VPA. The remaining candidate was an inhibitor of
TGFBR (RepSox) that could trigger the acquisition of pluripotency in the absence of Sox2.
Further investigation of RepSox revealed that it could promote reprogramming at
intermediate stages through the induction of Nanog. The genetic intersection between

Nanog and Sox2 has been reaffirmed independently (Rodda et al., 2005).

In search of replacements of exogenous Oct4, a directed screen using 19 transcription
factors was conducted (Heng et al., 2010). Initially, the set of candidate genes was
examined for its ability to enhance reprogramming efficiencies piloted by the conventional
reprogramming cocktail. Nr5a2 was identified and subsequently verified to exhibit the
ability of generating iPSCs in the presence of KIf4 and Sox2 alone. In addition, Nr5al, a
close relative of Nr5a2, was also able to substitute for exogenous Oct4. Using chromatin
immunoprecipitation, the authors postulate that Nr5a2 regulates and acts in concert with
Nanog to drive pluripotency. In addition, Nr5a2 has previously been demonstrated to play
a positive regulatory role on the expression of Oct4 (Gu et al., 2005), suggesting a
spectrum of effects triggered by the introduction of Nr5a2. Extending these findings, E-
cadherin was also identified to elicit reprogramming events in the absence of exogenous

Oct4 and function as an indicator for fully reprogrammed cells (Redmer et al., 2011).
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(a) Proliferation, Immortalisation and (b) Activation of Pluripotency Gene Network
Opening of chromatin structure

(c) Messenchymal-to-Epithelial-Transition

Somatic Cell Induced Pluripotent Stem Cell
Figure 1.5 Schematic diagram portraying the current knowledge on the molecular
mechanisms behind induced pluripotency The conversion of somatic cells to iPSCs involves a
radical change in the epigenomic landscape and cellular components. To accomplish this, the cell
has to overcome cellular processes such as proliferation, immortalisation, unraveling of chromatin,
activation of pluripotency transcriptional networks and the initiation of mesenchymal-to-epithelial-
transition. Although the changes in cellular processes have been delineated, there exists a grey area

over the molecular intricacies behind induced pluripotency.
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1.4 Oct4 and Reprogramming

1.4.1 Discovery of Oct4

Oct4 (Octamer-binding transcription factor-4) belongs to class V of the POU transcription
factor family (Okamoto et al., 1990; Scholer et al., 1990a; Scholer et al., 1990b; Rosner et
al., 1990). POU transcription factors are DNA binding proteins that recognise a consensus
octamer motif ATGCAAAT (Klemm et al., 1994) within cis-acting elements and elicit
transcriptional activation. The identification of the binding motif is facilitated by the POU
domain. As a bipartite domain, the POU domain consists of a POU-specific and a POU
homeo-domain connected by a flexible linker. The presence of the linker allows both
domains to bind genomic regions irrespective of each other, amplifying the possible
combinations of recognition sites (Kemler et al., 1989; Bendall et al., 1993) and ultimately

leads to a plethora of interactions with various co-activators and repressors.

A subset of POU transcription factors was identified to tether to an octamer motif,
ATTTGCAT, which positively regulates the activation of immunoglobulin gene promoters
in lymphoid cells (Singh et al., 1986; Staudt et al., 1986). These transcription factors were
subsequently defined as octamer binding transcription factors. Octl and Oct2 were the first
family members identified (Singh et al., 1986; Staudt et al., 1986), where Octl is
ubiquitously expressed and Oct2 is confined to B-cells (Schéler et al., 1989). Through the
application of electromobility shift assays accompanied by the presence radioactively
labelled immunoglobulin enhancer consisting of the octamer motif, a spectrum of 10
members were identified across tissues and developmental stages (Scholer et al., 1989).

Three isoforms, Oct4, Oct5 and Oct6 were specifically expressed in F9 EC cells.

Oct4 was concurrently isolated in three independent laboratories using probes specific to
the POU homeo-domain of Oct2 (Okamoto et al., 1990; Schéler et al., 1990a; Scholer et
al., 1990b; Rosner et al., 1990). Comparison of the structure and sequence of Oct4 to its
family members reveals high resemblance within the POU homeo-domain, but distinct
differences within the POU-specific domain and its adjacent linker (Figure 1.6). The
remainder of the protein is also varied, displaying a high proportion of proline and glycine

residues in the N-terminus and proline, glycine and serine/threonine-rich regions in the C-
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terminus (Rosner et al., 1990), surmising its function as a transcriptional activator
(Mermod et al., 1989). Oct4 was first examined for its ability to associate with the octamer
containing DNA probes (Rosner et al., 1990). Oct4 demonstrated specificity to these
octamer motifs, but not mutant probes. To further delineate its transcriptional ability, the
fusion of the proline rich N-terminus to the DNA binding domain of c-Jun resulted in the
initiation of transcription (Okamoto et al., 1990). Moreover, ectopic expression of Oct4
into HeLa cells also elicited transcriptional activation, as detected using Chloramphenicol
AcetylTransferase (CAT) assays (Scholer et al., 1990a).
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POU-specific domain POU-homeo domain

N-terminal domain C-terminal domain

(transactivation domain) DNA binding domain (cell type specific transactivation domain)
Developmental Stage Pre-implantation Post-implantation Pre- and Post
where activity is exhibited Epiblast Epiblast Implantation
Epiblasts
Type of pluripotent cells ES cells, EG cells EC cells, EpiSCs ES cells, EC cells

where activity is exhibited

Figure 1.6 Schematic diagram of the structure of Oct4 and its regulatory elements (Top) Oct4
is comprised of N- and C-terminal domains flanking both ends. These regions display high
proportions of proline and glycine, suggesting their function as transactivators. Oct4 also bears
bipartite POU domains connected by a linker. The presence of the linker allows flexibility when
tethering to its recognition motifs. (Bottom) Schematic diagram reflecting the regulatory elements
upstream of the Oct4 coding sequence. These are namely the distal enhancer (DE), proximal
enhancer (PE) and proximal promoter (PP), approximately 2kb, 1kb and 100bp upstream of the
Oct4 transcriptional start site respectively. Each element controls Oct4 expression in distinct cell

types, as described in the table.
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1.4.2 Oct4 during embryogenesis

Discovered in EC cells, Oct4 was the first transcription factor identified to play a role in
pluripotency. Maternal transcripts of Oct4 are present within oocytes and the expression of
Oct4 persists until fertilization (Rosner et al., 1990; Pesce et al., 1998). During murine
embryogenesis, Oct4 is exhibited at low levels during 2-cell and 4-cell stages, but its
expression progressively increases before the 8-cell stage. Subsequently, Oct4 expression
is confined within the inner cell mass of the blastocyst, and not the trophectoderm and
primitive endoderm. Levels of Oct4 persevere after implantation and remains in the
epiblast (Rosner et al., 1990; Scholer et al., 1990a; Yeom et al., 1991). Once gastrulation is
initiated, Oct4 levels reduce in an anterior to posterior approach, such that primodial germ
cells are the only cell population which expresses Oct4 beyond 8 days post coitum (dpc),
(Pesce et al., 1998). Human blastocysts display analogous patterns where Oct4 is
expressed 30 fold higher in the inner cell mass, as opposed to the trophoectoderm
compartment (Hansis et al., 2000; Hansis et al., 2001).

Abrogation of Oct4 using murine models by generating a mutant allele where exons 2-5
are replaced by an internal ribosome entry site (IRES)-Bgeo cassette, results in improper
embryonic development and offspring homozygous for the mutation was unattainable from
crosses between heterozygous parents (Nichols et al., 1998). Analysis of 61 implantation
sites at 5.5dpc revealed only 43 prestreak embryos consisting of 11 wild-type and 32
heterozygous for the mutant allele. In contrast, at 3.5dpc, preimplantation embryos
homozygous for the mutant allele were observed at expected Mendelian ratios. Cultivation
of homozygous mutant embryos generated giant trophoblast cells, whereas wildtype and
heterozygous embryos displayed expanded inner cell mass compartments and
differentiated parietal endoderm cells. Likewise, extraction of the internal population of
cells within 3.5 dpc embryos led to a similar phenomenon, where cells homozygous for the
mutation developed into giant trophoblast cells, and one copy of the wild type allele is

sufficient to generate parietal endoderm and visceral endoderm cells.

The importance of Oct4 in cell fate decision events during embryogenesis is highlighted
through the temporal control of its expression in ESCs (Niwa et al., 2000). ESCs which
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lack one or both allelic copies of endogenous Oct4, and comprise of an additional
tetracycline (Tc) controlled cassette driving exogenous Oct4 expression, were generated
and labelled as ZHTc6 and ZHBTc4 ESCs respectively. Transgenic expression of Oct4 can
be efficiently initiated or repressed in the absence or presence of Tc. In ZHTc6 ESCs,
triggering ectopic expression of Oct4 resulted in less than a fold increment of protein level,
but led to differentiation into extra-embryonic endoderm and mesoderm lineages. On the
contrary, the addition of Tc and repression of exogenous Oct4 expression in ZHBTc4
ESCs instigated differentiation into the trophoectoderm lineage. These pieces of evidence
reflect the importance of Oct4 dosage in lineage commitment decisions during

embryogenesis.

1.4.3 Regulation of Oct4

To elucidate the mechanisms behind Oct4 regulation, cis-acting elements located upstream
of Oct4 were fused to LacZ reporter constructs and introduced into the pronuclei of
oocytes by microinjection (Yeom et al., 1996). Fragments of 32, 18 and 12 kilobases (kb)
in length were employed to investigate their effects on p-galactosidase activity in the
developing embryo. All three constructs faithfully reproduced endogenous Oct4
expression within the embryo. A series of deletion constructs were generated to identify
regions within the genomic region that had influence on the expression patterns. Analysis
of changes in transcriptional activity imposed by these modifications revealed that deletion
of 3 kb starting from 1.2 kb away from the transcriptional start site (TSS) reduced Oct4
expression levels in ESCs and EG cells. Due to its location and ability to enhance
transcription in both orientations, this region was subsequently designated as the distal
enhancer (Figure 1.6). Interestingly, the deletion of this region did not affect Oct4
expression in EC cells. Instead, a separate 1 kb element, 300 base pairs (bp) upstream of
the TSS was crucial for the expression of Oct4 in EC cells, post implantation embryos and
EpiSCs (Yeom et al., 1996; Guo et al., 2010; Tesar et al., 2007), and was termed as the
proximal enhancer. In addition, a 230 bp fragment adjacent to the TSS, designated as the
proximal promoter, was described to govern the expression of Oct4 in both ESCs and EC
cells. These findings suggest an enhancer switch during the progression of embryonic

development but the mechanism behind the phenomenon has yet to be identified.
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Extending these observations, genome wide pursuits of transcription factor binding sites
have established that the distal enhancer region of Oct4 is the densest binding locus for the
key pluripotency-specific transcripts in ESCs (Chen et al., 2008), reinforcing the
importance of this site. Likewise, the proximal promoter of Oct4 has been studied in
several instances and is postulated to exhibit susceptibility to high concentrations of
retinoic acid (Ben-Shushan et al., 1995; Barnea and Bergman, 2000; Pikarsky et al., 1994;
Schoorlemmer et al., 1994). During retinoic acid induced differentiation, the proximal
enhancer has been described to be essential for the repression of Oct4 (Pikarsky et al.,
1994; Schoorlemmer et al., 1994). The Oct4 proximal promoter lacks a canonical TATA
box but comprises of a GC-rich box, suggesting the binding of hormone receptors. Not
surprisingly, the presence of Retinoic Acid Receptors (RARs) and Retinoic X Receptors
(RXRs) activates transcription by binding to the proximal promoter (Ben-shushan et al.,
1995), and introduction of Steroidogenic Factor 1 (SF1) promotes this activation (Barnea
and Bergman, 2000). These binding events serve as competition against COUP

transcription factors which act as repressors to Oct4 expression.

1.4.4 Resolving the function of Oct4

To study the function of Oct4, various approaches to identify its genetic targets and
interacting partners have been employed. The former can be addressed through the
execution of chromatin-immunoprecipitation (ChlP) coupled with sequencing (ChlP-seq).
There have been several large scale endeavours to extricate pathways involved in
pluripotency (Boyer et al., 2005; Loh et al., 2006; Chen et al., 2008; Kim et al., 2008).
Close inspection of binding sites tethered to Oct4 highlights close proximity to regions
occupied by Sox2 and Nanog, implicating their co-operation as a complex. The obligatory
requirement of the three transcription factors suggest the importance of their involvement
in the maintenance of pluripotency, leading to the inference that they comprise of the core

transcriptional machinery and control the cellular integrity of pluripotent stem cells.

From a different perspective, the importance and role of Oct4 occupied genomic sites can
be portrayed through knockdown studies (Loh et al., 2006). Esrrb and Rifl are examples of
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genes positively regulated by Oct4, and enforced silencing of their expression elicits
differentiation into trophectodermal lineages. Extraction of these pieces of information

enables us to illuminate the significance of Oct4.

Apart from exploring genetic networks, proteomic studies illuminate a separate dimension
to the elucidation of Oct4 function. To expand our knowledge on the proteomic landscape
in ESCs, proteins synthesised from genes associated with pluripotency, Oct4, Nanog,
Dax1, Nacl, Zfp281 and Rex1, were coupled to biotin and precipitated (Wang et al.,
2006). Assessment of their interacting partners using mass spectrometry techniques verify
the existence of transcriptional complexes, reinforcing findings gathered from genomic
studies. Recently, two independent groups have executed mass spectrometry in mouse
embryonic stem cells to unravel a magnified list of Oct4 interacting partners (Pardo et al.,
2010; van den Berg et al., 2010). Employing an Oct4-centric approach, both groups found
a total of 128 binding partners of Oct4, where 20 were identified in both studies. Well-
established co-operations with Sox2, Dax1, Sall4 and chromatin-modifying complexes
such as NuRD and SWI/SNF were illustrated, although other primary candidates such as
Nanog and Esrrb were only uncovered in one of the two studies. These studies reflect an
average snapshot of the protein complexes present within the cell at a specific time in a
defined environmental milieu. However, overall, these studies provide clues to role of

Oct4 in the maintenance of pluripotency.

1.4.5 Importance of Oct4 in reprogramming

The significance of Oct4 in the maintenance of pluripotency has been fortified in its
participation in the establishment of pluripotency (Takahashi and Yamanaka, 2006; Yu et
al., 2007; Takahashi et al., 2007). Oct4 acts in concert with c-Myc, KIf4 and Sox2 to
induce the dedifferentiation of a spectrum of somatic cell types into ES-like cells. Among
the four transcription factors, Oct4 bears a unique quality and is resistant to substitution by
its family members, Octl and Oct6 (Nakagawa et al., 2008). Omission of components
within the classical reprogramming cocktail has been demonstrated to lead to the
acquisition of pluripotency in certain cell types, but exclusion of Oct4 has not been
exemplified (Tsai et al., 2010; Kim et al., 2009b; Kim et al., 2009c; Giorgetti et al., 2009).
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In neural stem cells, sole expression of Oct4 is sufficient to trigger the reprogramming
cascade of events (Kim et al., 2009b; Kim et al., 2009c).

As previously described, genes which are capable of replacing the exogenous requirement
of Oct4 have been uncovered (Heng et al., 2010; Redmer et al., 2011), and the mechanisms
behind their substitution potentially involve the activation of endogenous Oct4 loci. A
recent study attributes the speed of reprogramming to the initiation of endogenous Oct4
expression elicited by RARy and Nr5a2 (Wang et al., 2011c). These findings provide

insight to the roles undertaken by Oct4 in the reprogramming process.

Although a wealth of genetic and proteomic information pertaining to Oct4 has been
amassed, these findings were obtained from the study of ESCs and do not necessarily
depict the molecular changes coupled to reprogramming. With this in mind, it is necessary
to expand our knowledge on the molecular changes associated with reprogramming. One
approach involves the identification of factors that can act as replacements to Oct4 during
reprogramming. Although there have been various attempts to scout for substitutes, the
strategies employed are limited and narrow. In contrast, a genome wide approach will
enable the surveyance of genes which would have otherwise been ignored in a candidate

gene approach.

1.5 Retinoic Acid signalling

Amid the plethora of developmental pathways involved in embryogenesis, the obligatory
role executed by vitamin A emerged more than half a century ago (Hale, 1933; Warkany
and Schraffenberger, 1946; Wilson and Warkany, 1948; Wilson et al., 1953). Exposure of
pregnant rats and pigs to vitamin A deficient diets led to litters which exhibited
malformations of the eye and genito-urinary tract. These anomalies were subsequently
attributed to the absence of retinoic acid (RA) (Thaller and Eichele, 1987; Dickman et al.,
1997; White et al., 1998). RA is an active acidic metabolite of vitamin A. Lipid soluble
vitamin A (retinol) interacts with retinol binding protein 4 (RBP4) upon ingestion for
uptake into tissues (Figure 1.7). Alcohol and retinol dehydrogenases (ADH and RDH)
oxidise retinol to generate retinal, which is further oxidised by retinaldehyde
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dehydrogenases (Aldhlal, Aldhla2 and Aldhla3). Consequently, RA is produced and
elicits an effect by binding to an appropriate receptor which comprises of a complementary

ligand binding pocket (reviewed by Rhinn and Dollé, 2012).
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Figure 1.7 Retinoic acid signalling pathway While in circulation, retinol binds to retinol binding
protein (RBP4) and is transported across the cell membrane via Stra6. While in the cytoplasm,
retinol binds to cellular retinol binding protein (CRBP) until oxidation is facilitated through the
action of retinol or alcohol dehydrogenase (RDH/ ADH). This generates retinal which is further
oxidised by retinal dehydrogenase (Radhl) to form retinoic acid (RA). As the active metabolite,
RA associates with cellular retinoic acid binding protein (CRABP) and is transported into the
nucleus where it is recognised and bound to retinoic acid receptors (RARs). By influencing
Retinoic Acid Response Elements (RAREs), this association results in the initiation of

transcriptional events and triggers a cascade of signalling events.
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1.5.1 Retinoic Acid Receptors

The isolation of the first receptor that interacts with RA came as a fortuitous event
(Giguere et al., 1987). While exploring hepatitis B viral integration events within human
hepatocellular carcinoma (Dejean et al., 1986), a 462 amino acid open reading frame, of
which 66 amino acids shared close homology to the DNA binding domain (DBD) within
glucocorticoid and thyroid hormone receptors, was identified. By substituting its DBD
with an equivalent from a human glucocorticoid receptor, the ligand corresponding to the
novel protein was revealed to be RA. This novel protein was aptly termed as Retinoic Acid

Receptor alpha (RAR).

Additional receptors that interact with RA were found in quick succession (Petkovich et
al., 1987; Benbrook et al., 1988; Brand et al., 1988; Krust et al., 1989; Zelent et al., 1989).
Overall, three receptors were identified in the mouse and human, designated as Retinoic
Acid Receptor alpha (RARa), Retinoic Acid Receptor beta (RARB) and Retinoic Acid
Receptor gamma (RARY). These receptors were classified under the nuclear receptor
superfamily and show high resemblance in their DBDs and ligand binding domains
(LBDs) (reviewed by Chambon, 1996). The DBD integral to RARs provides specificity
when tethering to cognate response elements. The recognition motif (A/G)G(G/T)TC(A/G)
and its degenerate variations, have been designated as Retinoic Acid Response Elements
(RARES). Conventionally, direct repetition (DR) of the RARE is commonly found at
binding sites, where an interval of 1, 2 or 5 base pairs (DR1, DR2 or DR5) is apparent
(Balmer and Blomhoff, 2002). Recent chromatin immunoprecipitation experiments
targeted at RARa and RARy in ESCs and MEFs indicate otherwise (Delacroix et al.,

2010), where single and anomalously spaced RARE half sites were also detected.

The finding that purified RARs are unable to bind to RAREs in vitro led to the
identification of the partnership between RARs and Retinoic X Receptors (RXRS) in
forming heterodimers (Yu et al., 1991). Similar to RARs, RXRs are made up of three
family members, RXRa, RXRB and RXRy. Although RXRs are unable to bind to
endogenous all-trans RA ligands, it is purported to co-operate with RARs to elicit

transcriptional activation (Leid et al., 1992; Kliewer et al., 1992; Zhang et al., 1992).
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The canonical pathway involving RARs encompasses the presence of the ligand, its
association to the receptor and the trigger of transcriptional events (Figure 1.8). However,
unconventional modes of action have been described for RARs (Huggenvik et al., 1993;
Matkovits and Christakos, 1995; Alsayed et al., 2001; Gupta et al., 2008; Laursen et al.,
2012). This has been described through the rapid activation of mitogen-associated protein
kinases (MAPKS), phosphoinositide 3-kinase (PI3K) and Src kinases.

In the absence of its natural ligand, RARs have also been reported to act as repressors.
This can occur in two folds. First, attachment of the receptor to its recognition motif can
proceed independent of the ligand, in condition that the site is not impeded by
nucleosomes (Narlikar et al., 2002). Second, RAR target genes are capable of interacting
with repressors such as Topoisomerase IIf (McNamara et al., 2008), Polycomb group
proteins (Gillespie and Gudas, 2007a; Gillespie and Gudas, 2007b) and calmodulin kinase
IIy (Si et al., 2007). Specific to RARa, absence of RA results in the exposure of helix 12

and recruitment of co-repressor complexes (Hu and Lazar, 1999)
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Figure 1.8 Ligand dependent transcriptional control (Top) In the absence of its ligand, Retinoic
Acid Receptors (RARs) are able to recognise and bind to Retinoic Acid Response Elements
(RARES). Through its association to co-repressor complexes, transcription at the target gene is
inhibited. (Bottom) In the presence of Retinoic Acid (RA), binding to RARs occurs and co-
repressor complexes dissociate. Co-activators are attracted to the ligand bound receptors and
recruit RNA polymerase (Polll), TBP associated factors (TAF) and TATA-binding protein (TBP).

These factors initiate transcription and drive the expression of the target gene.
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1.5.2 Retinoic acid signalling during development and reprogramming

Members within the RAR family exhibit redundancy, where single ablation of RARa,
RARS or RARY yields viable mice (Lufkin et al., 1993; Ghyselinck et al., 1997; Lohnes et
al., 1993). Surviving mice display a few congenital abnormalties which resemble vitamin
A deficiency syndrome, but the extent of physical aberration does not apply to the entire
spectrum of tissues which express the receptor (reviewed by Mark et al., 2009). In
contrast, double mutants display overt developmental defects and die in utero (Ghyselinck
et al., 1997; Lohnes et al., 1994; Kastner et al., 1994; Mendelsohn et al., 1994). These
abnormalities were not previously described in vitamin A deficiency syndromes seen in
murine and porcine models (Hale, 1933; Wilson et al., 1953) and included aberrations in
the Harderian glands, skull, face, vertebrae, limbs and forebrain (Ghyselinck et al., 1997;
Lohnes et al., 1993; Lohnes et al., 1994; Luo et al., 1996; Mendelsohn et al., 1994;
Subbarayan et al., 1997).

RARa and RARy are expressed both maternally and zygotically at pregastrulation stages
in Xenopus Laevis (Ellinger-Ziegelbauer and Dreyer, 1991; Shiotsugu et al., 2004), but not
RAR. Similar patterns were observed in bovine and murine embryos (Mohan et al., 2001;
Ang and Duester, 1997). During gastrulation in murine embryos, expression levels of
RARa and RARy are sustained and RARp is detected at headfold, posterior midline
tissues and lateral regions of the egg-cylinder (Ruberte et al., 1991). As development
progresses to the somitic stages through to adulthood, the localisation of the RARs
becomes confined (reviewed by Dolle, 2009) and RARa is expressed in a widespread

manner, but RARB and RARY have more specific distribution patterns.

Initial studies of RA postulated its role as a morphogen, eliciting a concentration gradient
across the anterior-posterior axis during embryonic development (Casci, 2008). The
versatility of developmental potential induced by stratification of RA dosage is
exemplified in ESCs where adjustment of RA concentration results in the acquisition of
dorsal or ventral phenotypes in neural derivatives (Okada et al., 2004) (Figure 1.9). In
addition, varied concentrations of RA and a permutation of co-operating chemicals are
able to convert ESCs into neuronal derivatives (Schuldiner et al., 2001), insulin secreting
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cells (Jiang et al., 2007), osteoblasts (Yamashita et al., 2005) and epithelial cells (Metallo
et al., 2008). Exposure of EC cells to RA is capable to inducing differentiation (Strickland
and Mahdavi, 1978). Interestingly, exposure of RA to various somatic cell types incites
distinct cellular responses, where leukemic cells in bone marrow aspirates were committed
to differentiate (Flynn et al., 1983) whereas hepatocytes were stimulated to proliferate
(Ledda-Columbano et al., 2004).

Comparison of studies which have delineated genomic regions recognised by RARs and
transcriptional changes stimulated by the addition of RA (Delacroix et al., 2010; Mahony
et al., 2011; Simandi et al., 2010) reveals common gene targets involved in a spectrum of
developmental processes, reinforcing the notion that RA signalling plays a pivotal role in
embryonic development. Furthermore, a recent study has implicated the role of RARy in
the efficient and rapid generation of murine iPSCs (Wang et al.,, 2011c). This was
attributed to its synergistic co-operation with Nr5a2 to transcriptionally activate Oct4 by
binding to an RARE at its proximal promoter (RAREoct). These studies shed light on the
developmental role of RA signalling. Dissecting these pathways will enlighten us about the

molecular intricacies during development and reprogramming.
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mESCs—>Mesodermal lineage mESCs—Ectodermal lineage

mESC = Neural Progenitors mESCs=>Post-mitotic neurons

mESCs=>Ventral Neural Phenotype mESCs=>Dorsal Neural Phenotype

Figure 1.9 Dosage dependence in RA-stimulated differentiation Distinct concentrations of RA
can lead to differentiation into different cell types. Overall, introduction of high concentrations of
RA to mouse ESCs (MESCs) gives rise to neuronal lineages whereas low concentrations (<10™°M
RA) leads to mesodermal lineages. Differing neuronal phenotypes stemming from mESCs can also
be achieved by varying the concentrations of RA. In addition, co-operating stimuli such as Bone
Morphogenic Proteins (BMPs) and Activin result in directed differentiation of various ESCs into

insulin-expressing, osteoblast-like and epithelial cells.
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1.6 Genetic Screens

The law of hereditary as proposed by Gregor Mendel (Castle, 1903) ignited our
understanding of the genetic constitution within organisms. In combination with the
discovery of the molecular structure of DNA (Watson and Crick, 1953), these findings
sparked a surge in interest to uncover the genetic content of organisms. After the
establishment of a robust sequencing protocol in 1977 (Sanger et al., 1977), an explosion
of efforts led to the elucidation of genomic components within viruses and viroids,
naturally occurring plasmids, organelles, eubacteria, archaea, fungi, plants and animals.
The relentless drive for genomic compositions has generated blank canvases for the

comprehension of unknown elements in the genome.

A range of tools has facilitated our understanding of the genome, spanning from chromatin
immunoprecipitations to cDNA libraries and genome wide association studies.
Retroviruses and transposons comprise of a subset of gene discovery tools. In the 1930s,
avian myeloblastosis viruses were identified to infect chickens and cause a disease similar
to acute myelogenous leukemia in humans. Using sequencing techniques, this disease
causing mutation was narrowed down to N-Myb (Klempnauer et al., 1982; Rushlow et al.,
1982; Souza et al., 1980). Analogous discoveries were made by analyzing the Rous
sarcoma virus and Abelson Murine leukemia virus, where oncogenes v-Src and v-Abl were
unearthed (Brugge and Erikson, 1977; Witte et al., 1978; Goff et al., 1981). The discovery
of the tumorigenic potential of a subset of slow transforming viruses opened avenues for
the identification of oncogenes and tumour suppressor genes. These viruses, such as avian
leucosis viruses and murine leukemia viruses, have a long latent period of 4-12 months and
do not have inherent transforming genes. Instead, they integrate into the host genome and
elicit transcriptional activation at the site of integration. Deregulated expression of genes
critical for the maintenance of cellular homeostasis results in the formation of tumours
(Hayward et al., 1981; Neel et al., 1981). Several oncogenes have been discovered through
this avenue, such as Pim1, a serine protein kinase associated with MoLV transformation of
T cells (Selten et al., 1986; Meeker et al., 1987) and Evil, a multifunctional transcription
factor identified from AKXD-23 myeloid tumors (Mucenski et al., 1988; Morishita et al.,
1988; Bard-Chapeau et al., 2012).

48



Extending these findings, infection of organisms with retroviruses has been employed as
an approach in forward genetics to dissect genetic elements associated to defined
phenotypes (Jaenisch, 1976; Lin et al., 1994). Performed in mice and zebrafish, insertional
mutagenesis provided a separate dimension to study development and tumorigenesis
(Zambrowicz et al., 1998; Golling et al., 2002; Amsterdam et al., 2004; Li et al., 1999;
Suzuki et al., 2006).

N-ethyl-N-nitrosourea (ENU) mediated mutagenesis poses as a distinct approach to
perform functional genetic analysis. ENU is an alkylating agent that predominantly
induces base substitutions in the host genome, thereby creating a mutagenised library when
introduced into target cells. Exemplified in ESCs, allelic mutations in Smad2 and Smad4
were observed after exposure to ENU (Chen et al., 2000). Introduction of Smad mutant
ESCs into mouse blastocysts led to developmental aberrations in resultant chimeras,
recapitulating the significance of Smad proteins during embryogenesis (Vivian et al.,
2002). A limitation reflected by ENU mutagenesis is the diploid nature of the genome,
where the isolation of candidate genes responsible for a given phenotype is reliant on
biallelic disruption of genes. To circumvent this bottleneck, Bloom-deficient ESCs that
exhibit increased rates of loss of heterozygosity were utilised (Yusa et al., 2004). The
recent derivation of haploid ESCs presents as an additional source of starting material
which overcomes the requirement for biallelic disruption of genes, thus enabling

convenient detection of phenotypic mutants (Leeb and Wutz, 2011).

The discovery of transposons exemplifies another source of understanding the genome
(McClintock, 1950). Recognised in maize, McClintock noticed that the short arm of
chromosome 9 was unstable and mutable, and attributed it to the co-operation of
Dissociator (Ds) and Activator (Ac) complexes. These elements were subsequently cloned
and termed as transposon and transposase respectively. As potent mutagenic tools, the

transposon system is now widely used to perform genetic screens.
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1.6.1 Transposons

Transposons are mobile genetic elements which can be mobilised in the presence of a
transposase. A spectrum of transposon systems, such as Sleeping Beauty, Tol2 and
piggyBac, have been isolated from Salmon, Medaka fish and Cabbage Looper moth
respectively (lvics et al., 1997; Kawakami et al., 2000; Fraser et al., 1996; Ding et al.,
2005; Cadinanos and Bradley, 2007; Wang et al., 2008). Applications of these transposons
include gene delivery and genetic screens (Figure 1.10). To illustrate the potential of
transposon mediated screens, Sleeping Beauty was described as the first nonviral
insertional mutagen used for cancer gene identification (Dupuy et al., 2005). Succeeding
studies have employed this strategy in identifying common insertion sites in a range of
cancer types, spanning from hepatocellular carcinoma to leukemia to colorectal cancer and
pancreatic adenocarcinoma (Starr et al., 2009; Dupuy et al., 2009; Keng et al., 2009; Rad
et al., 2010; Mann et al., 2012). A closer look at these genes reveals a correlation to known
cancer genes and uncovers potential oncogenes and tumour suppressors. Moreover, the
application of transposon-mediated mutagenesis has been stretched to prove effective in

the validation of oncogenes (Su et al., 2008).

In comparison to retroviral insertional mutagenesis, transposon mediated mutagenesis
holds several advantages. It does not preferentially occur in the hematopoietic system and
is relatively unbiased (Dupuy et al., 2005), hence it has gained in favour to facilitate

genome wide screens.
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Figure 1.10 Principle behind the execution of transposon mediated genetic screens (Top) Gain

of function genetic screens can be conducted through the use of transposons encompassing a strong
constitutive promoter, such as CMV early enhancer/chicken beta actin (CAG), preceding a splice
donor (SD) site. Insertion of the trapping cassette into the genome results in the forced
transcription of exons located downstream of the insertion site. (Bottom) Loss of function genetic
screens can be performed through the application of transposons flanking a splice acceptor (SA)
site adjacent to a poly A signal. Integration of the transposon cassette results in the premature

termination of the inserted gene, creating a truncation mutant.
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1.6.2 piggyBac

Within the spectrum of transposon systems, piggyBac has been demonstrated to display
high transposition efficiency and competence in the delivery of large cargo size (Wu et al.,
2006; Wang et al., 2008; Li et al., 2011b; Liang et al., 2009). Targeted at TTAA sites,
piggyBac assisted transposition events abolish the presence of genetic footprints upon its
excision from the genome (Wang et al., 2008). This unique quality has led to its
application as a gene delivery tool in the generation of iPSCs (Woltjen et al., 2009; Yusa et
al., 2009), with the notion of excising the reprogramming factors upon the attainment of
pluripotency to obtain transgene-free iPSCs. Other properties of piggyBac which have
been observed include reduced excision efficiencies of methylated transposon cassettes
and no clear indication of local hopping, where the excised transposon reintegrates into a
neighbouring genomic location (Wang et al., 2008). These descriptions of piggyBac
portray its usefulness as a genetic tool for genome wide screens.

1.6.3 piggyBac transposons as a tool to conduct genetic screens in cellular assays

piggyBac transposons exhibit qualities in performing in vitro, as well as in vivo screens.
Competent in dissecting the molecular complexities of tumorigenesis (Rad et al., 2010),
the transposon system is also a versatile genetic tool to modifying cellular phenotypes. A
recent study employed the use of piggyBac transposition to create a mutagenic library of
EpiSCs and effectively isolated genes that were capable of transforming EpiSCs to a naive
pluripotent state (Guo et al., 2010). The application of piggyBac assisted genetic screens
was subsequently extended in co-operation with Bloom-deficiency, to identify genes
capable of conferring resistance to ricin (Wang et al., 2011b) and differentiation (Guo et
al., 2011).

With little bias to specific genetic loci, it is evident that piggyBac transposition represents
a powerful tool to explore the host genome and identify genes involved in a phenotype of
interest. Due to the capacity to transport large cargo (Li et al., 2011b), various genetic
modifications, such as the inclusion of selection markers or genes that improve the
sensitivity of the screen, can be made to the transposon to facilitate the screen. The
incorporation of splice donor and acceptor sites into the transposon cassette confers gene
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trapping capacity and allows convenient identification of candidate genes. Together, these

modifications enable us to explore the genetic basis of various cellular phenotypes.

1.7 Project Aim

Reprogramming of somatic cells to iPSCs involves the co-operation of four transcription
factors, Oct4, c-Myc, Klf4 and Sox2. Although the reprogramming capacity of the four
genes has been recapitulated across cell types and species, the molecular intricacies
involved in the reprogramming process are not fully delineated. To address this, genetic
analyses have been conducted to identify factors that can replace or enhance the defined
set of four genes. Oct4 has been most recalcitrant to replacement and its importance is
highlighted in the obligatory need of Oct4 during development. To decipher the role of
Oct4 during the establishment of pluripotency, this project aims to identify genetic
replacements of exogenous Oct4 during the generation of iIPSCs using a genome-wide

piggyBac transposon-assisted mutagenesis approach.

The experimental strategy behind the execution of the screen and the dissection of results
obtained from the screen will be described in Chapter 3. Validation of isolated candidate
genes will be explored in Chapter 4. Focusing on one candidate gene, Chapter 5 will
delineate the mechanisms behind its ability to act as a substitute for the ectopic expression
of Oct4. Ultimately, these results offer a broad perspective on alterations in the epigenetic
landscape elicited by reprogramming events, and heighten our awareness on the molecular

changes that accompany the acquisition of pluripotency.
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CHAPTER 2 : MATERIALS AND METHODS
2.1 Cell Culture
2.1.1 Embryonic Stem Cells

2.1.1.1 AB2.2
AB2.2 was derived from a 129S6 blastocyst (McMahon and Bradley, 1990). ESCs were

maintained in Knockout™ DMEM (Invitrogen), supplemented with 15% serum, 1x
Penicillin-L-glutamine-Streptomycin, 100 uM B-mercaptoethanol and 100 U/ml
leukaemia inhibitory factor (LIF) (Millipore) (M15-LIF medium) on a layer of irradiated
SNL76/7 feeder fibroblasts as previously described (Ramirez-Solis et al., 1993). For the
purpose of maintenance, medium was changed daily. To perform routine passaging, cells
were washed once with phosphate buffered saline (PBS) before being treated with 0.1%
trypsin-EDTA in PBS at 37°C for 5 minutes. Trypsin activity was quenched with an equal
volume of M15-LIF medium and clumps were mechanically disrupted by pipetting before
centrifugation. Supernatant is aspirated and the resuspended pellet is transferred at desired
proportions into a fresh plate pre-fed with M15-LIF.

2.1.1.2 ZHBTc4 ESCs
ZHBTc4 ESCs were derived from CGR8 ESCs, where genetic manipulations (i) ablated

the remaining endogenous copy of Pou5f1 (Niwa et al., 2000) and (ii) inserted a transgene
expressing Oct4 under a tetracycline repressible system. These cells were a kind gift from
Dr. Austin Smith (Centre for Stem Cell Research, Cambridge). These ESCs were
maintained in GMEM (Sigma), supplemented with 10% serum (Hyclone), 1x Penicillin-L-
glutamine-Streptomycin (Invitrogen), 1x non-essential amino acids (Invitrogen), 1x
sodium pyruvate (Invitrogen), 100 uM B-mercaptoethanol (Sigma) and 100 U/ml LIF
(Millipore), on tissue culture plates coated with 0.1% Gelatin (Sigma). Cells were

maintained in a similar manner to AB2.2 ESCs.
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2.1.2 Mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were maintained in Knockout™ DMEM
(Invitrogen), supplemented with 10% serum, 1x Penicillin-L-glutamine-Streptomycin and
1x non-essential amino acids (M10). To obtain MEFs, mice of desired genotypes were set
as mating pairs. Females were inspected for the formation of plugs daily. Upon the
observation of a plug, the pregnant female was sacrificed 13 days later, such that the
embryos have reached developmental stage E13.5. The embryos were separated from the
female and placed into cold PBS. On a Petri dish, the embryos were dissected to remove
the surrounding membranes and placenta. The head and visceral organs were discarded
and the remaining tissues were washed with fresh PBS. If genotyping is required, a small
portion of the tail is extracted for DNA. Using a pair of sterile scissors, the tissues were
finely minced and transferred into 3ml of 0.1% trypsin-EDTA in PBS at 37°C for 20
minutes. An equal volume of trypsin was added and incubated at 37°C for another 20
minutes. To neutralise trypsin, 6ml of M10 was added to the mixture and centrifuged. The
cell pellet obtained from one embryo was distributed into one 15-cm 0.1% gelatin coated
plate. After 3 days, the cells had reached confluency and were dissociated using trypsin

treatment. The cells were counted and frozen into vials at a density of 5 million cells.

2.1.3i1PSCs

2.1.3.1 Generation of iPSCs

To generate iPSCs, frozen MEFs were thawed and 5 million cells were seeded into three
15-cm gelatin-coated plates. After 4 days or when the cells attain 70% confluency, the
cells were washed once with PBS and dissociated in 4ml of trypsin-EDTA at 37°C for 5
minutes. An equal volume of M10 was added to neutralise trypsin and the cell clumps
were disrupted mechanically through the use of pipettes. 10ul of the cell suspension was
used for counting, while the remaining cells were collected and centrifuged at 1000rpm for
3 minutes. The cell pellet was resuspended in OptiMEM (Invitrogen) at a density of 5
million cells/ml. Plasmids used for reprogramming were aliquoted at appropriate amounts
(Table 1) into 1.5ml eppendorf tubes and mixed with 200ul of cell suspension and

transferred into an Amaxa nucleofection cuvette. The cuvette was inserted into the Amaxa
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nucleofector and electroporation was initiated using program A-023. Once electroporation
occurred, the cuvette was quickly removed and 1ml of M10 was added to resuscitate the
cells. The cell mixture was then transferred into a fresh 10-cm plate pre-fed with M15-LIF.
To increase reprogramming efficiency, irradiated SNL76/7 feeder fibroblasts were
employed to support the transfected cells. In the event that the doxycycline inducible
platform was applied, 1.0ng/ml doxycycline (Clontech) was introduced immediately after
transfection. Media for these transfected cells were changed regularly and the plates were

maintained over a span of three weeks to determine reprogramming efficiencies.
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PLASMID AMOUNT TRANSFECTED
piggyBac transposase (PL623) 2ug
PB-CAG-cCDNA 1ug
PB-CAG-ITA 1ug
PB-TRE-cDNA 1ug

Table 2.1 Amounts of plasmid DNA transfected into MEFs to obtain iPSCs In a typical
reprogramming experiment, 1 x 10° MEFs were transfected with 2ug of PL623 and 1ug of each
transposon construct consisting of reprogramming factors, unless otherwise stated. If doxycycline

inducible platform was employed, 1ug of PB-CAG-rtTA was co-introduced into the cells.
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2.1.3.2 Establishment of iPSC colonies

Upon transfection of MEFs, the cells are maintained for 14 days or until the colonies are
visible by eye. Prior to the picking of colonies, 50ul of trypsin-EDTA was added into each
well of a 96-well round bottom plate. The reprogrammed cells were washed once with
PBS and 10ml of fresh PBS was added into each 10-cm plate. Viewed under the
microscope, colonies were picked and transferred into 50ul of trypsin-EDTA. After
picking, an equal volume of M15-LIF was added and the colony was disrupted by
pipetting the mixture approximately 10-30 times, depending on the compactness of the
colony. The cell suspension was then transferred into a 96-well feeder coated plate pre-fed
with fresh M15-LIF. The cells are maintained by a change of fresh media daily. Once
confluent, the cells were dissociated using trypsin-EDTA and the cell pellet obtained after

neutralisation and centrifugation was seeded onto a feeder coated 24-well plate.

To obtain a homogenous population of ground state naive iPSCs, the colonies are
maintained in NDiff N,By; (Stem Cells, Inc) supplemented with 1uM PD 0325901 (Axon
Medchem), 3uM CHIR 99021 (Axon Medchem) and 100 U/ml leukaemia inhibitory factor
(LIF) (Millipore) (2i-LIF).

2.1.3.1 4F-iPSCs and 6F-iPSCs

To generate 4F iPSCs, 2ug PL623, 1ug PB-TRE-OCKS and 1ug PB-CAG-rtTA were
introduced into 1 x 10° Rex1::EGFP-IRES-Puro MEFs. 6F iPSCs were obtained using 2ug
PL623, 1ug PB-TRE-OCKS, 1ug PB-TRE-RL and 1ug PB-CAG-rtTA. Primary colonies

in both conditions were picked and maintained in 2i-LIF on gelatin coated plates.
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2.2 Genetic Screen

2.2.1 Cloning of PB-CAG-CKS-CAG-SD

A transposon cassette containing CAG promoter and the four murine factors (mFx),
namely OCT4, C-MYC, KLF4 and SOX2, was obtained from Wei Wang, Wellcome Trust
Sanger Institute. To generate PB-CAG-C-MYC-KLF4-SOX2, OCT4 was excised using
EcoRI and Sbfl. As C-MYC contains an internal Sbfl recognition site, PB-CAG-C-MYC
(also obtained from Wei Wang) was simulataneously digested with EcoRI and Sbfl (New
England Biolabs) and ligated to the products obtained from the pre-described restriction
digestion step. To generate PB-CAG-C-MYC-KLF4-SOX2-CAG-SD, PB-CAG-C-MYC-
KLF4-SOX2 and PB-CAG-SD were both digested with Xhol and Nhel (New England
Biolabs) and ligated using T4 ligase (New England Biolabs).

2.2.2 Transduction of PB-CAG-CKS-CAG-SD into MEFs

As previously described, MEFs at 70% confluency were treated with 0.05% trypsin
(Invitrogen), pelleted and resuspended in OptiMEM. 10ug of PB-CAG-CKS-CAG-SD
was mixed with 1 x 10° cells. 10 x 10° cells were used in ten separate electroporations.
Amaxa Nucleofector program A-023 was used to electroporate the mixtures. Modified
cells from each electroporation were transferred to 10-cm feeder coated plates and
maintained regularly in M15-LIF. Colonies were observed after 20 days and 2ug/mL

puromycin was introduced to positively select for fully reprogrammed colonies.

2.2.3 Analysis of integration sites

2.2.3.1 Extraction of DNA

10cm plates of iPS colonies were treated with 0.05% trypsin (Invitrogen) and dislodged
cells were pelleted and washed with PBS. The cells were pelleted by centrifugation and
resuspended in 1mL of lysis buffer (50mM Tris-HCI pH7.5, 50mM EDTA pH8.0, 100mM
NaCl, 1% SDS, 1mg/mL proteinase K) The cells were incubated overnight in 65°C and

double the amount of 100% ethanol was added. Precipitation was allowed to occur at room
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temperature for 2 hours and DNA was pelleted by centrifuging at 1000rpm for 10 minutes.
Supernatant was aspirated and 70% ethanol was used to wash the DNA pellet twice. After
another round of centrifugation, the precipitate was resuspended in Tris-EDTA buffer
overnight at 65°C.

2.2.3.2 Splinkerette PCR and cloning

4ug of DNA from each 10cm plate was digested with BfuCl (New England Biolabs) at
37°C for 3 hours and ligated with splinkerettes (Table 2.2) at 16°C for 15 hours. Upon
ligation, splinkerette PCR was conducted using primers against the splinkerette and the left
or right transposon arms. A small aliquot of the PCR products were separated on 1.5%
agarose to visualise a ladder of various band sizes. The remaining PCR products were
purified using the QIAGEN PCR Purification Kit and eluted in 30uL of the provided
elution buffer. 3uL of the purified PCR products was cloned into pGEMT-EASY
(Promega). Subsequently, 96 colonies were picked for DNA obtained from each 10cm
plate and grown in LB with 100ug/mL ampicillin. The resultant bacterial cultures were
sequenced using capilliary sequencing. Sequences were analysed with the help of Stephen
Rice (WTSI) and categorised according to the exact integration site, query coverage and
quality, neighbouring annotated genes, percentage of match, and the orientation of the

integration.
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PRIMER/OLIGO NAME SEQUENCE

Splinkerette 1 CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGAATGA
GACTGGTGTCGACACTAGTGG

Splinkerette 2 GATCCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCA
AAAAAA

Splinkerette primer 1 CGAAGAGTAACCGTTGCTAGGAGAGACC

Splinkerette primer 2 GTGGCTGAATGAGACTGGTGTCGAC

piggyBac left primer 1 CAGTGACACTTACCGCATTGACAAGCACGC

piggyBac left primer 2 GAGAGAGCAATATTTCAAGAATGCATGCGT

piggyBac right primer 1 CCTCGATATACAGACCGATAAAACACATGC

piggyBac right primer 2 ACGCATGATTATCTTTAACGTACGTCACAA

Table 2.2 Sequences of splinkerettes and primers used during splinkerette PCR
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2.2.3.3 Validation of integration sites within BNC2

Collection of DNA from pools of iPSCs obtained from the genetic screen was described in

2.2.3.1. 1ul of DNA was used to amplify BNC2 genomic regions comprising of transposon

integrations. Primers employed are listed in Table 2.3 and Extensor Hi-Fidelity PCR

master mix 2 (ABgene) was used to perform PCR using the following settings: 94°C for 4
min, followed by 30 cycles of 94°C for 10 sec, 55°C for 30 sec and 68°C for 30 sec. Final

incubation was at 68°C for 10 min.

Name Primer Sequence Position of Position of Distance from
integration Primer Integration Site

Forward-1 | CAGGCAATCACGGCTATTTT 84147715- 84147534 -181
84147827

Reverse-1 | GGGAGGCCACACACATAATC | 84147715- 84148031 316
84147827

Forward-2 [ TGATTCAGAAAGCCCAACCT 84304000- 84303769 -231
84304026

Reverse-2 [ CCCACATCACAACCAAAACA | 84304000- 84304183 183
84304026

Forward-3 | AAAGGGTGAACAAGCAAAGC | 84193364- 84193024 -340
84193694

Reverse-3 CGCTTGCTCATCTTTTCTCA 84193364- 84193781 417
84193694

Forward-4 [ CAGCCACAGTCCTCTGACAA 84195187- 84194988 -199
84195313

Reverse-4 [ GGTGCCTTGGTTCTGTTGTT 84195187- 84195515 328
84195313

Table 2.3 Sequences of primers which correspond to the integrations within BNC2 observed

in the genetic screen
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2.3 Constructs generated for validation

2.3.1 PB-CAG-BNC2

A transposon cassette containing CAG promoter and RARy and LRH1, was obtained from
Wei Wang, Wellcome Trust Sanger Institute (Wang et al., 2011c). Using EcoRI and Notl,
cDNAs encoding RARy and LRH1 were excised. BNC2 cDNA was obtained from
GeneService and primers flanking the cDNA were designed. The forward and reverse
primers were tethered to ECoRI and Notl recognition sites respectively (Table 2.4). BNC2
cDNA was amplified using Pwo Master (Roche) according to the manufacturer’s
instructions. A portion of the PCR product was visualised on an agarose gel to determine
its purity and size. The remaining PCR product was purified using QIAGEN PCR
Purification Kit and digested using Notl (New England Biolabs) at 37°C for an hour. As
there are internal EcoRI restriction sites within the coding sequence of BNC2, 0.05ul of
EcoRI (New England Biolabs) was added to the digested mixture and incubated at 37°C
for 15 minutes. The digestion mixture was immediately run on an agarose gel. The partial
digestion gave rise to a series of bands and the one of correct size was extracted and
purified according to the manufacturer’s instructions (QIAGEN Gel Purification Kit). The
purified fragments were ligated to a pre-digested PB-CAG-bpA plasmid backbone
described earlier, using T4 Ligase (New England Biolabs) in a 10ul reaction at room
temperature for 1 hour. 1.5ul of the ligation mix was introduced to a vial of MegaX
DH10p electrocompetent cells (Invitrogen) and transferred to an electroporation cuvette.
The cuvette was placed into the BioRad GenePulser X cell and electroporation took place
at a setting of 1800V, 25uF, 200Q. Immediately after electroporation, 300ul of Lysogeny
Broth (LB) was added to the bacterial culture to resuscitate the cells and the entire mixture
was subsequently incubated at 37°C, 200rpm, for 1 hour. The cells were then plated onto a
pre-warmed LB Agar plate supplemented with 100ug/mL ampicillin and incubated
overnight at 37°C. Bacterial colonies were picked the next day and grown in LB
supplemented with 100ug/mL ampicillin and incubated for 15 hours at 37°C. Following
the manufacturer’s protocol, the cloned plasmids were retrieved from the bacterial cultures
using QIAGEN Miniprep Kit.
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PRIMER RESTRICTION
SEQUENCE
NAME SITE

mBNC2

EcoRlI AATTGAATTCTGACAACTCCATGCAGTTCG
Forward
MBNC2

Notl AATTGCGGCCGCCTAATCTATTGAAGTGAAGGGA
Reverse
MRARf

EcoRlI AATTGAATTCAGGATAAGCACTTTTGCAGAG
Forward
MRARP

Notl AATTGCGGCCGCCTGCAGCAGTGGTGACTGA
Reverse
MRORa

BamHI AATTAAGCTTCGCGGCGTAAAGGATGTATTT
Forward
MROR«

Xbal AATTCTAGATTACCCATCGATTTGCATGGC

Reverse

Table 2.4 Sequences of primers used for cloning (Chapters 2.3.1- 2.3.6)
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2.3.2 PB-CAG-RARP

A similar approach was taken to generate PB-CAG-RAR[. cDNA corresponding to full
length RARB was obtained from GeneService and primers flanking the cDNA were
designed. EcoRI and Notl sites were included in the forward and reverse primers
respectively (Table 2.4). RARB cDNA was amplified using Pwo Master (Roche)
according to the manufacturer’s instructions and purified. As RARP contains internal
EcoRI recognition sites, the PCR product was first digested using Notl and partially
digested by EcoRI. The correct product size was identified and purified, before ligating to
a pre-digested PB-CAG-bpA plasmid backbone.

2.3.3 PB-CAG-RORa

An identical approach was taken to generate PB-CAG-RORa. cDNA corresponding to full
length PB-CAG-RORa was obtained from GeneService and primers flanking the cDNA
were designed. BamHI and Xbal sites were included in the forward and reverse primers
respectively (Table 2.4). PB-CAG-RORa cDNA was amplified using Pwo Master
(Roche) according to the manufacturer’s instructions and purified. The correct product size
was identified and purified, before ligating to a pre-digested PB-CAG-bpA plasmid

backbone.

2.3.4 PB-TRE-BNC2

A similar approach was taken to generate PB-TRE-BNC2. PB-TRE-bpA plasmid
backbone was achieved through the digestion of PB-TRE-RARy-2A-LRH1 using EcoRlI
and Notl (Table 2.4). This plasmid was obtained from Wei Wang, Wellcome Trust Sanger
Institute (Wang et al., 2011c). Using PCR products of BNC2 which have been digested
using EcoRI and Notl, as described above, both the insert and plasmid backbone were

ligated and transformed into MegaX DH10p electro-competent cells.
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2.3.5 PB-TRE-RARP

A similar approach was taken to generate PB-TRE-RARpB. PB-TRE-bpA plasmid
backbone was achieved through the digestion of PB-TRE-RL using EcoRI and Notl
(Table 2.4). Using PCR products of RARB which have been digested using EcoRI and
Notl, as described above, both the insert and plasmid backbone were ligated and

transformed into MegaX DH10p electro-competent cells.

2.3.6 PB-TRE-RORa

A similar approach was taken to generate PB-TRE-RORo. PB-TRE-bpA plasmid
backbone was achieved through the digestion of PB-TRE-RL using BamHI and Xbal
(Table 2.4). Using PCR products of RORa which have been digested using BamHI and
Xbal, as described above, both the insert and plasmid backbone were ligated and

transformed into MegaX DH10p electro-competent cells.

2.3.7 PB-TRE-CKS

A similar approach was taken to generate PB-TRE-CKS. PB-TRE-bpA plasmid backbone
was achieved through the digestion of PB-TRE-RL using EcoRI and Notl. PB-CAG-CKS
(as described in 2.2.1) was digested using EcoRI and Notl to excise c-Myc-2A-KIf4-2A-
Sox2. This fragment was ligated with a pre-digested plasmid backbone containing PB-

TRE-bpA and transformed into MegaX DH10p electro-competent cells.

2.3.8 Other plasmids used in the study
PB-CAG-rtTA, PB-CAG-LRH1, PB-CAG-RARY, PB-CAG-RARa, PB-CAG-OCKS, PB-
CAG-RL, PB-TRE-LRH1, PB-TRE-RARY, PB-TRE-RARa, PB-TRE-OCKS and PB-

TRE-RL were obtained from Wei Wang, Wellcome Trust Sanger Institute (Wang et al.,
2011c).
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2.4 Analysis of iPSC colonies

2.4.1 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RNA was first extracted using RNeasy Mini Kit (Qiagen) following manufacturer’s
guidelines. Subsequently, reverse transcription reactions were performed using QuantiTect
Reverse Transcription Kit (Qiagen). PCR was then carried out using primers against
pluripotency marker genes (Sigma) (Table 2.5) and an Extensor Hi-Fidelity PCR master
mix 2 (ABgene). PCR was performed using the following settings: 94°C for 4 min,
followed by 30 cycles of 94°C for 10 sec, 55°C for 30 sec and 68°C for 30 sec. Final
incubation was at 68°C for 10 min.

PRIMER NAME

SEQUENCE

mOct4-RT-En-Forward

TCTTTCCACCAGGCCCCCGGCTC

mOct4-RT-En-Reverse

TGCGGGCGGACATGGGGAGATCC

mSox2-RT-En-Forward

TTGCCTTAAACAAGACCACGAAA

mSox2-RT-En-Reverse

TAGAGCTAGACTCCGGGCGATGA

mKIf4-RT-En-F orward

GCGAACTCACACAGGCGAGAAACC

mKIf4-RT-En-Reverse

TCGCTTCCTCTTCCTCCGACACA

mNanog-RT-En-F orward

CAGGTGTTTGAGGGTAGCTC

mNanog-RT-En-Reverse

CGGTTCATCATGGTACAGTC

mRex1-RT-F orward

ACGAGTGGCAGTTTCTTCTTGGGA

mMRex1-RT-Reverse

TATGACTCACTTCCAGGGGGCACT

mEsgl-RT-F orward

GAAGTCTGGTTCCTTGGCAGGATG

MEsg1l-RT-Reverse

ACTCGATACACTGGCCTAGC
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mFgf4-RT-Forward CGTGGTGAGCATCTTCGGAGTGG
mFgf4-RT-Reverse CCTTCTTGGTCCGCCCGTTCTTA
mDax1-RT-Forward TGCTGCGGTCCAGGCCATCAAGAG
mDax1-RT-Reverse GGGCACTGTTCAGTTCAGCGGATC
mGdf3-RT-F orward GTTCCAACCTGTGCCTCGCGTCTT
mGdf3-RT-Reverse AGCGAGGCATGGAGAGAGCGGAGCAG
mUtf1-RT-F orward GGATGTCCCGGTGACTACGTCTG
mUtf1-RT-Reverse GGCGGATCTGGTTATCGAAGGGT
mBactin-RT-Forward GTTTGAGACCTTCAACACCCC
mBactin-RT-Reverse GTGGCCATCTCCTGCTCGAAGTC

Table 2.5 Sequences of primers used for RT-PCR of pluripotency markers
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2.4.2 Quantitative real time PCR

In a probe-based assay (Table 2.6), quantitative real time PCR was performed using
Absolute Fast gPCR Master Mix (ABgene) according to manufacturer’s instructions. Data
were normalised with GAPDH. The assay was performed using the following settings:
95°C for 5 min, followed by 40 cycles of 95°C for 1 sec and 60°C for 20 sec.

ASSAY ID TARGET APPLIED BIOSCIENCE GENE NAME
Mm00658129 gH mOct4 POU domain, class 5, homeobox 1
Mm00516104 m1l mKIf4 Kruppel-like factor 4
Mm02384862_g1 mNanog Nanog homeobox
MmO03053975_g1 mRex1 Zinc finger protein 42
4352341E B-actin Mouse ACTB Endogenous Control

Table 2.6 Applied Bioscience pre-designed TagMan probes to detect quantitative levels of
pluripotency markers

Using a primer-based approach, RT?> gPCR SYBR Green/ROX mastermix (Qiagen) was
applied following the manufacturer’s instructions. PCR was performed at 95 °C for 10 min
followed by 40 cycles of 95 °C for 15 sec and 60 °C for 60 sec. Data was normalised to
GAPDH.

2.4.3 Immunostaining

IPSCs were pre-cultured in gelatin coated 24-well plates and fixed with 4%

paraformaldehyde in PBS for 10 min at room temperature and permeabilised with 0.3%

Triton X100 in PBS. The cells were then blocked with blocking buffer (1% BSA, 3% goat

serum in 0.3% Triton in PBS) for 10 min at room temperature. Primary antibodies were

made up using the blocking buffer with the following dilutions: Nanog (1:150, Rabbit
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polyclonal; ab21603, Abcam), SSEA1 (1:10, mouse monoclonal, gift from Sheffield
University) and Oct4 (1:150, Mouse monoclonal; sc-5279, Santa Cruz). After overnight
incubation at 4°C, cells were washed 4 times with 0.3% Triton X100 in PBS and labelled
with Alexa 488- or Alexa 594-conjugated secondary antibodies (Invitrogen). After a final
wash with 0.3% Triton X100 in PBS, the cells were incubated with DAPI and visualised
using Olympus 1X81.

2.4.4 Bisulfite Sequencing

DNA from iPSCs was extracted as described above. Bisulphite conversion was performed
using EpiTect Bisulfite Kit (Qiagen), according to manufacturer’s recommendations.
Approximately 400bp of the promoter regions of Rex1, Oct4 and Nanog was amplified

using the following primers:

The PCR fragments were cloned into pGEMT-EASY (Promega) and sequenced. The
sequences obtained were aligned to the following templates and CpG dinucleotides which

were analysed are underlined.
Oct4

GGTTTTTTAGAGGATGGTTGAGTGGGTTGTAAGGATAGGTCGAGAGGGTGTAG
TGTTAATAGGTTTTGTGGTGCGATGGGGTATTCGAGTAATTGGTTTGTGAGGTG
TTCGGTGATTTAAGGTAGGGGTGAGAGGATTTTGAAGGTTGAAAATGAAGGTT
TTTTGGGGTTTCGTTTTAAGGGTTGTTTTGTTTAGACGTTTTTAATTTTCGTTTG
GAAGATATAGGTAGATAGCGTTCGTTTTAGTTTTTTTTATTTTTATAGTTTTGTT
[TTTTATTTATTTAGGGGGCGGGGTTAGAGGTTAAGGTTAGAGGGTGGGATTG
GGGAGGGAGAGGTGAAATCGTTTTTAGGTGAGTCGTTTTTTTATTAGGTTTTCG
GTTCGGGGTGTTTATTTTTTTTATGGTTGGATATTTGGTTTT

Nanog

GATTTTGTAGGTGGGATTAATTGTGAATTTATAGGGTTGGTGGGGCGTGGGTG
TCGTTTGGGTGTTTGGGAGAATAGGGGGTGGGTAGGGTAGGAGGTTTGAGGG
GGGAGGAGTAGGATTTATTTTTTAAATTTATCGTTTTGAGTCGTTGGTTTTTAG
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ATAGGTTGATTTGGTTGGTGTTTTGTTTTTTTTGTGGGAAGGTTGCGGTTTATTT
[TTTTTGATTTTTTGATAATTTTGTATTAGATATTTAATTTTTTTTTTTATGATTT
TTTTTTTTAGATATTGAGTTTTTTGGTTGTTGTTTAAAATTTTTTTAGAAATTTTT

TTTTTCGTTATTATATTGATATGAGTGTGGGTTTTTTTGGT

Rex1

TATATTAATGTTGGAAAAAGTTTAGGTAATTAGTGTATTTTGTAGCGGGGTTCG
GGAGAGGTTGGGGTTTAGAGTGGCGATGGGACGAAAGTGTAAAGAAAGTTTT
CGGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAGGTAGGTAG
GTAGAAATTGTATTTTTTGTTTGTGTAAATTCGGTTATAAGTTTGTAATAGAGG
TATTGAGATGTGATTGAGTTTTAAGGTTAGGCGATCGGGATTTTGAAGAGGTA
TTTGTATAATTGAGTAAGAGTTTTTGTTTTATTTTTTTACGTCGATTTAAGATAA
GGGGATAGTTTTGGGTGGGTTATTTGAAGGGTTAGGGGTTCGTTTATATTTTCG
[TTATATTTATTTTGAGCGTTTTTTATTGGGTATTTTAGTTTATTTAGTTCGGAG
TTAGTTATTTCGTAAGTGTGGTCGGAATAGAGTTCGTTTATTTAAAAAGGGAG
GGGTTTAAGGAGTT

PRIMER NAME SEQUENCE
Oct4-DMR-Forward GGCCCCAGAAATAATTGG
Oct4-DMR-Reverse TTTTGGTTTATAGGTTGG
Rex1-DMR-Forward CACATTAATGCTGGAAAAAGTTCAGGCAA
Rex1-DMR-Reverse TTGAGGAATTTGGGGAGGGAAAAATTTATT
Nanog-DMR-Forward GACCCTGCAGGTGGGATTAACTGTGAATTC
Nanog-DMR-Reverse TGGTTTTTTTGGGTGTGAGTATAGTTATAT

Table 2.7 Sequences of primers used to amplify promoter regions of pluripotency markers

for bisulfite sequencing
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2.4.5 In vitro differentiation

For differentiation into the ectoderm lineage, iPSCs were seeded at a density of 2x10° cells
/ well in a 6-well plate. The cells were cultured in NDiff® N2B27 (Stem Cells, Inc).

For differentiation into the endoderm and mesoderm lineage, iPSCs were trypsinised and
seeded onto an uncoated 6-cm dish to form embryoid bodies. After 3 days, the embryoid
bodies were seeded onto a gelatin coated 6-cm dish and media was switched to M10 for 3

days before staining.

2.4.6 Teratoma Formation

iPSCs were resuspended at a concentration of 5 x 10° cells/ml in PBS. 200pl of the cell
suspension was administered subcutaneously into the dorsal flank. 3 to 5 weeks after the
injection, tumours were observed and surgically dissected from the mice. Samples were
fixed in 10% formalin, and embedded in paraffin. Sections were prepared and stained with

hematoxylin and eosin.

2.4.7 Chimera Production
IPSCs were injected into blastocysts of C57BL/6 (albino) and implanted to C57BL/6

(albino) foster females. Chimeric males were chosen, based on iPSC coat colour
contribution, to breed with C57BL/6 (albino) females in order to test for germline

transmission.

2.4.8 Alkaline Phosphatase Staining

Staining was performed according to manufacturer’s instructions (Alkaline Phosphatase
Kit, Sigma). iPSCs were washed once with fresh PBS and incubated in 4% PFA in PBS at
room temperature for 20 minutes. The cells were then washed once with PBS before
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freshly prepared alkaline-dye solution was added. The plates were incubated in the dark

for 20 minutes before they were rinsed with distilled water and left to dry.

2.4.9 Karyotyping

Cells were treated with 0.1 pg/ml colcemid for 50 minutes before trypsin treatment for
collection. 10ml of 75mM KCI was added in a dropwise fashion using a Pasteur pipette.
The solution was incubated at room temperature for 10 minutes before centrifugation at
1600rpm for 8 minutes. 1ml of fixing solution which consists of Glacial Acetic Acid and
Methanol at a ratio of 3:1 was added to the disturbed cell pellet and centrifuged at 400g for

8 minutes. The pelleted cells were then resuspended in 2ml of fixing solution.

To prepare slides, they were sonicated and soaked in 96% ethanol before drying. 20ul of
cell suspension obtained in the previous step was dropped onto the slide and placed in a
50°C water bath for 1 minute. The spread of the chromosomes were inspected under the

microscope.

After aging the slides overnight, the slides were placed in 10mM HCI with 0.01% pepsin
for 3 minutes. The slides were then washed twice with 2xSSC for 5 minutes each. For
dehydration, the slide was passed through an ethanol dehydration series: 70%, 90% and
100% ethanol for 5 min each. Denaturation of DNA was next performed by incubating the
slides in 70% formamide and 30% 2xSSC and the slides were put through another series of
dehydration as previously described. The slides were air-dried and baked at 65°C for 1

hour.

Formamide was added to the slides at 61°C for 1.5 minutes before quenching in ice cold
70% ethanol. The slides then had to undergo dehydration from 70%, 90% to 100%. The
slides were then air-dried and pre-aliquoted probes were added before coverslips were

placed.
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For detection, the slides were placed into a 43°C water bath for 5 minutes to remove the
coverslip. Probes were washed using 50% Formamide and 50% 2xSSC twice for 5 minutes
each. Pre-aliquoted antibodies were added onto the slides and incubated at 37°C. The

slides were then visualised under the microscope.

2.4.10 Analysis of transgene expression

RNA was first extracted using RNeasy Mini Kit (Qiagen) following manufacturer’s
guidelines. Subsequently, reverse transcription reactions were performed using QuantiTect
Reverse Transcription Kit (Qiagen). PCR was then carried out using primers against
junctions between transgenes (Sigma) (Table 2.8) and an Extensor Hi-Fidelity PCR master
mix 2 (ABgene). PCR was performed using the following settings: 94°C for 4 min,
followed by 30 cycles of 94°C for 10 sec, 55°C for 30 sec and 68°C for 30 sec. Final

incubation was at 68°C for 10 min.

PRIMER NAME SEQUENCE APPLICATION

Oct4-Forward CAGAAGGGCAAAAGATCAAG Amplification of Oct4-c-Myc

c-Myc-Reverse | TACGGAGTCGTAGTCGAGGT Junction

c-Myc-Forward CGCCTACATCCTGTCCATTC Amplification of c-Myc-KIf4

KIf4-Reverse GCCGGGCCGGACGCGAACGT e

LRH1-Forward ATCCGGGCAATCAGCAAGCA Amplification of LRH1-bpA

bpA-Reverse GGCACAGTCGAGGCTGATCAGC | Junction

rtTA-Forward GGACGAGCTCCACTTAGACG
Amplification of rtTA

rtTA-Reverse AGGGCATCGGTAAACATCTG

Table 2.8 Sequences of primers used to detect the presence of reprogramming transgenes
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2.5 Chromatin Immunoprecipitation (ChlP)

2.5.1 RAR-directed ChIP in MEFs

Frozen MEFs (as described earlier) derived from wildtype C57BL/6J mice were thawed
and 5 million cells were seeded into three 15-cm gelatin-coated plates. After one week, the
cells attained 100% confluency. Harvest of the cells was conducted using ChIP-IT Express
(Active Motif), according to the manufacturer’s instructions. Media was aspirated and
20ml of fresh serum-free media was added. 0.54ml of 37% Paraformaldehyde was added
to the media and the plate was rocked gently at room temperature for 20 minutes. The cells
were washed once with ice cold PBS and 10ml of Glycine was added to quench the action
of formaldehyde. The mixture was rocked gently for 10 minutes at room temperature and
washed with ice cold PBS. 2ml of fresh ice cold PBS supplemented with 0.5mM PMSF
was added onto the plate for the scraping of cells. A cell scraper was used to collect the
cells and the cells were pelleted through centrifugation at 4°C, 2500rpm for 10 minutes.
The cell pellet was resuspended in 1ml of supplied lysis buffer supplemented with 1mM
PMSF and protease inhibitor cocktail. Lysing of the cells took place on ice for an hour.
Cells were pelleted at 5000rpm for 10 minutes and the pellet was resuspended in 600ul of
the provided shearing buffer. The mixture was divided into two Lo-Bind eppendorf tubes
(Eppendorf), placed into a BioRuptor (Diagenode) and pulsed with 15 cycles of 30
seconds sonication and 30 seconds rest. The resultant mixture was centrifuged at
13,500rpm for 20 minutes and 100ul of the supernatant was used for the execution of
ChiIP. 20ul of the lysate was used to examine the quality of shearing, as stated in the

manufacturer’s protocol.

To conduct ChIP, 100ul of the lysate was incubated with ChIP buffer 1, 3ug of
RAR (Santa Cruz) or IgG (Cell signalling) antibody, protease inhibitor cocktail and 25l
of provided magnetic Protein G beads in a total volume of 400ul. The tubes were placed

on a rotator in 4°C overnight.
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After an overnight incubation with the respective antibodies, the tubes were placed in a
rack with a magnetic strip to pellet the beads. Supernatant was removed and 800ul of ChIP
buffer 1 was used to wash the beads. The beads were subsequently washed twice with
ChIP buffer 2. 50ul of elution buffer was added to the beads and rotated at room
temperature for 20 minutes. 50ul of reverse cross-linking buffer was then added and the
beads were pelleted. Supernatant was collected and purified using QIAGEN PCR
Purification Kit. For quantitative analysis, 1ul of the eluate was used for real-time PCR
(Table 2.9).
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PRIMER NAME SEQUENCE
8873bp Forward AAGGTCAGATGAGGGCATTG
8873bp Reverse CAGCACCTGAATGATGGATG
8244bp Forward GGTGCTCTTACCCACTGAGC
8244bp Reverse AGGCCAAACACTCCAATGAC
6932bp Forward GGTCTTTTGAGCCACCAGAA
6932bp Reverse GATTTGCCTCTCTGGGTCAG
4836bp Forward AGCCAGGGCTACACAGAGAA
4836bp Reverse GTGGGGAGACAGGAATGAGA
2610bp Forward CCAAGTGCTGGGATTAAAGC
2610bp Reverse TCTGCCCCCTTTAAGAGTCA
2170bp Forward GGCTGCAGGCATACTTGAAC
2170bp Reverse GCTACAACCTCCCCACACC
1940bp Forward CTCTCGTCCTAGCCCTTCCT
1940bp Reverse CCTCCACTCTGTCATGCTCA
1611bp Forward TGGTGAAGTCGATGAAGCTG
1611bp Reverse GAGCTGTTGGCTAGGGTCAG
1130bp Forward TCCTCCTAATCCCGTCTCCT
1130bp Reverse ATACCCTGCTTCCCTTCCTC
275bp Forward AATTGGCACACGAACATTCA
275bp Reverse GTCCTTACAGCCCACTCAGC
100bp Forward CCTAAGGGTTGTCCTGTCCA
100bp Reverse AGCGCTATCTGCCTGTGTCT

Table 2.9 Sequences of primers used for ChlP-gPCR of putative RARES upstream of Oct4
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2.5.1 H3K4me3-directed ChlP in differentiated iPSCs

4F and 6F IPSCs were maintained on 10-cm gelatin coated plates in 2i-LIF. When
confluent, the cells were collected using trypsin and seeded onto three 15-cm gelatin
coated plates. The cells were maintained in M10 supplemented with 0.1uM all-trans
retinoic acid for 6 days to drive differentiation. After 6 days, the cells were treated with
doxycycline as described and cross-linked and harvested as earlier described. After lysis
and sonication, the lysate was incubated at 4°C overnight with 1ul of a-H3K4me3

antibody (Cell signalling). The pull down was conducted as earlier described.

2.6 Luciferase Assay
2.6.1 Cloning of luciferase reporter constructs

2.6.1.1 Constructs which test promoter function

To generate fragments consisting of various elements within the upstream region of
Poubfl, forward primers were designed at 2190bp, 1393bp, and 477bp upstream of the
transcriptional start site (TSS). The reverse primer was designed 11bp before the TSS. The
forward and reverse primers were flanked with Xhol and Kpnl restriction sites respectively
(Table 2.10).

PCR was conducted using mouse genomic DNA as a template. Pwo master mix (Roche)
was employed to execute the PCR. An aliquot of the reaction mix was visualised on an
agarose gel to ascertain the purity and size of PCR product. The remaining mixture was
purified using QIAGEN PCR Purification Kit and digested using Xhol and Kpnl (New
England Biolabs) at 37°C for 1 hour. The digested products were purified using the
QIAGEN PCR Purification Kit. pGL3-basic (Promega) was also digested using Xhol and
Kpnl at 37°C for 1 hour. The inserts and plasmid backbone were ligated using T4 ligase
(New England Biolabs) and transformed into One Shot® TOP10 Chemically Competent

E. coli (Invitrogen) following the manufacturer’s instructions. Once recovered in LB, the
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bacterial cells were plated onto LB agar plates supplemented with 100pg/ml ampicillin and

picked the next day to inspect for correct insertions.

PRIMER NAME RESTRICTION SEQUENCE
SITE
DE-PE-RAREoct
Xhol AATTCTCGAGAGGGCACATCTGTTTCAAGC

Forward

GGTACCCTCTAGACGGGTGGGTAAGCAAGA
DE-PE-RAREoct Reverse Kpnl

ACTG
PE-RAREoct Forward Xhol AATTCTCGAGAAACACCATCCCTTGCAGAC

GGTACCCTCTAGACGGGTGGGTAAGCAAGA
PE-RAREoct Reverse Kpnl

ACTG

CTCGAGCTCTAGACGGGTGGGTAAGCAAGA
RAREoct Forward Xhol

ACTG

GGTACCCTCTAGACGGGTGGGTAAGCAAGA
RAREoct Reverse Kpnl

ACTG
DE Forward Xhol AATTCTCGAGAGGGCACATCTGTTTCAAGC
DE Reverse Kpnl AATTGGTACCAGGAAGGGCTAGGACGAGAG
DE-PE Forward Xhol AATTCTCGAGAGGGCACATCTGTTTCAAGC
DE-PE Reverse Kpnl AATTGGTACCGTCCTTACAGCCCACTCAGC

Table 2.10 Primers used for the cloning of Oct4 regulatory elements into luciferase reporter

vectors
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2.6.1.2 Constructs which test enhancer function

To generate fragments consisting of various elements within the upstream region of
Poubf1, a forward primer was designed at 2190bp upstream of the transcriptional start site
(TSS). The reverse primers were designed at 1985bp, 383bp and 11bp before the TSS. The
forward and reverse primers were flanked with Xhol and Kpnl restriction sites respectively
(Table 2.10).

The steps for cloning are similar to 2.6.1.1, except the plasmid employed was pGL4.23
(Promega) which comprised of a minimal promoter sequence before the luciferase

reporter.

2.6.2 Transfection of constructs

To perform luciferase assays, MEFs were transfected with the described luciferase
constructs. MEFs were thawed and expanded as previously described. When 70%
confluent, the cells were trypsinised and collected as described and 1 million cells were
used for each transfection. To explore the effect of cDNAs on luciferase activity, 10ug of
each cDNA and 10ug of luciferase reporters were used for transfection. 1ug of TK-Renilla
was co-introduced for the normalization of firefly luciferase readings. Transfection was
performed as described earlier and resuscitated cells were transferred into a fresh 6-well

gelatin coated plate pre-fed with M10. The experiment was conducted in triplicates.

2.6.3 Performing the assay

Luciferase assays were conducted according to manufacturer’s instructions. Dual-
Luciferase® Reporter Assay System (Promega) was used for this purpose. After 48 hours,
unless otherwise specified, the cells were washed with PBS twice and lysed using the
buffer provided. The cells were rocked at room temperature for 20 minutes and 20ul of the
lysate was transferred to a 96-well luminometry plate. To obtain luciferase readings, 100ul
of Luciferase Assay Reagent was added to each well and the plate was placed in
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MicroLumat Plus LB 96V (Berthold Technologies). WinGlow was the program used to
read the luciferase activity. After the firefly luciferase readings were taken, 100ul of
Stop&Glo Reagent was added to quench the firefly luciferase activity and trigger Renilla
activity. WinGlow was also used to determine the level of Renilla activity.

2.7 Manipulation of ZHBTc4 ESCs

2.7.1 Differentiation of ZHBTc4 ESCs

Differentiation of ZHBTc4 ESCs was performed under similar conditions to 4F and 6F
IPSCs. ZHBTc4 ESCs were maintained in 6-well plates. Once confluent, the cells from
one 6-well were trypsinised and seeded onto one gelatin coated 10-cm plate. The cells
were differentiated in M10, supplemented with 0.1uM all-trans retinoic acid and 1ug/ml

doxycycline, for 6 days.

2.7.2 Transfection of potential rescue constructs

After 6 days of differentiation, ZHBTc4 cells were trypsinised and collected as previously
described. cDNAs were analysed for their ability to reprogram these differentiated cells in
the presence or absence of doxycycline. To address this, cONAs were introduced at 1ug
per construct and appropriate cONA combinations were transfected into 1 million ZHBTc4
cells. Transfected cells were divided into two 6-wells that were lined with SNL76/7 feeder
cells. In one well, doxycycline was added at 1ug/ml, whereas the other well was left

doxycycline-free.
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CHAPTER 3 : PIGGYBAC-ASSISTED SCREEN TO IDENTIFY GENETIC
REPLACEMENTS OF EXOGENOUS OCT4 DURING REPROGRAMMING

3.1 Introduction

Introduction of four genetic factors, Oct4, c-Myc, Klf4 and Sox2, into somatic cells has
been demonstrated to implicate the loss of differentiation, as triggered by broad
epigenomic changes, and result in a gain in pluripotency. Resultant pluripotent derivatives
resemble ESCs and are termed as induced pluripotent stem (iPS) cells (Takahashi and
Yamanaka, 2006). This phenomenon is reproducible in a spectrum of cell types and animal
species, but we are only beginning to elucidate the molecular mechanisms necessary to

trigger this dedifferentiation process.

3.1.1 Methods to extricate pathways and factors involved in the generation of iPSCs

To illuminate the molecular circuitry behind the acquisition of pluripotency, an array of
approaches has been employed. Examination of proteomic and transcriptomic profiles over
the course of reprogramming has identified molecular pathways, such as chromatin
remodelling and mesenchymal-to-epithelial transition, to play significant roles in the
initiation of reprogramming events (Samavarchi-Tehrani et al., 2010; Li et al., 2010).
Extending the initial strategy employed by Takahashi and Yamanaka, screens which
encompass a wider set of transcription factors have been performed to identify genes
proficient at replacing or enhancing the reprogramming potential exhibited by the
established set of four reprogramming factors (Maekawa et al., 2011; Han et al., 2010b;
Nagamatsu et al., 2011). However, these screens focussed on an exhaustive list of
transcription factors, where genes-of-interest were co-introduced with the conventional

cocktail of reprogramming factors to determine differences in reprogramming efficiencies.

To explore beyond the realm of transcription factors, genome-wide screens have been

executed to provide a different perspective on the reprogramming process (Guo et al.,

2010). Using a piggyBac assisted mutagenesis in EpiSCs, Nr5a2 was identified to possess

the capacity to drive cells from primed to naive pluripotency. A separate SiRNA screen
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was performed in secondary MEFs (Samavarchi-Tehrani et al., 2010) to observe for genes
that reduce reprogramming efficiency. Using AP expression as a selection criterion, 4010
genes were assessed for their ability to result in a reprogramming deficit. These genetic
targets consist of transcription factors, chromatin regulators and signalling elements, which
represent a small subset of all annotated genes within the genome. In a bid to increase the
breadth of genes studied during the acquisition of pluripotency, this Chapter describes an
unbiased genome-wide screens to identify Oct4 replacements for exogenous Oct4 in

reprogramming.

3.1.2 Identification of Oct4 substitutions that can elicit reprogramming events

Oct4 (Octamer-binding transcription factor-4) belongs to class V of the POU transcription
factor family (Okamoto et al., 1990; Schoéler et al., 1990a; Schéler et al., 1990b; Rosner et
al., 1990) that recognises a consensus octamer motif ATGCAAAT (Klemm et al., 1994)
within cis-acting elements and elicits transcriptional activation. Oct4 was the first
transcription factor identified to play a role in pluripotency where maternal transcripts of
Oct4 are present within oocytes and persists until fertilization (Rosner et al., 1990; Pesce et
al., 1998). It was subsequently uncovered that Oct4 functions as a master regulator of the
transcriptional network within ESCs, and acts in coordination with Sox2 and Nanog to
regulate a plethora of genes (Boyer et al., 2005; Kim et al., 2008; Masui et al., 2007).
Embracing a pivotal role in the maintenance of pluripotency, Oct4 expression levels are
tightly regulated. Absence of Oct4 results in the loss of pluripotency and differentiation
into trophoblast cells, whereas ectopic expression of Oct4 results in differentiation into the
primitive endoderm (Nichols et al., 1998; Niwa et al., 2000). In addition, ablation of Oct4
leads to embryonic lethality at E3.5, underpinning its imperative requirement during the
formation of the mouse epiblast (Nichols et al., 1998). Apart from development, the
obligatory need for Oct4 is demonstrated in reprogramming. Several studies have
attempted to negotiate the need for the complete set of reprogramming factors. This has
been successfully done but Oct4 remains to be essential for the acquisition of pluripotency
(Tsai et al., 2010; Kim et al., 2009b; Kim et al., 2009c; Giorgetti et al., 2009). Efforts have
also been made to substitute each of the four reprogramming factors with their family

members (Nakagawa et al., 2008). Although Sox2, c-Myc, KIf4 and their respective
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relatives display functional redundancy, Oct4 was not readily substituted by Octl and
Oct6. Furthermore, a recent finding demonstrates the correlation between amounts of
exogenous Oct4 and the resetting of the epigenetic landscape in reprogrammed cells,
reinforcing the importance of Oct4 (Carey et al., 2011).

The importance of Oct4 in the maintenance and acquisition of pluripotency has implored
several groups to scout for genes that can replace the function of exogenous Oct4 during
reprogramming. Two studies have successfully identified Nr5a2 and E-cadherin (Heng et
al.,, 2010; Redmer et al., 2011) as competent substituents. However, as previously
mentioned, their methods for identification were candidate-gene approaches and a large
proportion of coding genes were neglected. This project aims to overcome this bottleneck
by determining replacements of exogenous Oct4 through an unbiased genome wide

transposon mediated mutagenesis approach.

3.1.3 Transposon-assisted mutagenesis

Transposons are mobile genetic elements that integrate into the host genome in the
presence of its accompanying transposase. A spectrum of transposon systems, such as
Sleeping Beauty, Tol2 and piggyBac, have been isolated from salmon, medaka fish and
cabbage looper moth respectively and demonstrated to display transposition capacities in
mammalian systems (lvics et al., 1997; Kawakami et al., 2000; Fraser et al., 1996; Ding et
al., 2005; Cadinanos and Bradley, 2007; Wang et al., 2008). Additional transposons have
been described to function in disparate organisms (Bingham et al., 1982; Rubin et al.,
1982; Bessereau et al., 2001). In particular, the P-element which was discovered in natural
populations of Drosophila melanogaster but not laboratory stock, has been widely used as
a molecular gene manipulation tool (Cooley et al., 1988; Gloor et al., 1991). To this end,
P-elements have successfully been used as a mutagen in Drosophila melanogaster through

excision and subsequent gap repair of DNA double strand breaks (Gloor et al., 1991).
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The ability of transposons to integrate into host genomes has been utilised to perform
genetic screens in the search of genes that participate in tumorigenesis and the acquisition
of pluripotency and antibiotic resistance (Starr et al., 2009; Dupuy et al., 2009; Keng et al.,
2009; Rad et al., 2010; Mann et al., 2012; Guo et al., 2010; Guo et al., 2011; Wang et al.,
2011b). Two transposon systems, Sleeping Beauty and piggyBac, display competent
transposition capacities in mammalian systems and serve as popular choices to conduct
genetic screens. These genetic screens identified an assortment of expected and novel
candidate genes, fortifying its ability as a tool to unravel genetic components within a

cellular phenotype of choice.

As genomic coverage of mobilised transposons varies across systems, it is important to be
aware of their inherent flaws and capabilities while designing a genetic screen. Sleeping
Beauty has been demonstrated to exhibit local hopping where half of excised transposons
re-integrate within the same chromosome (Luo et al., 1998). In contrast, a smaller fraction
(18%) of piggyBac transposons was reported to re-integrate into the original chromosome
(Wang et al., 2008). As local hopping may result in local deletions and cell death (Geurts
et al., 2006), transposition frequencies can be elevated to an extent where incidences of

local hopping are insignificant (Dupuy et al., 2005).

Another property exhibited by transposons is the tendency to integrate into recurrent
genomic regions. These sites are labelled as hotspots and introduce a bias during the
performance of a genetic screen. Analysis of Sleeping Beauty integration sites delineated a
statistical bias toward transcriptional units and their upstream regulatory sequences,
whereas P-elements display preference toward the 5’ ends of transcriptional units in flies
(Yant et al., 2005; Tsubota et al., 1985; Kelley et al., 1987). Similarly, piggyBac has been
described to harbour preferential integration sites in long terminal repeats, CpG islands and
DNasel hypersensitive sites when introduced into human cells (Meir et al., 2011; Wilson et
al., 2007; Huang et al., 2010). In contrast, delivery of piggyBac into mouse cells leads to
even distribution across the genome where 43% of insertion sites were observed in
annotated genes (Wang et al., 2008). Taking into consideration that (i) this thesis employs
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the use of mouse as the study organism and (ii) piggyBac portrays enhanced efficiencies
when compared to alternative transposon systems (Wang et al., 2008; Liang et al., 2009),

piggyBac was chosen to conduct the genetic screen.

In order to gain a clearer perspective on the properties of piggyBac transposon mediated
mutagenesis, a comprehensive study on transposition efficiencies of piggyBac in
mammalian cells has been conducted (Wang et al., 2008). It was demonstrated that
transposition efficiencies is proportional to the amounts of helper (transposase) and donor
(transposon) plasmids present. Increasing proportions of donor plasmids from 1-50 pg
augments transposition efficiencies by 14-fold, whereas increasing helper plasmid
proportions in a similar fashion augments transposition efficiencies by 4-fold (Wang et al.,
2008). In addition, increasing amounts of donor plasmids favour higher incidences of
integrations. However, escalated volumes of transfected DNA may lead to cell death and

induce cellular stress which could invoke debilitating consequences (Felgner et al., 1987).

As mentioned above, the piggyBac transposition-mediated mutagenesis poses as a valuable
tool to trap genes and influence their expression levels. This can be executed at two levels.
First, donor plasmids may encompass strong constitutive promoters preceding a splice
donor site, thus resulting in forced expression of the integrated gene (Rad et al., 2010).
Second, the presence of splice acceptor sites adjacent to poly-A signals may lead to
disruption of gene transcription (Figure 1.10) (Guo et al., 2011). Both methods deregulate
gene expression levels and create truncation products. If the mutation results in a
phenotypic change that can be scored, phenotypic mutants and their corresponding genetic

disruptions can be identified and validated.

3.1.4 Chapter Aim

In this chapter, | aim to employ piggyBac transposons as a tool to create a mutagenised
library of MEFs. The introduced mutagen is linked to an incomplete set of reprogramming

factors, c-Myc, KIf4 and Sox2, driven by a composite CMV/ chicken B-actin (CAG)
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promoter (Niwa et al., 1991). In addition, the donor plasmid comprises of a second CAG
promoter followed by a splice donor site or not. To recapitulate reprogramming events,
only cells which exhibit integrations within genes that readily replace the function of
exogenous Oct4 would trigger dedifferentiation. The ability to undergo reprogramming

was scored and integrations responsible for the phenotype were analysed.

The analysis may culminate in the unravelling of possible substitutes of Oct4, comprising
of (i) upstream regulators of Oct4, (ii) downstream targets of Oct4 and (iii) participants of
alternative pathways regulating gene targets of Oct4. These gene targets may shed light on
the intricacies behind the molecular circuitry involving Oct4 and perhaps uncover novel
pathways in the maintenance of pluripotency, hence deepening our understanding of the
reprogramming process. As such, this chapter provides a stepping block to address these

pertinent questions and further validation will be carried out in subsequent chapters.

3.2 Experimental Design

3.2.1 Factors taken into consideration for a saturated genetic study

The aim of this study encompasses the use of piggyBac mediated mutagenesis to identify
factors that can act as replacements to exogenous Oct4 during the acquisition of
pluripotency. In order to conduct a comprehensive genome-wide search, the experiment
was designed such that the genome could be saturated with transposon integration events
and most genes would be assessed for their potential to act as an Oct4 substitute. To design
the screen, experimental parameters were adjusted according to known technical capacities

of piggyBac mediated mutagenesis and are illustrated below.

First, the delivery method employed to introduce the transposon cassettes was established.
Due to high cell viability and transfection efficiency initiated by Nucleofection™ (Amaxa,

Lonza), this transfection method was selected. In addition, Nucleofection™ shuttles
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plasmids directly into the nucleus instead of the cytosol (Gresch et al., 2004). As MEFs are

slow cycling cells, delivery of exogenous material into the nucleus is beneficial.

Second, the transposition efficiencies of piggyBac were considered to determine the
amount of donor plasmids and number of MEFs necessary to prompt a saturated genome-
wide screen. To gain a perspective on the efficiencies of piggyBac assisted transposition,
references were made to a comprehensive analysis of piggyBac that had been previously
conducted using ESCs (Wang et al., 2008). ESCs were employed in the study due to their
ability to generate colonies from single cells, posing as an attractive tool for the
quantification of transfection efficiency. As this experimental study starts with the
application of MEFs, ESCs can only serve as a guideline to design experimental
constraints. The introduction of 10ug of donor plasmids results in transposition
efficiencies up to 10%, depending on transposase amounts. In this study, transposase
activity was introduced through two different avenues, as determined by the employment
of two variations of MEFs. The first comprises of piggyBac transposase (PBase)
constitutively expressed under the endogenous ROSA26 promoter (Zambrowicz et al.,
1997). The ROSA26 locus was originally discovered in a gene-trap screen in murine
ESCs, and was subsequently described to be ubiquitously expressed during embryogenesis
and in adult mice (Friedrich and Soriano, 1991; Zambrowicz et al., 1997). The
employment of ROSA26 allows constitutive expression of PBase (Wang et al., 2008) and
ensures effective mobilisation of transposon cassettes. The second variation of MEFs lacks
the presence of PBase under the endogenous ROSA26 promoter and relies on the transient
ectopic expression of PBase (Wang et al., 2008). Despite considerable differences in
PBase activities in both cell populations, calculations were based on a conservative
estimate implicating the exogenous introduction of 2ug of PBase in 1 x 10° cells. In these
conditions, introduction of 10ug of transposon plasmids results in approximately 1% of
surviving cells successfully integrating at least one copy of the transposon cassette (Wang
et al., 2008). Moreover, as the reference study employed conventional electroporation

methods, the predicted transfection efficiency is an underestimate.
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Armed with knowledge that 1% of transfected cells receive transposon induced mutations,
the next step was to resolve the number of integration sites necessary to saturate the
genome. The mouse genome has been successfully sequenced and analysed within the past
decade (Waterston et al., 2002). The size of the euchromatic mouse genome was estimated
to be approximately 2.5Gb, through the comparison of sizes of ultracontigs and their
corresponding gaps. As each cell contains two sets of chromosomes, the total size of
euchromatin within each cell is 5Gb. On the basis of evidence-based analysis and de novo
gene predictions, there are estimated to be 30,000 protein coding genes. Using the human
genome as a reference and assuming that the mouse genome contains a similar number of
protein coding genes, it is predicted that one gene exists at every 83kb interval within the
mouse genome. As a conservative estimate to obtain a saturated genome in this study, the
acquisition of an integration event every 20kb was decided to be sufficient to incorporate
mutations into each coding gene. To be able to attain an integration event at every 20kb
interval, there should ideally be 1.25 x 10° genomic insertions in the entire screen, on the

premise that integrations take place in a random fashion.

As 1% of surviving cells comprise of at least one integration site, 1.25 x 10’ cells have to
be transfected in order to generate 1.25 x 10° integrations. Keeping in mind that the use of
MEFs that constitutively express PBase would result in transposition efficiencies
exceeding the conservative estimate of 1% (Wang et al., 2008), 1 x 10" cells were

employed at the beginning of the genetic screen.

3.2.2 Constructs generated for the execution of the genetic screen

In a bid to conduct a transposon based screen to identify replacement factors for
exogenous Oct4 during reprogramming, transposon cassettes were generated to serve our
purpose (Figure 3.1). Flanked by piggyBac transposon arms, c-Myc, KIf4 and Sox2 were
incorporated into a CAG-driven expression cassette (Figure 3.1). Unpublished data from
previous work has demonstrated the ability of CAG promoters to drive gene expression at
significantly higher levels than promoters such as Murine Stem Cell Virus (MSCV),

Cytomegalovirus (CMV) and Phosphoglycerate kinase (PGK), representing a strong
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impetus to trigger reprogramming events. Another feature of the transposon cassette was
the presence of 2A peptides interspersed between the three Yamanaka factors. 2A peptides
allow the expression of several gene products from a single transcript, hence allowing the
design of one vector carrying all three Yamanaka factors. 2A peptides are self-cleaving
peptides that originated from foot-and-mouth disease virus (F2A) and comprise of
approximately 20-28 amino acids (Szymczak et al., 2004). To confer gene-trapping
capacity, an additional CAG-driven expression cassette consisting of a splice donor site
was included. The presence of this site allows the transcription machinery to search for the
next splice acceptor site and as a result, drive the expression of the gene at the site of
integration. In order to allow simultaneous expression of c-Myc, Klf4, Sox2 and the
integrated gene, the reprogramming factors and splice donor site were cloned into a single
transposon cassette. For labelling purposes, this gene trap cassette is designated as PB-
CAG-CKS-CAG-SD (Figure 3.1).

The utility of the splice donor site implicates the creation of truncation products,
discounting the first and possibly more exons. To overcome this bottleneck, an additional
trapping construct was generated with the omission of the splice donor site. This
modification results in the reliance on the inherent ability of a strong constitutive promoter
like CAG to drive transcription of genes neighbouring the integration site. As the CAG
promoter possesses intrinsic enhancer properties, it can promote the expression of the
inserted gene from a distance. This transposon construct will hereby be referred to as PB-
CAG-CKS-CAG. Both plasmids are described in detail in Figure 3.1.
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Figure 3.1 Schematic diagram of piggyBac transposon constructs (A) PB-CAG-CKS cassette.
The dark arrows flanking both ends depict piggyBac terminal repeats. Between the two boundaries
lies a constitutively active CAG promoter driving the expression of c-Myc, KlIf4 and Sox2. (B) PB-
CAG-CKS-CAG-SD cassette. The structure of this plasmid is similar to the top. The only
difference lies in the inclusion of a second CAG promoter which precedes a splice donor site. In
combination, the CAG promoter and splice donor site would recruit transcriptional machinery and
drive transcription starting from the nearest splice acceptor site. (C) PB-CAG-CKS-CAG cassette.
The structure of this plasmid is similar to (B), but the splice donor site is lacking. The second CAG
promoter will act as an enhancer or promoter to the integrated gene. (D) PB-CAG-CKS-CAG-SD
+ PB-CAG-Oct4. Positive control included into the genetic screen, encompassing of PB-CAG-
CKS-CAG-SD as depicted in (B) and a piggyBac transposon flanking CAG-promoter and cDNA
encoding for Oct4, PB-CAG-Oct4.
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3.3 Results

3.3.1 Generation of mutagenised MEF library

To identify potential substitutes for the requirement of exogenous Oct4 in the creation of
IPSCs, a library of mutagenised MEFs was generated. piggyBac mediated transposition
was used for this purpose as it is a potent mutagen and provides an unbiased coverage of
the mouse genome. Figure 3.2 shows a schematic diagram of the experimental strategy
employed. 10ug of donor plasmids (PB-CAG-CKS-CAG-SD or PB-CAG-CKS-CAG) was
introduced into 1 x 10° MEFs via Nucleofection™. In order to saturate the genome,
transfection was repeated nine times such that a total of 1 x 10’ cells were utilised. As a
negative control, a construct which comprises only of CAG promoter-driven c-Myc, Klf4
and Sox2, PB-CAG-CKS (Figure 3.1), was transfected into 1 x 10° cells. To ensure that
the mutagenic construct was functional, PB-CAG-CKS-CAG-SD was co-transfected with

a separate construct containing CAG promoter-driven Oct4 into 1 x 10° cells (Figure 3.1).
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Figure 3.2 Experimental Strategy of Transposon-assisted Genetic Screen On the left: Strategy
1 involving PB-CAG-CKS-CAG-SD. MEFs that harbour two modifications were used as starting
material: (i) EGFP expression and Puromycin resistance driven by endogenous Oct4 locus, and (ii)
PBase expression controlled by the ROSA26 locus. 10ug of PB-CAG-CKS-CAG-SD was
introduced into one million MEFs and the process was repeated nine times to create a mutagenised
library of 10 million cells. Colonies were observed after approximately 2 weeks and puromycin
(2ug/ml) was introduced at 25 days post transfection. Resistant colonies were pooled and DNA
was extracted. Splinkerette PCR and capillary sequencing were performed to analyse the
integration sites. On the right: Strategy 2 involving PB-CAG-CKS-CAG. MEFs that possess one
genetic alteration (EGFP expression and Puromycin resistance driven by endogenous Oct4 locus)
were used as starting material. 10ug of PB-CAG-CKS-CAG and 2ug of CAG-PBase were
introduced into one million MEFs and the process was repeated nine times to create a mutagenised
library of 10 million cells. Colonies were observed after approximately 2 weeks and puromycin
(2ug/ml) was introduced at 25 days post transfection. Seven puromycin resistant colonies were
picked and expanded. DNA extracted from these colonies was used for splinkerette PCR and

amplified products were sequenced to identify integration sites.
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3.3.1.1 The PB-CAG-CKS-CAG-SD screen

To facilitate the execution of the screen, MEFs that consisted of two components were
utilised: (i) a selection marker to identify reprogrammed colonies and (ii) constitutive
expression of PBase to allow efficient transposition of the mutagenic cassette during the
genetic screen. To obtain MEFs that comprised of both components, MEFs were obtained
from E13.5 embryos generated by a cross between two mouse lines. One mouse line
harboured Puromycin resistance cassette and cDNA encoding EGFP under the control of
the endogenous Oct4 promoter (Ying et al., 2002), whereas the other mouse line controlled
PBase expression under the endogenous ROSA26 locus (Wang et al., 2008). Both mouse
lines were derived from a mixed background between 129S5 and C57BL/6. As the activity
of the endogenous Oct4 locus corresponds to the pluripotent nature of reprogrammed
MEFs, the Puromycin resistance selection permits convenient detection and isolation of
cells which have successfully acquired pluripotency.

3.3.1.2 The PB-CAG-CKS-CAG screen

MEFs employed in this study were of a similar background to Chapter 3.3.1.1. However,
for the purpose of this screen, the expression of PBase was not controlled under the
ROSA26 locus. Instead, transient expression of the helper plasmid was driven by
electroporation of a vector containing CAG promoter preceding cDNA encoding PBase.
Constitutive expression of transposase leads to the continuous mobilisation of donor
plasmids. As a result, integrations within ES cell-like colonies may not faithfully reflect
the mutations that participated in the reprogramming event. To circumvent this, fleeting
levels of the helper plasmid were introduced at primary stages of the experiment. This
allows the trapping of genes essential for the trigger of reprogramming events and these
modifications remain intact for detection at later stages. The major disadvantage of this

approach is its low efficiency.
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3.3.1.3 Reprogramming MEFs to iPSCs during the genetic screens

Upon electroporation of the transposon cassettes, cells were seeded onto a layer of feeder
cells, SNL76/7, that have been pre-treated with mitomycin-C (McMahon and Bradley,
1990). SNL76/7 are mouse fibroblasts which were clonally derived from STO cell line and
transformed to express genes encoding for neomycin resistance and murine LIF. These
fibroblasts act as a feeder layer to support the growth of mouse ESCs and iPSCs. To
facilitate the reprogramming of MEFs which possess advantageous mutations, cells were
maintained in ES cell growth media. The use of both transposon donor plasmids, PB-
CAG-CKS-CAG-SD and PB-CAG-CKS-CAG, resulted in the observation of colonies
under the microscope after 14 days. Colonies were allowed to expand over a week. There
was an assortment in the rate at which colonies became visible, spanning from 14 to 20
days. This could be attributed to the innate properties of the disrupted genes, as gene
dosage and the hierarchical positioning of the gene in the reprogramming pathway could
affect both the efficacy and efficiency of Oct4 substitution. Furthermore, in situations
where constitutive expression of transposase was employed, continuous mobilisation of the
transposon cassettes could dictate the time taken for an insertion in a critical gene to occur,

potentially instigating the heterogeneous reprogramming rate.

To serve as a control, an independent experiment was conducted using transposon
cassettes that were only comprised of the three reprogramming factors, c-Myc, Klf4 and
Sox2, regulated by a CAG-promoter (Figure 3.1). The three transcription factors alone did
not yield any colonies, reaffirming that observations of reprogrammed fibroblasts were
attributable to the mutagenic ability of the splice donor site and/or CAG promoter. To
verify the pluripotent nature of the ES cell-like colonies, puromycin selection was
introduced 25 days after the start of the experiment. As puromycin resistance is encoded
under the endogenous Oct4 promoter, colonies which have successfully activated

endogenous Oct4 transcription will exhibit resistance.

Not surprisingly, the amount of helper plasmids played a significant role in dictating the

transposition efficiencies of piggyBac (Wang et al., 2008). Electroporation of 1 x 10’
95



MEFs which expressed PBase constitutively under the endogenous ROSA26 locus
generated thousands of ES cell-like colonies, whereas MEFs dependent on the fleeting

ectopic expression of PBase gave rise to seven colonies.

Five days after puromycin selection, genetic material from reprogrammed colonies was
extracted and splinkerette PCR was performed. As numerous colonies were observed when
PB-CAG-CKS-CAG-SD was employed as a mutagen, DNA pools from each of the ten
electroporations were collected for further analysis. In contrast, transient expression of
PBase only resulted in the formation of seven colonies, hence each colony was analysed
individually. Figure 3.3 shows a gel electrophoresis image of splinkerette PCR products
obtained from ten pools of DNA originating from the application of PB-CAG-CKS-CAG-
SD. The bands observed correspond to transposon integration sites. After purification,
PCR products were cloned into pGEMT-EASY plasmids (Promega). 96 colonies were

picked from each DNA pool or colony and sequenced.
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Pate 1 2 3 4 5 6 7 8 9 10

PB-Left PB-Right

Figure 3.3 Splinkerette PCR of integration sites Gel electrophoresis image of splinkerette PCR
products obtained from each of ten 10cm plates with induced pluripotent stem cell colonies as
instigated by the presence of PB-CAG-CKS-CAG-SD. Each band represents the presence of an
integration site. PB-Left and PB-Right refer to primers used to obtain these PCR products. PB-Left
employs the use of primers against the left transposon arm and PB-Right employs the use of
primers against the right transposon arm.
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3.3.2 Analysis of the PB Integration sites

Bioinformatics analysis was performed on the sequencing outcomes corresponding to the
splinkerette PCR products. This analysis involved the mapping of the sequence to an
annotated high coverage mouse assembly, NCBI m37, allowing both the site of integration
and the orientation of the inserted transposon to be ascertained. To cleanse the dataset of
unwanted reads, genome matches of less than 50 base pairs and insignificant genome
matches of less than 90% were ignored. As the two genetic screens exhibited varied
dynamics and portrayed dissimilar outcomes, distinct methodology was implemented to

trim the list of integration sites and will be described below.

3.3.2.1 Identification of candidate genes in the PB-CAG-CKS-CAG-SD screen
In this screen, PB-CAG-CKS-CAG-SD was employed to mutagenise MEFs. As PB-CAG-

CKS-CAG-SD possesses a splice donor site, components of transcriptional machinery will
be attracted to the splice donor site upon integration into the host genome and force the
recognition of a neighbouring splice acceptor site to initiate transcription. In addition,
MEFs that were transfected harboured genetic modifications, where PBase was
constitutively expressed from the endogenous ROSA26 locus. A combination of the splice
donor site and constitutive expression of PBase led to the formation of a multitude of ES
cell-like colonies. The sheer number of reprogrammed colonies made it impossible to
analyse individual colonies. Instead, integration sites attained were reflective of a pool of
cells. As copious amounts of integration sites were identified, careful reduction in list of
integration sites was pertinent. As a result, intergenic regions and transposon cassettes
which land in the opposing orientation to the integrated gene were disregarded. In
summary, from an initial screen involving 1 x 10" MEFs, 275 hits were obtained, of which
179 were within intergenic regions and 96 were within annotated genes. After subtracting
transposon cassettes which were integrated in an opposite orientation to the targeted gene,
44 gene targets remained. Each of these 44 genes was carefully investigated and Figure
3.4 shows a summary of the genes and their known functions. Pathways highlighted in the
screen may provide clues to the molecular circuitry behind the function of Oct4 in

reprogramming or suggest alternative pathways which play crucial roles in driving
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pluripotency. Hence a closer look is needed to carefully select potential targets which may

replace Oct4.
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Figure 3.4 List of candidate genes identified from the PB-CAG-CKS-CAG-SD driven genetic
screen List of factors obtained from PB-CAG-CKS-CAG-SD-assisted genetic screen. 44 genes
were isolated after elimination of poor, short reads and intergenic regions. Genes listed are
annotated in Ensembl and harbour transposon integrations in the same orientation. Potential targets

were grouped according to their functions and displayed in the table.
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Classification of 44 genes according to their functional categories reveals a diverse
ontological representation (Figure 3.5). The largest group consists of genes which have
been poorly characterised. This strengthens the notion of an unbiased screen, where genes
of unknown functions were unravelled. The sector of following magnitude comprises of
transcription factors involved in developmental processes. Exemplified by the potency of
the reprogramming cocktail, this segment of candidate factors was anticipated and
reaffirmed the reliability of the genetic screen. Genes involved in cell-
adhesion/communication were also significantly represented in the list of potential factors.
Intriguingly, it was recently reported that E-cadherin expression was indicative of fully
reprogrammed iPSCs and its ablation led to reduced reprogramming efficiencies (Redmer
et al., 2011). Moreover, E-cadherin was a competent substitute for exogenous Oct4 during
reprogramming (Redmer et al., 2011). This offers a separate dimension to highlight the
dependability of the genetic screen. Although E-cadherin was not identified from the
genetic screen attributable to an unsaturated genome, its co-operating partners CTNND1
and CTNND2 were identified, reinforcing the notion that changes in cell adhesion are

integral during reprogramming.

Among the 44 genes which were identified in the screen, two were of particular interest as
integration events were witnessed in more than one independent DNA pools, decreasing
the likelihood that both genes were observed by chance. These two genes have been
annotated as Retinoic Acid Receptor beta (RARB) and Basonuclin-2 (BNC2). The

integration sites identified within these genes are indicated in Figure 3.6.

Between the two candidate genes, BNC2 was portrayed to harbour four integration sites,
whereas RAR[ consisted of two. As a form of validation, BNC2 was employed as a
reference and primers flanking each of the four insertion sites were designed. PCR was
conducted using these primers to verify the presence of transposon cassettes within the
genomic content of the reprogrammed cells (Figure 3.7). Three of four predicted sites
were validated through PCR. Failure to amplify the remaining site could be attributed to
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technical limitations such as poor primer design. Overall, these results reaffirm the

accurate and dependable nature of the sequencing results.
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Classification of Candidate Genes

M metabolic pathway (1)

B DNA damage response (2)

H ubiquitination (2)

M cellular transport (4)

M cell signaling components (6)

M cell-cell interaction/communication (7)
M transcriptional regulators involved in

developmental processes (8)

M poorly characterized (14)

Figure 3.5 Overview of functional classification of candidate genes identified from the PB-
CAG-CKS-CAG-SD driven genetic screen Pie chart describing the diverse functions of
candidate genes. The colours depict distinct categories, as labelled in the legend. The actual
number of genes associated to each category is shown in brackets. Percentage representation of
each group is displayed on the pie chart fractions.
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Figure 3.6 Schematic diagram showing transposon integration sites within two candidate
genes Integration sites obtained from the PB-CAG-CKS-CAG-SD-assisted genetic screen.
Coloured boxes indicate the exons corresponding to the two genomic regions. Arrows depict the
location of the integration sites, and are conjugated to the exact genomic position of the insertions.

The scale bar represents a genomic size of 10kb.
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Plate Number Primers

1 1-1,1-2
2 4-1,4-2
6 3-1,3-2
8 2-1,2-2

Primer

Plate Number 1268-1268-1268-12638- 1268-1268-1268-12638-

Figure 3.7 Validation of BNC2 insertion sites A pair of primers were designed for each of the 4
insertion sites. Genomic DNA was obtained from each of ten 10cm plates with iPSC colonies.
DNA from plates 1, 2, 6, 8 and 10 were used. Insertions in the genomic locus corresponding to
BNC2 were observed in plates 1, 2, 6 and 8. As plate 10 did not possess insertions in BNC2, it was
employed as the negative control and is designated as a dash. Primers that recognise the four
integration sites are listed in the table. PCR was conducted using all 8 primer pairs and the image
represents the visualization of the PCR products on an agarose gel, as indicated by the yellow

arrows.
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3.3.2.2 Identification of candidate genes in the PB-CAG-CKS-CAG screen

The use of PB-CAG-CKS-CAG as a mutagen provides a rigorous platform to deregulate
gene expression levels of factors that are competent at replacing the ectopic requirement of
Oct4 during reprogramming. Due to the stringent nature of this screen in the absence of a
splice donor site, a total of seven iPSC colonies were obtained and individually analysed.
This is a stark contrast to the first screen where large numbers of colonies were seen and
analysis on pools of reprogrammed cells was performed. Instead, it was possible to

examine integration sites within individual iPSC colonies obtained from the screen.

Due to the absence of a splice donor site in the mutagenic cassette, it is essential that the
promoter and enhancer attributes of CAG drive the expression of the inserted gene. The
resultant gene product would not be truncated or modified, unlike the previously
mentioned screen. With this in mind, all integration sites were analysed and intergenic
regions were taken into consideration. In order to score intergenic regions, the nearest

neighbouring gene in the direction akin to the CAG promoter was taken into account.

Figure 3.8 provides an overview of the integration sites within the seven clones.
Examination of the orientation of insertion sites revealed no bias, such that both
orientations were observed at equal frequencies. An average of 20 integration sites was
detected in each iPSC colony. This is a huge discrepancy to the calculations performed in
Chapter 3.2.1 which predicts approximately one integration site per cell that has been
successfully transfected with both donor and helper plasmids. However, it is plausible that
stringency of the experiment resulted in the isolation of rare cells that exhibit increased
frequencies of transposon insertions. Moreover, the ability to replace the exogenous
requirement of Oct4 is challenging, hence cells which are highly mutated are inherently
more likely to possess a critical aberration to overcome the selection process. Lastly, it is
possible that several genes work in synergy to surmount the absence of exogenous Oct4,

explaining the high number of integrations per established iPSC colony.
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In total, 138 integrations were uncovered. Assembling these insertion sites to the mouse
genome reveals a total of 133 genes. Ontological classification of these genes is described
in Figure 3.9. Analagous to the results obtained from the first strategy, a large proportion
of 47 genes (35%) were poorly characterised, reiterating the potential of the genetic screen
to uncover novel candidates and pathways associated to reprogramming. Genes involved
in cell signalling, transcriptional regulation and mRNA processing were also over-
represented in the analysis. All seven iPSC colonies displayed deregulation in one or more

of these pathways (Figure 3.10).
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Clone 1 Clone 2 Clone 3 Clone 4 Clone 5 Clone 6 Clone 7
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Figure 3.8 List of candidate genes identified from the PB-CAG-CKS-CAG driven genetic
screen List of factors obtained from PB-CAG-CKS-CAG-assisted genetic screen. Seven individual
colonies were picked and sequenced. Candidate genes from each of the seven clones are displayed

in the table. Black and blue fonts highlight genes in the same and opposite orientation as the

insertion cassettes respectively.
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Analysis of Integration Sites

M poorly characterized (47)

M cell signalling components (11)

m metabolic pathways (10)

| transcriptional regulators involved in developmental processes (9)

B mRNA processing (7)

B neuronal components (5)

M ubiquitination (5)

H ion transport (4)

m epigenetic modifications (4)

M apoptosis (4)

m DNA damage response (3)
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B membrane proteins (3)
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m microRNAs (2)
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" centrosome component (1)

m cilia biogenesis (1)
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Figure 3.9 Overview of functional classification of candidate genes identified from the PB-

CAG-CKS-CAG driven genetic screen Pie chart describing the diverse functions of candidate

genes. The colours depict distinct categories, as labelled in the legend. The actual number of genes

associated to each category is shown in brackets. Percentage representation of each group is

displayed on the pie chart fractions.
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Figure 3.10 Graphical representation of candidate genes identified from the PB-CAG-CKS-
CAG driven genetic screen Bar chart displaying the range of mutations in functional groups in
each of the seven iPSC colonies. Array of colours depict different categories as listed on the right.
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Interestingly, additional pathways such as ubiquitination and apoptosis also exhibited
aberrance in these reprogrammed cells. Ablation of p53 and the consequent increase in cell
proliferation has been reported to increase reprogramming efficiency (Zhao et al., 2008;
Hanna et al., 2009; Utikal et al., 2009; Marion et al., 2009; Li et al., 2009; Kawamura et
al., 2009; Hong et al., 2009), establishing the possibility that overcoming protective
mechanisms such as apoptosis and protein degradation could alleviate the reprogramming
process. However, it is necessary to keep in mind that each iPSC colony received an
average of 20 integration sites, and a mere subset of them contributed to the initiation of
reprogramming events in the absence of Oct4. As such, the analysis must be performed

with caution and future validation steps are critical.

A similar criterion to the abovementioned (Chapter 3.3.2.1) was employed to taper the list
of candidate factors. Among 133 candidate genes, three genes were identified to harbour
more than one transposon integrations in independent iPSC colonies, hence reducing the
probability that these integrations occurred by chance. These genes were Retinoic acid
receptor-related Orphan Receptor alpha (RORa), Caldesmon (Caldl) and DDB1-CUL4A-
associated factor-5 (DCAF5). Figure 3.11 provides a schematic overview of the location

of insertion sites.

Having identified a handful of candidate genes, it is essential to validate their abilities to
reprogram MEFs in the absence of exogenous Oct4. These experiments will be described

in the following chapter.
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Figure 3.11 Schematic diagram showing transposon integration sites within three candidate
genes Integration sites obtained from the PB-CAG-CKS-CAG-assisted genetic screen. Coloured
boxes indicate the exons corresponding to the three genomic regions. Arrows depict the location of
the integration sites, and are conjugated to the exact genomic position of the insertions. The scale

bar represents a genomic size of 20kb.
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3.4 Discussion

This chapter attempts to identify candidate genes which can co-operate with ectopic
expression of c-Myc, KIf4 and Sox2, to drive the reversion of somatic signatures in MEFs.
A transposon assisted mutagenesis screen was conducted to address this objective. Two
approaches differing in the expression of PBase and gene trapping strategies were
employed and iPSCs were successfully generated. This highlights the possibility to
overcome the exogenous requirement for Oct4 in order to trigger dedifferentiation.

3.4.1 Analysis of the ontological classification of candidate genes

Sequencing of the integration sites generated from both screening strategies yielded an
immense amount of information. Categorisation of genes that exhibited insertion sites
provided a broad insight on the cellular processes that were ignited during the acquisition
of pluripotency. By comparing both experimental strategies, it is evident that there are
several segments of genes which were recurrent. These include transcriptional regulators
that affect development, components of metabolic and cell signalling pathways, and
MRNA processing. To comprehend the repercussions of identifying these gene segments,

each gene segment is elaborated below.

Transcriptional regulators have been demonstrated to play critical roles in the generation
of iPSCs from its conception. Four transcription factors specifically expressed in ESCs
were able to convert somatic cell types to ES cell-like states (Takahashi and Yamanaka,
2006) and an expanded list of pluripotency-associated transcription factors have been
demonstrated to augment this dedifferentiation process (Han et al., 2010b; Heng et al.,
2010; Feng et al., 2009; Nagamatsu et al., 2011; Maekawa et al., 2011). In addition,
epigenetic modifiers have been described to affect reprogramming efficiencies (Mikkelsen
et al., 2008; Huangfu et al., 2008a).
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Metabolism has been delineated to participate in the transformation of cells during
tumorigenesis by fuelling proliferation (Vander Heiden et al., 2009; reviewed by
Hamanaka and Chandel, 2012). In addition, pluripotent cells have been described to
possess disparate metabolic signatures to somatic cell types and the acquisition of
pluripotency incurs a shift in these metabolic elements (Varum et al., 2011; Prigione et al.,
2010). As such, overriding metabolic pathways may surmount obstacles that hinder the

initiation of dedifferentiation.

Cell signalling pathways have been well-characterised in pluripotent stem cells (Yoshida et
al., 1994; Niwa et al., 1998; Ying et al., 2003). The use of small chemicals such as MEK
and GSK3p inhibitors are routinely performed to sustain ground state pluripotency (Ying
et al., 2008). Recently, it has been established that promotion of Wnt signalling increases
reprogramming efficiencies (Marson et al., 2008a; Lluis et al., 2011). Extending this, two
receptors of Wnt ligands, Gprl77 and Fzd2, were discovered to harbour integration sites
from the genetic screen and may provide closer insight to the role of Wnt signalling during
the generation of iPSCs.

MRNA processing is an evolving field and evidence of its role in the execution of nuclear
reprogramming is budding (Ji and Tian, 2009). Comparisons between proteomic and
transcriptional expression levels in ESCs reveal discrepancies, where protein and mRNA
levels of pluripotency-associated factors change non-synonymously during differentiation,
implicating an interruption in mMRNA processing (O’Brien et al., 2010). Moreover,
transcriptomic comparisons between oocytes and 2-cell embryos revealed differences in
expression levels of components that participate in mRNA processing (Macfarlan et al.,
2012). Overall, these results surmise the significance of mMRNA processing in development

and nuclear reprogramming of somatic cells, leaving much to be uncovered.

Mutagenic diversity within a single iPS clone (Figure 3.10) proposes that deregulation of
a spectrum of cellular processes is necessary to attain pluripotency. Close inspection of the
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breadth of genetic aberrations in each of the seven iPSC colonies may shed light on
potential genetic co-operations. On a similar note, previously described transposon
mediated genetic screens revealed not only mutually exclusive oncogenic roles of lkaros

and Notch, but also putative co-operating partners of Notch (Dupuy et al., 2005).

Although the classification of the candidate genes sheds light on critical processes in the
initiation of reprogramming, it is key to note that a subset of genes may possess “passenger
mutations” which are not causal to the appearance of iPSCs. As the conversion of somatic
cells to pluripotent derivatives is accompanied by alterations in chromatin conformation,
transposons may gain access to remote regions of the genome. This leads to increased
incidences of insertion events at genomic loci which are exposed during reprogramming,
irrespective to their contribution to the reprogramming process. Hence, it is necessary to

look at the list with scepticism and conduct further validation experiments.

3.4.2 Technical considerations of the screen

To assess the coverage of the transposition events, uncurated insertion sites across each
chromosome were tallied (Figure 3.12). As piggyBac has been described to not exhibit a
selection bias (Wang et al., 2008), the number of integration sites per chromosome should
draw a parallel to its size. However, an unequal distribution of insertion sites was
observed. By comparing both genetic screens, transposition events in chromosomes 12, 13
and 18 were over-represented, whereas insertion sites in chromosomes 11, 16 and 19 were
infrequent. Interestingly, among the candidate genes identified, only DCAFS5 is situated in
genomic regions which were over-represented, eliminating the possibility that candidate

genes were identified due to their presence at preferential integration sites.

Although the numbers are small and lacks replicates, it is important to keep these figures
in mind when designing future screens. Increasing the scope of the experiment may result
in a more balanced distribution of integration sites. On the other hand, it is also plausible

that genes critical in the reprogramming process are dominantly located on mouse
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chromosomes 12, 13 and 18. From a different perspective, PB-CAG-CKS-CAG-SD and
PB-CAG-CKS-CAG- assisted mutagenesis gave rise to an average of 1.15 and 0.96
integration sites per 10Mb of the mouse genome respectively. As these values were
obtained from a small population of transfected cells that survived the selection process, it
gives us confidence that the genome was saturated (as denoted in Chapter 3.2) and more

than one integration site was achieved per 20kb of the genome.

To ascertain the saturation of the genetic screen, integrations within Oct4 should have been
observed. However, Oct4 was not in the list of candidate genes. This could be attributed to
the relatively small genomic size of the Oct4 locus. Spanning a mere 4739bp, it is unlikely
that an insertion would occur in its vicinity. In addition, Oct4 is specifically expressed in
pluripotent stem cells and not in MEFs, possibly exhibiting steric hindrance at its genomic
locus. Furthermore, the genomic locus corresponding to Oct4 is laden with regulatory
sites, hence integrations that affect these regulatory elements may abrogate Oct4
expression. On another note, application of a splice donor site in the first experimental
strategy would have resulted in a truncated transcript if an insertion had occurred within
the Oct4 locus. This would have led to a loss of function, and reprogramming would have
been stalled. Ultimately, this Chapter describes a minimal coverage screen. To this end,
augmenting the coverage through increasing cell numbers or increased transposon amounts
may allow the detection of integration sites within Oct4. Reprogramming of MEFs to
iIPSCs is a demanding and stochastic process which displays low efficiencies between
0.01-0.2% (reviewed by Hochedlinger and Plath, 2009; Hanna et al., 2009). As
calculations performed in Chapter 3.2.1 did not consider low reprogramming efficiencies,
it is possible that although the transposon cassette landed in the Oct4 locus, it was unable
to elicit reprogramming events within 25 days. As such, increasing starting amounts of

MEFs may overcome this bottleneck.

A separate limitation of the genetic screen is the detection of insertion sites. First, the
detection of insertion sites relies on amplification via polymerase chain reaction.
According to amplification conditions, only medium sized products of approximately
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500bp were generated, whereas the production of short and long products were
challenging. Another drawback is evident in the bias faced during the ligation of amplified
products into pPGEMT-Easy. A similar phenomenon was experienced where medium-sized
products were ligated into pPGEMT-Easy with more ease than short and long fragments. In
addition, of the fragments that were successfully ligated and transformed, only a subset of
bacterial colonies was ultimately sequenced. This selection process could potentially lead
to the omission of critical genes. Lastly, in addition to increasing cell numbers to further
saturate the genome, a different subset of candidate genes may be illuminated through the

application of a separate restriction enzyme during the execution of splinkerette PCR.
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Chromosome  Number of Number of integration Chromosome  Number of Number of integration

number integration sites sites per 10Mb number integration sites sites per 10Mb
ik 31 1:57 1 23 147
2 18 0.99 2 17 0.93
3 23 1.44 3 17 1.06
4 16 1.03 4 13 0.83
5 15 0.98 5 11 0.72
6 20 1.33 6 14 0.93
7 18 1.18 7 16 1.05
8 18 1.36 8 15 1.14
9 11 0.89 9 8 0.65
Strategy 1: Strategy 2:
10 1 0.85 PB-CAG-CKS.CAG-5D 10 19 0.7 PB-CAG-CKS-CAG
11 7 0.57 11 7 0.57
12 23 1.90 12 20 1.65
13 23 1.92 13 21 1.75
14 10 0.80 14 8 0.64
15 11 1.07 15 9 0.87
16 4 0.41 16 4 0.41
17 12 1.26 17 10 1.05
18 15 1.65 18 13 1.43
19 4 0.66 19 4 0.66

Figure 3.12 Table displaying spread of transposition events Uncurated insertion sites were
tallied according to their chromosomal positions. Using the length of each chromosome, as stated
in the Mouse Genome Informatics, Jackson Laboratories, the frequency of insertion sites per 10Mb
of each chromosome was derived. As two genetic screens were calculated, the values
corresponding to the first strategy using PB-CAG-CKS-CAG-SD are shown on the left. Similarly,
values associated to PB-CAG-CKS-CAG-assisted mutagenesis are revealed on the right.

118



3.5 Conclusion

This chapter illustrates the possibility of conducting a transposon-assisted mutagenesis
screen to identify genes involved in reprogramming. Moreover, these results demonstrate
the ability to replace the exogenous requirement of Oct4 during reprogramming. The
candidate genes obtained from the screen are mostly made up of poorly characterised
genes, allowing room for validation. In addition, a large proportion of genes identified are
associated to cellular pathways critical in the maintenance of pluripotency and growth.
Due to the extended list of candidate genes, it is challenging to isolate factors for further
characterization. To this end, the list was narrowed to five genes which were identified

from independent pools of genetic material.

119



CHAPTER 4 : VALIDATION OF CANDIDATE GENES

4.1 Introduction

In this chapter, I aim to validate the candidate genes identified in Chapter 3, by assessing
their ability to replace the exogenous requirement of Oct4 during reprogramming. These
candidate genes were discovered through a piggyBac-assisted mutagenesis screen where
integration sites within these genes were observed in more than one occasion, diminishing
the possibility that these occurrences were dependent on chance. Validation was conducted
in a similar approach to the screen where piggyBac-mediated transposition was employed
to deliver the cDNAs. To this end, transposon cassettes comprising of the candidate genes
were generated. A total of five genes identified from the screens, RARB, RORa, BNC2,
Caldl and DCAF5, were subjected to validation assays.

4.1.1 The piggyBac transposon as a reprogramming tool

In 2006, a milestone in nuclear reprogramming was established. Retroviral delivery of four
transcription factors, Oct4, c-Myc, KlIf4 and Sox2, into mouse fibroblasts was sufficient to
revert transfected cells into a primitive ES cell-like state (Takahashi and Yamanaka, 2006).
Reprogrammed cells resembled ESCs in transcriptional and functional properties, and
were termed as iPSCs. The inception of iPSC technology evoked a multitude of studies
attempting to replicate and enhance the original findings. One such advancement was the
refinement of delivery methods used to introduce the four reprogramming factors into
desired cell types. As the conventional cocktail of reprogramming genes is made up of
critical regulators of cell fate and development, they also serve as potent oncogenes. The
generation of mice from iPSCs originally obtained through retroviral infections gave rise
neck and other tumours at a frequency of 20%, attributable to the reactivation of c-Myc
(Okita et al., 2007).

To circumvent this problem, a spectrum of alternative gene delivery tools was employed.
Non-integrating approaches such as adenoviruses, Sendai virus, episomal DNA, repeated

transfections of mMRNA or plasmid DNA and purified proteins have been described to
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generate iPSCs (Fusaki et al., 2009; Stadtfeld et al., 2008; Yu et al., 2009; Warren et al.,
2010; Okita et al., 2008; Kim et al., 2009a; Zhou et al., 2009). Although a portion of these
methods do not implicate the use of genetic material, certain protocols are labour-intensive
and challenging to be faithfully reproduced. Ultimately, reprogramming efficiencies
instigated by these methods are low and create a bottleneck in the creation of iPSCs, where
non-integrating viruses generate iPSCs at efficiencies between 0.0001% and 0.0018%,
approximately a third of reprogramming efficiencies achieved by retroviruses (reviewed
by Gonzélez et al., 2011).

Apart from non-integrating protocols, transposon-mediated mutagenesis exemplifies an
efficient tool to deliver the reprogramming cocktail into cells (Woltjen et al., 2009; Kaji et
al., 2009; Yusa et al., 2009). Despite its integrative nature, expression of an appropriate
transposase can allow the excision of the transposon. In particular, the piggyBac
transposon exhibit the absence of a genetic footprint upon mobilisation (Fraser et al.,
1996), producing transgene-free iPSCs (Woltjen et al., 2009; Kaji et al., 2009; Yusa et al.,
2009).

Analogous to Chapter 3, the capabilities of piggyBac-assisted transposition have also
been employed to isolate genes capable of reverting primed EpiSCs to naive ESCs (Guo et
al., 2010). Nr5a2 was isolated from the screen and its ability to reprogram EpiSCs was
validated when introduced into EpiSCs in a piggyBac-assisted manner. Parallel to the
published finding, this Chapter describes the use of transposition to validate the candidate

genes obtained from Chapter 3.

4.1.2 Candidate Genes

4.1.2.1 Retinoic Acid Receptor beta (RARP)

Retinoic Acid signalling plays an integral role during development (Thaller and Eichele,
1987; Dickman et al., 1997; White et al., 1998). The cascade of molecular events elicited
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by Retinoic Acid signalling relies on the presence of three receptors which recognise and
bind to Retinoic Acid, namely Retinoic Acid Receptor alpha (RARa), Retinoic Acid
Receptor beta (RARB) and Retinoic Acid Receptor gamma (RARY) (Giguere et al., 1987,
Dejean et al., 1986; Petkovich et al., 1987; Benbrook et al., 1988; Brand et al., 1988; Krust
et al., 1989; Zelent et al., 1989). These receptors were classified under the nuclear receptor
superfamily and show high resemblance in their DNA binding domains (DBDs) and ligand
binding domains (LBDs) (reviewed by Chambon, 1996).

RARS represents one family member and the human isoform was originally discovered in
1988 by two independent laboratories using distinct approaches. One study detected
homology to RARa (Brand et al., 1988), whereas the other determined integration sites in
Hepatitis B virus (HBV) infected hepatocellular carcinoma (Benbrook et al., 1988). To
explore its function, the ligand binding domain of RARB was tethered to the DNA binding
domain of human estrogen receptor. Exposure of RA at physiological concentrations led to
the activation of estrogen responsive genes, reflecting ligand dependent transcriptional
activity. Sharing close homology, mouse RAR[ was discovered soon after (Zelent et al.,
1989).

Mouse RARS exists in three isoforms, RARB1, RARB2 and RARB3, which are identical
except for the hypervariable domain at the NH,-terminal end (Zelent et al., 1991).
Exhibiting distinct 5* untranslated regions (UTRs), it was proposed that the three isoforms
are regulated by multiple promoters and undergo alternative splicing. RARB1 and RARf3,
observed at lower frequencies than RARB2, are primarily expressed in the brain, whereas
RARP2 is highly expressed in EC cells and is postulated to function in developmental
pathways. Interestingly, loss of RARB2 has been observed in an array of cancers,
highlighting its role in development (Picard et al., 1999; Xu et al., 1999; Xu et al., 1997,
Widschwendter et al., 1997).
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Recent studies have implicated another RAR family member, RARy, in the promotion of
reprogramming events (Wang et al., 2010). This phenomenon was observed in the
accompaniment of LRH1 and was attributed to activation of the proximal promoter of
endogenous Oct4. Having delineated that RARy can enhance the generation of iPSCs
through the activation of Oct4, it suggests that RARB may play a similar role in the

derivation of iPSCs.

4.1.2.3 Retinoic Acid Receptor-related Orphan Receptor alpha (RORa)

RORa belongs to a family of orphan receptors (RORs) which shares homology to RARs.
RORs have been described to play pleiotropic functions in development, inflammation and
metabolism (reviewed by Jetten, 2009). Analagous to other steroid hormone receptors,
RORs function as ligand activated transcription factors. Structural and functional studies
have demonstrated that cholesterol has the capacity to bind to RORs and consequently
enhances transcription (Kallen et al., 2004), insinuating its capacity as a natural ligand.

The discovery of RORs was spurred by the cloning of several steroid hormone receptors in
the 1980s. This brought about the identification of three family members, namely RORa
(Becker-André et al., 1993; Giguere et al., 1993; Giguere et al., 1994), RORB (André et
al., 1998; Calberg et al., 1994; Schaeren-Wiemers et al., 1997), and RORy (He et al., 1998;
Hirose et al., 1994; Medvedev et al., 1996). RORs comprise of an N-terminal domain,
DNA-binding domain, a hinge domain, and a C-terminal ligand-binding domain, where the
DNA-binding domain displays close identity and the ligand binding domain exhibits

moderate resemblance among family members (reviewed by Jetten et al., 2009).

RORa is expressed in a variety of tissues, including testis, kidney, adipose and liver, with
significant levels in the brain (Becker-André et al., 1993; Carlberg et al., 1994; Nakagawa
et al., 1997; Nakagawa and O'Leary, 2003). Disruption of RORa through the deletion of

its fifth exon or complete ablation results in thin long bones (Meyer et al., 2000), ataxia
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and severe cerebellar atrophy (Hamilton et al., 1996; Doulazmi et al., 2001; Doulazmi et
al., 1999; Dussault et al., 1998). RORa has also been implicated in the study of cancer,
suggesting its importance in developmental processes (Lee et al., 2010; Xiong et al.,
2012). As links between nuclear reprogramming and RORo remain elusive, it will be
interesting to determine if RORa can act as a substitute for ectopic Oct4 during the

acquisition of pluripotency.

4.1.2.4 Basonuclin-2 (BNC2)

Basonuclins were first discovered in an incidental manner through a search for regulators
that possess helix-loop-helix (HLH) domains in human keratinocytes (Tseng and Green,
1992). Instead, they identified an atypical zinc finger motif that consists of six C,H, zinc
fingers arranged in three interspersed pairs. Designated as basonuclin-1 (BNC1), it also
possesses a serine stripe and nuclear localisation signal between the second and third zinc
fingers, delineating its ability to shuttle between the nucleus and cytoplasm in
keratinocytes (luchi and Green, 1997; luchi et al., 2000).

BNC2 was subsequently discovered by searching chicken and mouse expressed sequence
tag (EST) databases for homology to BNC1 (Romano et al., 2004; Vanhoutteghem and
Djian, 2004). Although BNC2 comprises of similar elements to BNC1, comparison of both
human isoforms reveal 58% homology at sequence level and 44% homology at amino acid
level. Across species, mouse BNCL1 is 85.6% similar to its human counterpart, whereas
mouse and human BNC2 exhibit 97.0% homology.

In resemblance to BNC1, BNC2 is expressed in the epidermis, the testis and the ovary.
However, arising pieces of evidence have suggested a wider expression pattern of BNC2
in the kidney, intestine, uterus, palate, connective tissue surrounding the brain, cartilage
and bones (Romano et al., 2004; Vanhoutteghem and Djian, 2004; Vanhoutteghem et al.,
2011).
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Disruption of BNC2 poses as a tool to elucidate its function and has been exemplified
across species. Fusion between the first exon of BNC2 and LacZ in mice leads to a cleft
palate, abnormalities in craniofacial bones and tongue, resulting in death within 24 hours
of birth (Vanhoutteghem et al., 2009). Nitrosonurea incurred BNC2 mutations have been
demonstrated in a zebrafish mutant known as bonparte. These zebrafish exhibit infertility
and lack adult stripe patterns, attributable to the presence of a premature stop codon and
the creation of a truncation product which lacks all six zinc fingers (Lang et al., 2009).
However, these observations may be a result of genetic redundancy by its family member,
BNC1, thus shadowing the true function of BNC2. As such, further elucidation of the

mechanisms related to BNC2 is necessary.

In humans, computational analysis of the genomic locus corresponding to BNC2 predicts
the presence of six promoters, seven major and sixteen minor exons, and the potential to
generate 90,000 mRNA spliced isoforms (Vanhoutteghem et al., 2007). It extends over
461 kb of the genome and has been implicated in ovarian and esophageal cancer (Song et
al., 2009; Akagi et al., 2009; Sundqgvist et al., 2011). Although the function of BNC2 has
not been clearly delineated, both members of the basonuclin family depict critical roles in
developmental pathways. As such, it will be intriguing to explore the role of BNC2 in the
generation of iPSCs.

4.1.2.5 Caldesmon-1 (Caldl)

Caldl encodes for Caldesmon, a multimodular protein which plays significant roles in
actomyosin contraction and actin cytoskeleton remodelling (reviewed by Lin et al., 2009).
It was first identified in the chicken gizzard through its interaction with Calmodulin
(Sobue et al., 1981). Two isoforms have subsequently been discovered: high molecular
mass Caldl (h-Caldl) and low molecular mass Caldl (I-Caldl). L-Caldl lacks a single
helical region that separates the N- and C- terminal domains (Owada et al., 1984; Sobue et

al., 1985). Although both isoforms exhibit similar biochemical properties in vitro, they
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have been observed in mutually exclusive compartments; h-Cald1 is primarily expressed in
smooth muscle cells (Marston and Lehman, 1985; Furst et al., 1986; Bretscher and Lynch,

1985), whereas I-Cald1l is found in non-smooth muscle cells (Sobue et al., 1985).

Disruption of h-Caldl through the excision of exon 3 has been performed in mice (Guo
and Wang, 2005). Although some homozygotes survived until adulthood, most F2
newborns developed umbilical hernia and died within 5-7 hours following birth. Cald1 has
also been deregulated in zebrafish, via the introduction of morpholinos to knockdown gene
expression levels, influencing its capacity to modulate cardiac morphogenesis,
muscularisation and function (Zheng et al., 2009a; Zheng et al., 2009b). In combination
with observations that portray its influence on cellular transformation and cancer (Novy et
al., 1991; Owada et al., 1984; Ross et al., 2000; Tanaka et al., 1993), it is evident that
Caldl plays a pivotal role in vertebrate development. As such, implications that Cald1 may
participate in the process of nuclear reprogramming will assist in the elucidation of its role
during development.

4.1.2.6 DDB1 and CUL4 associated factor 5 (DCAF5)
DCAFS5 belongs to a family of DDB1 and CUL4 interactors. CUL4 is an example of a

cullin which acts as a scaffold around the assembly unit associated with ubiquitin ligases
(reviewed by Petroski and Deshaies, 2005). As the molecular mechanisms behind the
action of CUL4 remain unclear, binding partners were identified using
immunoprecipitation of DDB1 (Jin et al., 2006). Using proteomic approaches, DDB1
interating partners were delineated and 18 DCAFs were identified. Among these
candidates, 14 comprised of WD40 repeats, facilitating their interaction with DDB1.
Although initial studies implicate DCAF5 in process of ubiquitination, little research has
been conducted to reinforce these findings. Identification of DCAF5 as a candidate
substitute for ectopic expression of Oct4 during reprogramming may shed light on the
influence of ubiquitination on reprogramming, and may delineate the molecular

mechanisms associated to DCAF5. Moreover, Oct4 expression levels has been described
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to be regulated through ubiquitination (Saxe et al., 2009), inferring that DCAF5 may play a

role in reprogramming through direct modification of Oct4 protein.

4.1.3 Chapter Aim

This chapter aims to address the results achieved from the piggyBac assisted mutagenesis
screen described in Chapter 3. The genetic screen was adopted to identify factors which
display competence in negotiating the exogenous requirement of Oct4 during the
acquisition of pluripotency. Five candidate genes, as described in detail, were identified
and will be addressed in this chapter. Candidate genes will be introduced into mouse
fibroblasts, in combination with c-Myc, KIf4 and Sox2, using a piggyBac mediated
approach. The emergence of iPSCs will reflect the ability of the candidate gene to trigger
reprogramming events, allowing the assessment of the dependability of the genetic screen.
In the event that these genes competently negate the need for Oct4 over-expression, iPSCs
derived using these transgenes will undergo an array of tests to determine their pluripotent
potential. As depicted in Figure 4.1, this array of tests includes transcriptional, proteomic

and epigenetic analysis, culminating in the test for germline contribution.
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Figure 4.1 Schematic diagram showing strategy to validate pluripotency of iPSCs MEFs
transfected with the desired reprogramming cocktail established iPSC colonies in an average of 2
weeks. These colonies were picked and expanded. As the iPSCs were reprogrammed in
doxycycline inducible manner, withdrawal of the drug was necessary before proceeding to
following steps. The cells were put through a battery of tests as described on the left. To the right,

an estimated time line describes the amount of time required to fulfil each task.
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4.2 Experimental Strategy

In order to validate the efficacy of the candidate genes in replacing the ectopic requirement
of Oct4 during reprogramming, piggyBac mediated transposition was applied, mirroring
the genetic screen performed in Chapter 3. Figure 4.2 provides an illustration of the
experimental approach employed. piggyBac transposons encompassing CAG-promoters
were used to drive the expression of candidate genes and their co-operating factors. c-Myc,
KIf4 and Sox2 were inserted into one transposon plasmid, and the candidate genes were
inserted into separate transposon plasmids. This recapitulates the conditions experienced
in the genetic screen where CAG-promoter was chosen to drive the three reprogramming
factors, c-Myc, KIf4 and Sox2, synonymously with the inserted genetic locus. Plasmids
that correspond to each candidate gene and its co-operating factors were introduced into
MEFs by nucleofection™, seeded onto a feeder layer and cultivated in media containing
LIF and serum to support the growth of iPSCs. These cells were maintained for 3 weeks

and inspected for the appearance of iPSC colonies.

If colonies were observed using a CAG promoter driven approach, an additional
experiment was carried out using the doxycycline inducible expression system. The ability
to use tetracycline as a gene expression switch was first demonstrated through the
modification of the prokaryotic tet repressor (tetR) complex (Gossen and Bujard, 1992).
Fusion between tetR and a transcriptional activator from the herpes simplex virus (HSV-
VP16) resulted in the formation of tetracycline transactivator (tTA). In the absence of
tetracycline, tTA associates with tetracycline responsive elements (TRE) and induces gene
expression levels. Conversely, in the presence of tetracycline, tTA binds to tetracycline
and is displaced from TRE, consequently repressing gene expression levels. The temporal
control of gene expression is rapid where levels fluctuate >50% within 24 hours. It was
subsequently discovered that four amino acid substitutions within tTA resulted in the
generation of reverse tetracycline transactivator (rtTA), and initiated transcription when
bound to tetracycline (Gossen et al., 1995). Doxycycline, a derivative of tetracycline, was
observed to be the most potent effector and triggered full expression within 24 hours. With
the capability to gain temporal control over gene expression levels, this system was

employed in our second stage of validation. Candidate genes which succeeded in the first
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round of assessment were re-introduced into fibroblasts in the presence of doxycycline. If
the gene combinations elicited reprogramming events in a doxycycline inducible manner,
doxycycline would be withdrawn to investigate if iPSCs were independent of transgene

expression, alluding to the attainment of true pluripotency.

130



- S - S

V) (i) PB-CAG-CKS + PB-CAG-BNC2 L If YES Lo ) (i) PB-TRE-CKS + PB-TRE-BNC2 9
o/ v g ? — e
- a /] & ° - s j =
& o & ELH L
;‘// (i) PB-CAG-CKS + PB-CAG-RARf L 2 If YES ;J/ (ii) PB-TRE-CKS + PB-TRE-RARB o)
o ® 2 o
D) 0
&Se YV v & Se YV )
&® (i) PB-CAG-CKS + PB-CAG-ROR 5 IfYES ’ 4 (i) PB-TRE-CKS + PB-TRE-RORct °
o % 7 — 0/ D)
= — r) L _—_ L
— 9 4 — L4

Figure 4.2 Schematic diagram displaying validation strategy (Left) piggyBac transposase was
electroporated into MEFs with PB-CAG-CKS and an individual candidate gene. Transfected MEFs
were seeded onto a mitotically inactive feeder layer and maintained for 3 weeks. (Right) If colonies
were seen, a doxycycline inducible system was explored. PB-TRE-CKS and the validated
candidate gene were introduced into MEFs, in combination with the helper vector and PB-CAG-
rtTA. If colonies were observed, they were picked and expanded. Determination of their
pluripotent potential is described in Figure 4.1.
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4.2.1 Selection of validation candidates

The genetic screen conducted in Chapter 3 identified five candidate genes which may
exhibit properties that replace the requirement for exogenous Oct4 during reprogramming.
As a first step, | focussed my efforts on BNC2, RARf and RORa..

Although little information has been revealed about BNC2, it has been postulated to
participate in mMRNA processing (Vanhoutteghem and Dijan, 2004; Vanhoutteghem et al.,
2006), which may perpetrate a global effect on the cellular machinery during
reprogramming. In addition, mRNA processing has amassed interest due to its effects on
pluripotency (Ji and Tian, 2009; O’Brien et al., 2010; Macfarlan et al., 2012), highlighting
the potential effect of BNC2 in the acquisition of pluripotency. On the other hand, the
RAR family has been depicted to influence the promoter and enhancer regions of Oct4
(Ben-Shushan et al., 1995; Delacroix et al., 2010) and the rate of reprogramming (Wang et
al.,, 2011c). In addition, it is intriguing that two steroid hormone receptors were
independently isolated from the genetic screen. With these reasonings, BNC2, RAR[ and

RORa were investigated for their capacities to influence reprogramming events.

4.3 Results

4.3.1 Generation of transposons expressing candidate genes

To obtain expression vectors that allow the ectopic expression of candidate genes in
MEFs, eight transposon cassettes were generated: four CAG promoter-driven cassettes PB-
CAG-CKS, PB-CAG-BNC2, PB-CAG-RARp, PB-CAG-RORaq, and four TRE-driven
cassettes PB-TRE-CKS, PB-TRE-BNC2, PB-TRE-RARf, PB-TRE-RORa (Figure 4.3).

The strategies employed to create these constructs are described in detail in Chapter 2.
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Figure 4.3 Schematic diagram of transgenes employed in the validation process (Top) The
expression construct comprised of piggyBac transposase driven by a CAG promoter. (Middle) PB-
CAG cassettes. The dark arrows flanking both ends depict piggyBac terminal repeats. Between the
two boundaries lies a constitutively active CAG promoter driving the expression of (i) c-Myc, KIf4
and Sox2, or (ii) the candidate gene. (Bottom) PB-TRE cassettes. In a similar layout to the above,
except the presence of a tetracycline responsive element controlling the expression of (i) c-Myc,
KIf4 and Sox2, or (ii) the candidate gene. In addition, PB-CAG-rtTA comprises of a CAG

promoter driving the expression of tetracycline reverse transcriptional activator (rtTA).
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4.3.2 BNC2 and RARB can function as Oct4 substitutes

To score the credibility of the three candidate genes, PB transposons carrying full length
cDNAs encoding BNC2, RARB and RORa were individually transfected with c-Myc,
KIf4 and Sox2 to reprogram MEFs into iPSCs. Using a CAG-promoter driven approach,
colonies were observed in reprogramming cocktails inclusive of BNC2 (combination
CKS-B) (Figure 4.4a) and RARP (combination CKS-R) (Figure 4.4b). The appearance
of CKS-B colonies arose 7 days after transfection, similar to the defined set of Yamanaka
factors including Oct4 (combination CKS-O) (Figure 4.4c), whereas CKS-Rp colonies

emerged 10 days after transfection.

In contrast, RORa did not produce any iPSC colonies in co-operation with c-Myc, Kif4
and Sox2 (Figure 4.5b). The absence of reprogramming impetus can be attributed to the
expression levels necessary to trigger pluripotency, or the window of expression required
to initiate reprogramming events. The use of various promoters and the titration of DNA
amounts can be applied to address this concern. Although the strategy behind the genetic
screen employed CAG-driven transposon cassettes, the complex cellular milieu due to
excessive amounts of transposition and forced transcription may confound the actual effect
of RORa. In addition, co-operating aberrations may have assisted the effect of RORa. To
overcome this, closer inspection of the results obtained from the genetic screen is
necessary and this can be executed through deep sequencing of DNA acquired from iPS
clones derived via the genetic screen. Alternatively, RORa agonists (Wang et al., 2010) or
antagonists (Solt et al., 2011) can be introduced into the conventional reprogramming

milieu to determine the effect of RORa on the acquisition of pluripotency.
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Figure 4.4 Microscope pictures of primary colonies obtained from candidate genes, BNC2
and RARB MEFs were transfected with 2ug of CAG-PBase, 1ug of PB-CAG-CKS and 1ug of
PB-CAG-mFx, where mFx refers to BNC2 (A), RARP (B) or Oct4 (C). Transfected MEFs were

seeded onto a mitotically inactive feeder layer and maintained for 18 days. Scale bar: 50um.
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4.3.2.1 Comparison of efficiencies between BNC2, RARB and Oct4

The abilities of RARB and BNC2 in the substitution of Oct4 were measured through the
assessment of reprogramming efficiencies (Figure 4.5). Using a fixed stoichiometric ratio,
combinations of reprogramming factors were transfected into MEFs such that PB-CAG-
CKS:PB-CAG-mFx, where Fx refers to Oct4, BNC2 or RARp, was 1:1. Transfected
MEFs were maintained on a feeder layer for 21 days and resultant colonies were stained
for the expression of alkaline phosphatase. As iPSCs and ESCs have been demonstrated to
express AP (Pease et al., 1990), its expression provides an indication of the
reprogramming efficiencies elicited by various gene combinations. In summary, CKS-O
gave rise to an average of 3500 colonies in three independent transfections (Figure 4.5¢),
whereas CKS-B (Figure 4.5d) and CKS-Rp (Figure 4.5c) generated 2800 and 1200
colonies respectively. Although both replacement factors could not attain reprogramming
efficiencies similar to Oct4 itself, this could be attributed to sub-optimal stoichiometric
ratios of the transgenes. It has been established that gene dosage is critical during
reprogramming (Carey et al., 2011; Lohle et al., 2012), hence modifications in transfected

amounts may promote reprogramming efficiencies of BNC2 and RARf.
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Figure 4.5 Comparison of reprogramming efficiencies between Oct4, BNC2 and RARB MEFs
were transfected with 2ug of CAG-PBase, 1ug of PB-CAG-CKS and 1ug of PB-CAG-mFx, where
mFx refers to an empty vector (A), RORa (B), RARB (C), BNC2 (D), or Oct4 (E). Transfected
MEFs were seeded onto a mitotically inactive feeder layer and maintained for 21 days. The plates
were assessed for the presence of AP, as depicted by the red stain (Top). The number of AP-
expressing colonies were counted and shown in the bar chart (Bottom). Triplicates were
performed, accounting for the error bars.
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4.3.2.2 Comparison of extent of reprogramming between BNC2, RARB and Oct4
Although it has been described that CKS-B and CKS-R[ lead to lower reprogramming

efficiencies than CKS-O, the extent of reprogramming was not assessed. By using the
activation of the endogenous Rexl1 locus as a surrogate tool to signify pluripotency,
determination of the extent and level of endogenous Rex1 expression will provide insight
to the reprogramming potential of BNC2 and RARf as replacements to ectopic Oct4.
Initial reprogramming studies applied Fbx15 as a selection marker to identify
reprogrammed cells (Takahashi and Yamanaka, 2006). However, selected cells were
unable to contribute to the mouse germline. As Rex1 and Nanog expression mark ground
state pluripotency (Silva et al., 2009; Guo and Smith, 2010), this bottleneck has been
overcome through the stringent selection of reprogrammed cells using activated Nanog and
Rex1 loci (Okita et al., 2007; Wang et al., 2011c). In this study, to enable strict assessment
of the attainment of pluripotency, MEFs derived from Rex1::EGFP-IRES-Puro mice were
utilised. Cells from these mice were genetically manipulated at the endogenous Rexl
locus, where the open reading frame of Rex1l was replaced by a cassette consisting of
cDNAs encoding for enhanced green fluorescence protein (EGFP) and puromycin
resistance. As such, green fluorescence and resistance to puromycin are indicative of the
acquisition of ground state pluripotency. To determine if BNC2 and RAR(, in co-
operation with c-Myc, KIf4 and Sox2, could lead to the attainment of naive pluripotency,
CKS-B and CKS-R[ were independently transfected into Rex1::EGFP-IRES-Puro MEFs.
Twenty-one days after transfection, the iPSC colonies were examined under the
microscope for the presence of EGFP expression (Figure 4.6). CKS-O led to the formation
of colonies that exhibited EGFP expression, depicting activation of the endogenous Rex1
locus (Figure 4.6¢). Close inspection of the colonies reveal heterogenous distribution of
EGFP signals, representing heterogeneity within the colony. This was reiterated when
CKS-B was introduced into MEFs (Figure 4.6a). These findings reinforce prior
observations of extensive heterogeneity within single iPSCs and between colonies (Masaki
et al., 2008; Narsinh et al., 2011). Furthermore, colonies obtained from CKS-O and CKS-
B were not compact and exhibited differentiation around the edges of the colonies. In
contrast, CKS-Rf3 gave rise to compact, three-dimensional colonies that expressed Rex1

homogenously (Figure 4.6b). These results are reminiscent of a recent study, where the
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addition of RARy and LRH1 to the conventional reprogramming mix instigated
homogenous activation of the endogenous Rex1 locus within 4 days, whereas the

traditional four transcription factors triggered Rex1 expression 12 days after transfection,
in a disproportionate manner (Wang et al., 2011c).
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Figure 4.6 Rex1 activation in primary colonies obtained from candidate genes, BNC2 and
RARP Rex1::EGFP-IRES-Puro® MEFs were transfected with 2ug of CAG-PBase, 1ug of PB-
CAG-CKS and 1ug of PB-CAG-mFx, where mFx refers to BNC2 (A), RARB (B) or Oct4 (C).
Transfected MEFs were seeded onto a mitotically inactive feeder layer and maintained for 18 days.

The primary colonies were observed for Rex1 activation as depicted by EGFP expression and are

shown at magnification of 100x. Scale bar: 50pm.
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4.3.2.3 Additive effect of BNC2 and RARf on conventional reprogramming cocktail

Having demonstrated that BNC2 and RARJ exhibit properties that abolish the requirement
for exogenous Oct4 during the reprogramming process, it is not clear if these inherent
abilities of BNC2 and RARp could augment the reprogramming efficiencies elicited by the
conventional reprogramming mix, Oct4, c-Myc, KlIf4 and Sox2 (OCKS). To address this
concern, PB-CAG-BNC2 or PB-CAG-RAR was co-electroporated with PB-CAG-OCKS

and assessed for colony numbers after 10 and 14 days respectively.

Interestingly, co-expression of BNC2 with OCKS (combination OCKS-B) heightened its
reprogramming efficiency by 3.7 fold (Figure 4.7a), evident by day 10, suggesting that
BNC2 plays an additive role in the presence of Oct4 during the generation of iPSCs.
BNC2 has been postulated to play a role in mRNA processing due to its localisation in
nuclear speckles (Vanhoutteghem and Dijan, 2004; Vanhoutteghem et al., 2006), hence its
over-expression may elicit a global transformation in transcripts, creating a conducive
environment for cellular remodelling events. On the contrary, RARB did not enhance
reprogramming efficiencies of OCKS (combination OCKS-Rp) to a large extent (Figure
4.7b). At 14 days post transfection, supplement of RARp led to a marginal increase of 1.4
fold in the quantity of reprogrammed colonies, significantly lower than the difference
elicited by BNC2. This suggests that the pathways triggered by RAR[ are shadowed by
ectopic Oct4. Alternatively, RARB may primarily function through the regulation of Oct4,
explaining the lack of an additive effect when RARp and Oct4 are co-expressed in a
reprogramming cocktail. From a different perspective, it is also plausible that
stoichiometric ratios of RARB and OCKS were suboptimal, and titration of transfected
DNA amounts may be required to observe an additive effect. Overall, although RAR did
not elicit an improvement in reprogramming efficiencies when co-introduced with the
conventional reprogramming cocktail, it will be intriguing to determine if RARp affects

the speed and homogeneity of reprogramming events.
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Figure 4.7 Investigation of reprogramming efficiencies in the presence of Oct4 and BNC2 or
RARB MEFs were transfected with 2ug of CAG-PBase, 1ug of PB-CAG-OCKS and 1ug of PB-
CAG-mFx, where mFx refers to (A) BNC2 or (B) RAR, or an empty vector. Transfected MEFs
were seeded onto a mitotically inactive feeder layer and maintained for either 10 or 14 days (as
indicated). The plates were assessed for the presence of AP, as depicted by the red stain. (C)
Graphical representation of AP* colony numbers observed in (A) and (B).
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4.3.3 Generation and characterisation of transgene-independent BNC2-iPSCs

As the second step of the validation process, CKS-B was introduced into Oct4::IRES-
PuroEGFP MEFs using doxycycline inducible constructs and maintained in doxycycline
for 21 days to obtain iPSCs. Oct4::IRES-PuroEGFP MEFs consist of genetic modifications
at the endogenous Oct4 locus, where a fusion construct combining genes encoding for
puromycin resistance and EGFP was inserted within the 3> UTR of Oct4. Surprisingly,
reprogramming efficiencies using the doxycycline inducible system was significantly
lower than using the CAG-promoter mediated system. Transfection of 1 x 10° MEFs gave
rise to two iPSC colonies, hereby designated as BNC2-iPSCs. A control experiment where
only PB-TRE-CKS was introduced did not generate iPSC colonies. Low reprogramming
efficiencies elicited by CKS-B could be attributed to the obligatory requirement for large
doses of BNC2 to trigger the dedifferentiation process, and could be overcome by the
amendments to the transfection cocktail. Examination of transposon insertion sites within
successfully reprogrammed cells reveal a large number of integrated transposon cassettes
(Figure 4.8), reinforcing the notion that high amounts of reprogramming factors are
required to initiate reprogramming events. The use of splinkerette PCR to determine the
number of integration sites is cursory and does not allow different transposon cassettes to
be distinguished. As reprogramming cocktail CKS-B comprises of three different
transposon cassettes (PB-TRE-CKS, PB-TRE-BNC2, PB-CAG-rtTA), it is not clear if
multiple transposon integration sites in BNC2-iPSCs were attributable to high amounts of
BNC2. On the other hand, additional experiments have demonstrated that high amounts of
the conventional reprogramming cocktail are not obligatory for the formation of iPSCs
(data not shown), speculating that a high proportion of insertion sites belongs to
transposons encoding for BNC2. Alternatively, deep sequencing of genomic DNA from
BNC2-iPSCs would provide an indication to the proportion of insertion sites attributed to
PB-TRE-BNC2.

To ensure the purity of iPSCs generated using CKS-B, it is critical to verify the absence of
contaminating plasmids consisting of exogenous Oct4. Detection of transgenes using
genomic DNA reveals that only transposons which correspond to PB-TRE-CKS were
observed (Figure 4.9), and transposons consisting of ectopic Oct4 were absent.
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Reprogrammed colonies were picked and expanded. Upon successful establishment of the
colonies in culture, doxycycline was withdrawn after 21 days. The surviving population of
cells represent fully reprogrammed cells which retain their pluripotent nature independent
of transgene expression. As an additional step to isolate a homogenous subset of naive
pluripotent cells, growth media was switched from serum-LIF to 2i-LIF conditions (Ying
et al., 2008). As previously described, the addition of 2i-LIF gives rise to a homogenous
population of IPSCs which exhibit “ground state” pluripotency and eliminates
reprogramming intermediates which may confound the analysis of subsequent data (Ying
et al., 2008). These cells were designated as BNC2-iPSCs and subsequently characterised.

144



LEFT  RIGHT LEFT RIGHT

BNC2-iPSC clone 1 BNC2-iPSC clone 2

Figure 4.8 Splinkerette Analysis of integration sites in BNC2-iPSCs BNC2-iPSCs were
generated using PB-TRE-CKS, PB-TRE-BNC2 and PB-CAG-ItTA. DNA from BNC2-iPSCs was
harvested and splinkerette PCR was performed. Left and Right indicate the primers against the
respective left or right transposon arm that were used during splinkerette PCR. Amplified products

were visualised using an agarose gel and each band corresponds to an integration site.
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Figure 4.9 Validation of the expression of transposon cassettes Two BNC2-iPSC colonies
generated from the introduction of PB-TRE-CKS (1ug), PB-TRE-BNC2 (1ng), CAG-PBase (2ug)
and PB-CAG-rtTA (1ug) were expanded and maintained in the absence of doxycycline. RNA was
extracted from each clone and converted to cDNA. Amplification of the junctions within the
transposon cassettes was performed to determine the expression of the transgenes. Oct4-c-Myc
junction was included to exclude the possibility of contamination from a separate vector.
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4.3.3.1 Characterisation of BNC2-iPSCs

In order to be certain that BNC2 can stimulate reprogramming events in the absence of
Oct4, it is necessary to demonstrate that BNC2-iPSCs resemble ESCs. A battery of tests,
as described in Figure 4.1, highlights the steps that must be overcome to verify the

pluripotent nature of iPSCs.

As a rudimentary approach, pluripotent cells should stain positive for the expression of
AP, a stem cell marker. Figure 4.10 shows images of doxycycline independent BNC2-
IPSCs which express AP. To obtain a pure population of iPSCs devoid of contaminating

fibroblasts, BNC2-iPSCs were maintained in a feeder-free environment.

As ESCs have unigue gene signatures that encompass the expression of the core
pluripotency apparatus, BNC2-iPSCs were assessed if they exhibited a similar
transcription profile. Qualitative examination of transcript levels using RT-PCR reveals
that BNC2-iPSCs express a list of pluripotency markers at similar levels to ESCs and
iIPSCs derived by delivering the conventional reprogramming cocktail using PB-TRE-CKS
and PB-TRE-Oct4 (Oct4-iPSCs) (Figure 4.11). Quantification of transcript levels using
real-time PCR displayed an analogous pattern (Figure 4.12), reinforcing the similarities
between BNC2-iPSCs, ESCs and Oct4-iPSCs. To ensure that these transcripts were
efficiently processed and translated, protein levels of Oct4, Nanog and SSEA-1 were
determined through immunofluorescence (Figure 4.13). BNC2-iPSCs displayed high
levels of the examined markers, reaffirming the presence of the ES cell coupled

transcriptional machinery.
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Figure 4.10 Images of doxycycline independent BNC2-iPSC colonies BNC2-iPSC colonies
generated from the introduction of PB-TRE-CKS (1ug), PB-TRE-BNC2 (1ng), CAG-PBase (2ug)
and PB-CAG-rtTA (1ng) were expanded and maintained in 2i+LIF, in the absence of doxycycline,
and on gelatin coated plates. Three images of unmodified colonies were captured in brightfield
(Top). The colonies were also assessed for the presence of AP, as depicted by the red colour

(Bottom). Scale bar: 50um.
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Figure 4.11 Expression levels of pluripotency markers in BNC2-iPSCs RT-PCR of the various
pluripotency markers was performed in MEF (lanel), ESCs (lane2), iPSCs generated using c-Myc,
KIf4, Sox2 and Oct4 (lanes 3 and 4), and iPSCs generated using c-Myc, Klf4, Sox2 and BNC2
(lanes 5 and 6). Expression levels are described qualitatively by the intensity of the amplified
products viewed using an agarose gel. The array of pluripotency markers tested is labelled to the

left of the image.
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Figure 4.12 Quantitative expression levels of pluripotency markers in BNC2-iPSCs g-PCR of
the various pluripotency markers was performed in MEF (lanel), ESC (lane2), Oct4-iPSCs (lanes
3 and 4), and BNC2-iPSCs (lanes 5 and 6). Expression levels of pluripotency markers are
normalised to GAPDH amounts and ESC expression levels
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Figure 4.13 Immunostaining of pluripotency markers in BNC2-iPSCs Doxycycline
independent BNC2-iPSCs were fixed and stained with antibodies against, (Top) Nanog (red) and
Oct4 (green), and (Bottom) Oct4 (red) and SSEA-1 (green). Images of representative colonies are

shown, displaying the respective fluorescence, phase contrast and DAPI stain. Scale bar: 50um.
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As reprogramming is accompanied by remodelling of the epigenetic landscape, it is crucial
to determine that promoter loci of genetic elements associated to pluripotency have been
modified to an ES cell-like state. Bisulfite sequencing of promoter loci corresponding to
Rex1, Nanog and Oct4 in BNC2-iPSCs indicated demethylation on several sites,
disclosing distinct methylation patterns from MEFs but a similar relationship to ESCs
(Figure 4.14).

Although it is evident that genes associated to pluripotency are activated in BNC2-iPSCs,
as determined by transcript, protein and epigenetic analysis, and BNC2-iPSCs bear
resemblance to ESCs and Oct4-iPSCs, it is pivotal to assess the function of BNC2-iPSCs.
Pluripotent stem cells are depicted by the ability to derive three germ layers upon
differentiation. To this end, BNC2-iPSCs were grown onto low attachment dishes in the
absence of LIF to form embryoid bodies. Seeding of the embryoid bodies led to the
development of mesodermal, ectodermal and endodermal derivatives (Figure 4.15),
reinforcing the pluripotent nature of BNC2-iPSCs.

Having demonstrated that BNC2-iPSCs are able to generate derivatives of the three germ
layers on the petri dish, it is critical to determine the pluripotent capacity of BNC2-iPSCs
in vivo. This can be done by embedding the cells in a physiologically relevant environment
and determining their differentiation potential. To this end, BNC2-iPSCs were introduced
into mouse blastocysts and immune-compromised mice to determine their contribution to

the development of somatic tissues and teratomas respectively.

As the constant expression of the reprogramming factors may possess deleterious effects
when implanted into the mouse (Okita et al., 2007), it is important to attest to the silencing
of the transgenes. cDNA obtained from BNC2-iPSCs maintained in the absence or
presence of doxycycline was used as a template to amplify junctions between transgenes.
Clearly illustrated in Figure 4.16, transgenes were minimally expressed. This was

observed in one of two BNC2-iPSC lines that were established and the cell line which
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displayed minimal transgene expression was employed for further tests, affirming that
transgene expression should not confound the ability of BNC2-iPSCs to contribute to

somatic tissues and the germline in mice.

Another aspect which may affect the implantation of iPSCs into the mouse blastocyst or
subcutaneous flank is genomic integrity. Gross chromosomal anomalies can result in
detrimental effects in the live animal. As a mode of assessment, fluorescence in situ
hybridisation was performed to analyse the chromosomal entirety. Inspection of twenty
metaphase-spreads revealed genomic abnormalities in all examined cells. Centromeric
fusion at chromosome 11 was the most frequently observed abnormality (Figure 4.17).
Chromosome 11 has been reported to play important developmental roles where the
inclusion of a balancer chromosome results in prenatal and postnatal death, small size,
developmental delay, craniofacial or neurological abnormalities (Kile et al., 2003). As
such, it is possible that BNC2-iPSCs may lead to abnormal phenotypes when introduced
into mice.
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Figure 4.14 Analysis of methylation at promoter loci DNA was obtained from MEF (Top),
ESCs (Middle) and doxycycline independent BNC2-iPSCs (Bottom) and treated with sodium
bisulphite. PCR directed at promoter loci of Nanog (Left), Rex1 (Centre) and Oct4 (Right) were
performed. Amplified products were analysed and summarised in the diagram. Each circle
represents a CpG dinucleotide and five methylation patterns are displayed for each promoter loci,
as indicated by the five rows. 6, 19 and 14 CpG dinucleotides were examined at the Nanog, Rex1
and Oct4 promoters respectively. A shaded circle indicates a methylated site, whereas an unshaded
circle indicates an unmethylated site.
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Figure 4.15 BNC2-iPSCs can differentiate into three germ layers in vitro BNC2-iPSCs were

differentiated into the three germ layers in vitro using various culture conditions. Differentiated
cells representing the endodermal, mesodermal and ectodermal lineages were immunostained
against alpha feto-protein (Top), smooth muscle actin (Middle), and B-tubulin 111 (Bottom)
respectively. The markers are labelled in green, DAPI which stains the cell nuclei is labelled in

blue. Scale bar: 50um.
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Figure 4.16 Transgenes are silent in the absence of doxycycline BNC2-iPSCs were cultivated in
the presence and absence of doxycycline (DOXYCYCLINE). RNA was extracted from these cells
and (i) converted to cDNA using reverse transcriptase (RT+) or (ii) tested for contamination with
genomic DNA in the absence of RT (RT-). Amplification of the junctions between c-Myc and
KIf4, and KIf4 and Sox2 was performed to determine the expression of the transgenes. Water only

control (last lane) was included as an additional layer of control.
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Figure 4.17 Karyotype analysis of BNC2-iPSCs BNC2-iPSCs were mitotically arrested and
metaphase spreads were achieved. Using Fluorescence in situ hybridisation (FISH), each
chromosome was accounted and analysed. The array of colours depicts different chromosomes and
the arrow indicates a centromeric fusion at chromosome 11. The diploid chromosome count and

abnormalities encountered are displayed at the bottom.
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However, subcutaneous injection of 1 x 10° BNC2-iPSCs into each flank of immune-
compromised mice led to the development of hard masses of one centimetre in diameter
two weeks after injection. The mice were sacrificed and tumours were extracted. Figure
4.18 illustrates representative histological sections of the tumours, portraying contribution

to the three germ layers.

Surprisingly, micro-injection of BNC2-iPSCs into the inner cell mass of mouse blastocysts
generated live chimeric pups. As the starting material used to generate BNC2-iPSCs was
derived from crosses between C57BL/6J and 1295S, contribution by BNC2-iPSCs can be
assessed by black or agouti coats of fur. In contrast, blastocysts that received injections
possessed a recessive mutation at the Tyrosinase locus which is required for synthesis of
melanin. As a result, the extent of embryonic development dictated by BNC2-iPSCs can be
estimated by the proportion of black or agouti contribution to the fur coats of pups. Figure
4.19 depicts images of chimeras obtained from the micro-injection of BNC2-iPSCs.
Thirteen mice exhibiting 5-80% chimerism based on coat-colour were generated. When
crossed with albino mice, one male chimera (Fo) produced offspring with black coats (Fy),
signifying contribution to the germline. Germline competence of BNC2-iPSCs was
unexpected as the injected BNC2-iPSC line exhibited an abnormal karyotype. To verify
the karyotype of the chimeric mouse which demonstrated germline competence of BNC2-
iPSCs, splenocytes were extracted and analysed. Interestingly, the splenocytes displayed
normal karyotypes (Figure 4.20), surmising that a subset of BNC2-iPSCs exhibited
normal karyotypes. As only twenty cells were initially analysed (Figure 4.17), it is
possible that karyotypically normal cells existed in low proportions and were undetected.
As a result, injection of the population of cells into the mouse blastocyst acted as a
selection process to only allow karyotypically normal cells to contribute to chimerism and

display germline competence.

A mouse colony was established through crossing between F; mice. To determine that
offspring from the colony retained transposon cassettes similar to BNC2-iPSCs, ear

biopsies from F, mice were genotyped. Figure 4.21 illustrates that F, mice exhibited
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combinations of transposons present in BNC2-iPSCs, reaffirming that progeny were
initially derived from BNC2-iPSCs. These pieces of evidence portray the capacity of

BNC2 to competently reprogram MEFs in the absence of exogenous Oct4, resulting in
BNC2-iPSCs which exhibit naive pluripotency.
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Figure 4.18 BNC2-iPSCs can differentiate into three germ layers in vivo BNC2-iPSCs were
injected subcutaneously into both flanks of immunocompromised NOD.Cg-Prkdc™™ 112rg"™"1/Sz]
(NSG) mice. After 2 weeks, tumours were observed. Histological analyses of sections of these
tumours are shown. Differentiation into endodermal, mesodermal and ectodermal lineages are
displayed and labelled. The arrows indicate the position of the differentiated structure. Scale bar:

50pum.
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Figure 4.19 BNC2-iPSCs are capable of generating chimeras and contributing to the
germline (LEFT) Chimeras (50% and 70%) were generated through the injection of BNC2-iPSCs
into mouse blastocysts. (RIGHT) Crossing between a 30% chimera and albino CALB mice
resulted in the generation of pups carrying a black fur coat.
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Figure 4.20 Karyotype analysis of splenocytes from a mouse chimera derived using BNC2-
iPSCs Splenocytes were extracted from the spleen of a chimeric mouse. Splenocytes were
mitotically arrested and metaphase spreads were achieved. Using Fluorescence in situ hybridisation
(FISH), each chromosome was accounted and analysed. The array of colours depicts different

chromosomes.
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Figure 4.21 Genotyping of mouse colony established from BNC2-iPSCs Pups which displayed

germline contribution of BNC2-iPSCs were crossed among themselves to establish a mouse
colony. 13 pups belonging to F2 generation were genotyped for the presence of transposon
cassettes. DNA was retrieved from ear biopsies and PCR was performed to amplify regions
specific to PB-TRE-BNC2, PB-TRE-CKS and PB-CAG-rtTA. The amplified products were
visualised using agarose gel and the presence of a band signifies the presence of the respective

transgene.
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4.3.4 Generation and characterisation of transgene-independent RARB iPSCs

Employing a similar strategy to BNC2, the ability of RAR[ to negotiate the requirement
for ectopic Oct4 during the initiation of reprogramming events was reaffirmed through the
transfection of CKS-Rp into MEFs in a doxycycline inducible approach. Rex1::EGFP-
IRES-Puro MEFs were utilised as a platform to assess reprogramming. As described
earlier, Rex1::EGFP-IRES-Puro MEFs consist of genetic modifications at the endogenous
Rex1 locus where an expression cassette for EGFP and puromycin resistance was inserted
adjacent to exon 1. As a result, successful reprogramming of MEFs can be examined by
transcriptional activation of Rex1 and EGFP expression.

Three weeks following the introduction and expression of CKS-Rp, 12 ES cell-like
colonies were picked and expanded. Unlike BNC2, although the use of the drug inducible
approach significantly reduced the number of reprogrammed colonies when compared
against the constitutively active system, the difference was not as stark as BNC2. Overall,
reprogramming efficiencies incited by the introduction of CKS-Rf and CKS-B in a
doxycycline inducible manner was reduced by 10- and 1400-fold respectively. This could
be attributable to the inherent properties of BNC2 and RARB. As BNC2 participates in
MRNA processing and may function as an Oct4 substitute indirectly, large volumes of
BNC2 may be required. In contrast, RARP has been described to affect Oct4 expression
directly (Ben-Shushan et al., 1995), potentially reducing the amount of RAR[ necessary to
trigger reprogramming events in the absence of Oct4 and lowering its susceptibility to

gene dosage effects.

Upon the establishment of 12 iPSC clones, doxycycline was withdrawn to obtain subsets
of cells which were not reliant on transgene expression for the maintenance of
pluripotency. An additional selection pressure was inflicted on surviving cells through a
switch in growth media, from serum-LIF to 2i-LIF. This allows the isolation of a
homogenous population of cells which exhibit naive pluripotency. Resultant clones are

henceforth labelled as RARB-iPSCs and were characterised.
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4.3.4 Characterisation of RARB-iPSCs

To ascertain the pluripotent potential of RARB-iPSCs and verify the competence of RARfS
as an effective substitute for the ectopic requirement of Oct4 during reprogramming, a
battery of tests described in Figure 4.1 was performed. As a primary assessment of the
pluripotent nature of RARB-IPSCs, the cells were inspected under the microscope to detect
EGFP fluorescence. As the MEFs which underwent reprogramming harboured a genetic
modification at the endogenous Rexl locus, activation of Rex1 was coupled to EGFP
expression and puromycin resistance. Figure 4.22 displays homogenous EGFP expression

in RARPB-IPSCs, suggestive of the activation of Rex1, a pluripotency marker.

To gain insight into the molecular circuitry within RARp-IPSCs, transcription of
pluripotency markers were assessed and compared to ESCs and Oct4-iPSCs. To this end, a
list of pluripotency-associated factors was examined qualitatively and quantitatively.
Figure 4.23 illustrates the qualitative assessment of a string of pluripotency markers in
RARp-iPSCs. Comparison of transcript patterns to ESCs and Oct4-iPSCs reveal a close
relationship. Quantitative analysis of pluripotency gene expression levels is depicted in
Figure 4.24. As a general trend, it is evident that RARB-iPSCs express pluripotency

markers at levels comparable to ESCs and Oct4-iPSCs.

Having demonstrated that transcripts of pluripotency markers exist at similar levels
between RARB-iPSCs and other pluripotent derivatives, it is crucial to determine that
transcript levels can be extrapolated to the amounts of their translated products. Using
immunofluorescence, proteins coding for Oct4, Nanog and SSEA-1 were examined.
Figure 4.25 illustrates images which exhibit clear and strong delineation of Oct4 and
Nanog within the nucleus and SSEA-1 at the cell surface. As an additional layer to
investigate the re-activation of pluripotency associated genes, promoter loci of
pluripotency markers were examined for epigenetic modifications. Figure 4.26 depicts

methylation patterns of CpG dinucleotides interspersed along the promoter regions of
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Nanog, Rex1 and Oct4. Comparisons of methylation patterns disclose a close relationship
between RARp-IPSCs and ESCs, but large disparities between RARB-iPSCs and MEFs.
These findings highlight restructuring of transcription machinery during RAR[-assisted
reprogramming, where pluripotency associated factors were modified at transcript, protein

and epigenetic levels.
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Figure 4.22 Rex1 expressing RARB-iIPSCs RARB-iPSC colonies generated from the introduction

of PB-TRE-CKS (1ug), RARB (1ug), CAG-PBase (2ug) and PB-CAG-rtTA (1ug) were expanded
and maintained in the absence of doxycycline, in 2i+LIF, on gelatin coated plates. As the starting

MEFs contain a reporter cassette at the endogenous Rex1 locus, the images depict the activation of

Rex1, as observed by the presence of GFP signals. Scale bar: 100um.
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Figure 4.23 Expression levels of pluripotency markers in RARB-iPSCs RT-PCR of the various
pluripotency markers was performed in MEF (lanel), ESCs (lane2), iPSCs generated using c-Myc,
KIf4, Sox2 and RARp (lanes 3-6), and iPSCs generated using c-Myc, KIf4, Sox2 and Oct4 (lanes 7
and 8). Expression levels were described qualitatively by the intensity of the amplified products
viewed using an agarose gel. The array of pluripotency markers tested is labelled to the left of the

image.
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Figure 4.24 Quantitative expression levels of pluripotency markers in RARB-iPSCs g-PCR of
the various pluripotency markers was performed in MEF (lanel), ESCs (lane2), RARpB-iPSCs

(lanes 3 and 4), and Oct4-iPSCs (lanes 5). Expression level of each pluripotency marker was
normalised to GAPDH amounts and ESC expression levels.
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Figure 4.25 Immunostaining of pluripotency markers in RARp-iPSCs Doxycycline

independent RARB-iPSCs were fixed and stained with antibodies against, Nanog (Top), Oct4
(Middle) and SSEA-1 (Bottom). Images of representative colonies are shown, displaying the

respective fluorescence, brightfield and DAPI stain. Scale bar: 50um.
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Figure 4.26 Analysis of methylation at promoter loci in RARB-iPSCs DNA was obtained from
MEF, ESCs, two RARB-iPSC clones and Oct4-iPSCs and treated with sodium bisulphite. PCR
directed at promoter loci of Nanog (LEFT), Rex1 (CENTRE) and Oct4 (RIGHT) were performed.

Amplified products were analysed and summarised in the diagram. Each circle represents a CpG

dinucleotide and five methylation patterns are displayed for each promoter loci, as indicated by the

five rows. 6, 19 and 14 CpG dinucleotides were examined at the Nanog, Rex1 and Oct4 promoters

respectively. A shaded circle indicates a methylated site, whereas an unshaded circle indicates an

unmethylated site.
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Having determined that pluripotency markers were re-activated in RARB-IPSCs, these
iIPSCs were further examined for their ability to contribute to the three germ layers. This
acted as a functional test, assessing the pluripotent potential of iPSCs from a separate
perspective. To achieve this, LIF was withdrawn from the growth media to form embryoid
bodies. By providing a platform for adherence, embryoid bodies competently
differentiated into the three germ layers and were visualised through immunofluorescence

methods using antibodies that recognise lineage-specific markers (Figure 4.27).

Having explored the differentiation capacity of RARB-IPSCs in an artificial setting, it is
pivotal to recapitulate these findings in vivo. This can be determined through the
implantation of IPSCs into mouse blastocysts or subcutaneous flanks of immune-
compromised mice to derive chimeras or teratomas respectively. As described earlier, it is
crucial to ensure that the transgenes are switched off and not expressed. Attempts at
detecting the transgene expression levels in two RARP iPSC lines revealed that the

transgenes were largely silent in the absence of doxycycline (Figure 4.28).

It was essential that no gross chromosomal abnormalities were present before RARB-
IPSCs could be innoculated into mice for determination of their pluripotent nature.
Inspection of the genomic integrity in four RARB-IPSC lines was performed using
fluorescence in situ hybridisation. Figure 4.29 demonstrates that RARB-iPSCs harbour a
normal set of chromosomes and do not exhibit detectable anomalies. This was reproduced

in all four cell lines analysed.
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Figure 4.27 RARP iPSCs can differentiate into three germ layers in vitro RARB-iPSCs were

differentiated into the three germ layers in vitro using various culture conditions. Differentiated
cells representing the endodermal, mesodermal and ectodermal lineages are immunostained against
alpha feto-protein (Top), smooth muscle actin (Middle), and tubulin (Bottom) respectively. The
markers are labelled in green, DAPI which stains the cell nuclei is labelled in blue. Scale bar:

50um.

173



RARB-iPSC #1 RARB-iPSC #2
-DOX +DOX -DOX +DOX
RT+ RT- RT+ RT- RT+ RT- RT+ RT-

B-actin

Figure 4.28 Transgenes are silent in the absence of doxycycline Two RARB-iPSC clones were
cultivated in the presence and absence of doxycycline. RNA was extracted from these cells and (i)
converted to cDNA using reverse transcriptase (RT+) or (ii) tested for contamination with genomic
DNA in the absence of RT (RT-). Amplification of the junction between c-Myc and KIf4 was
performed to determine the expression of the transgenes.
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Figure 4.29 Karyotype analysis of RARB-iPSCs RARB-iPSCs were mitotically arrested and
metaphase spreads were achieved. Using Fluorescence in situ hybridisation (FISH), each
chromosome was accounted and analysed. The array of colours depicts different chromosomes.
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1 x 10° RARp-IPSCs were subcutaneously injected into the left and right flanks of
immune-compromised mice to determine their capability to contribute to the somatic
tissues in vivo. After two weeks, hard masses were observed and extracted. Histological
examination of the tumour masses was performed and Figure 4.30 provides a

representation of the presence of mesodermal, endodermal and ectodermal lineages.

Serving as the benchmark to test for naive pluripotency, RARB-iPSCs were injected into
mouse blastocysts to observe for chimera formation. Chimeras of various percentages (10-
50%) were derived, indicating the ability of RARB-IPSCs to participate in normal murine
development. Crosses between chimeras and wildtype mice displaying white coats of fur
led to the generation of pups carrying black coats of fur (Figure 4.31), signifying the
ability of RARB-iPSCs to contribute to an entire organism. Similar to BNC2, RARp has
been proven to be competent in generating iPSCs without ectopic requirement of Oct4, and
resultant iPSCs were capable of contributing to the mouse germline and somatic tissues,

exemplifying naive pluripotency.

Amid the attempts to validate BNC2, RARB and RORa as candidate genes which are
capable of replacing ectopic Oct4 during reprogramming, two factors remain unvalidated:
Caldl and DCAF5. Although these genes are not obvious candidates, they may
unwittingly provide insightful findings in the mechanisms behind reprogramming.
Therefore, it will be intriguing to investigate the ability of Caldl and DCAF5 in acting as

ectopic Oct4 substitutes in the acquisition of pluripotency.
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Figure 4.30 RARB-iPSCs can differentiate into three germ layers in vivo RARB-iPSCs were
injected subcutaneously into both flanks of immune-compromised NOD.Cg-Prkdc* 112rg"™"1"/SzJ
(NSG) mice. After 2 weeks, tumours were observed. Histological analyses of sections of these
tumours are shown. Differentiation into endodermal, mesodermal and ectodermal lineages are
displayed and labelled. The arrows indicate the position of the differentiated structure. Scale bar:

50um.

177



Figure 4.31 RARB-iPSCs are capable of generating chimeras and contributing to the

germline (LEFT) Chimeras (40% and 50%) were generated through the injection of RARB-iPSCs
into mouse blastocysts. (RIGHT) Crossing between a 10% chimera and albino CALB mouse

results in the generation of pups carrying a black fur coat.
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4.4 Discussion

4.4.1 Variable reprogramming efficiencies

This chapter discusses the ability of BNC2 and RARp in triggering dedifferentiation
events in the absence of exogenous Oct4. From validation experiments, it is evident that

gene dosage plays a role in determining reprogramming efficiencies.

Disparate promoter systems were demonstrated to trigger varying reprogramming
efficiencies, suggesting that the generation of iPSCs is sensitive to discrepancies in
reprogramming factor dosage. BNC2 was described to generate iPSCs efficiently (0.28%)
via the use of a CAG-promoter driven system, and low reprogramming efficiencies
(0.0002%) when a doxycycline-inducible system was employed. It was subsequently
observed that iPSC colonies developed using a doxycycline-dependent approach exhibited
large numbers of integration sites. This is a stark contrast to the generation of iPSCs
through the conventional set of reprogramming factors CKS-O where CAG-promoter and
doxycycline-inducible delivery methods gave rise to reprogramming efficiencies of 0.3%
and 0.15% respectively. Similarly, RARB exhibited mild differences in reprogramming
efficiencies when distinct promoter systems were employed, where comparisons between
CAG-promoter and doxycycline-inducible delivery methods resulted in reprogramming
efficiencies of 0.12% and 0.02% respectively.

The stoichiometric ratio of reprogramming factors and the resultant number of iPSC
colonies have been described to be closely related (Carey et al., 2011; Tiemann et al.,
2011). High ectopic expression of Oct4 has been associated with higher reprogramming
efficiency and naive pluripotency. As such, it is within anticipation that modifying
expression levels of Oct4 and its substitutes through the application of different promoters

would generate varying number of iPSC colonies.
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As RARp and BNC2 are candidate genes that were identified through piggyBac-assisted
mutagenesis, it is plausible that truncated gene products that were generated during the
screen had a functional advantage during the acquisition of pluripotency and improve
reprogramming efficiencies. As such, close examination of insertion sites identified during
the screen may illuminate the mechanisms employed by the candidate genes to initiate

reprogramming events in the absence of ectopic Oct4.

Analysis of the insertion sites found within RARp revealed that one integration site led to
the disruption of the ligand independent transactivation domain, whereas the other was
observed in the opposite direction to RARP transcription. As the CAG promoter exhibits
enhancer properties, it is conceivable that the latter integration posed as an enhancer to
RARp transcription. RARB mutants have been described in humans and Xenopus Laevis,
conceived through the mutation of the ligand binding domain, towards the C-terminal end
of the protein (Shen et al., 1993; van der Wees et al., 1998). However, as both the ligand
binding domain and DNA binding domain are encoded by the same exon, it is not possible
to affect the ligand binding domain without affecting the DNA binding domain with the
design of the screen. Nevertheless, analysis of information retrieved from the screen may
unearth a relationship between the nature and function of the insertion. Alternatively, it
will be interesting to compare the potency of mutant and wildtype RARJ in the generation

of iPSCs in the absence of exogenous Oct4.

On a different note, the genomic locus encoding BNC2 has been described to generate
90,000 mRNA transcripts using bioinformatics prediction tools (Vanhoutteghem et al.,
2007). This was attributed to permutations between multiple promoters driving
combinations of minor and/or major exons. Although an equivalent phenomenon has not
been described in the mouse isoform, it may prove difficult to envisage the significance
behind the insertion sites obtained from the screen. However, a representative model has
been delineated, where the fifth and sixth major exons encode for most of the critical

domains, including three pairs of zinc fingers, nuclear localisation signal and serine stripe.
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As all three insertions are within the first and second exons, it is unlikely that the resultant

truncation product abolishes the domains necessary for BNC2 function.

4.4.2 RORa and its inability to trigger pluripotency

RORa was a candidate gene sifted from the large number of insertion sites by virtue of
possessing more than one independent transposon integration. However, introduction of
RORa, c-Myc, KIf4 and Sox2, driven by a CAG-promoter did not give rise to iPSC
colonies. There are several reasons which could explain the poor validation of RORa.
First, RORa alone may not be sufficient to act as an Oct4 substitute, and co-operating
partners of RORa may be required to elicit reprogramming events. Closer inspection of
additional integration sites in clones where RORa was identified could shed light on
synergistic factors or pathways that facilitate the reprogramming process. Second, the
genetic screen which identified RORa incorporates the use of a strong constitutive CAG
promoter. As CAG is a hybrid consisting of a cytomegalovirus (CMV) early enhancer
element and chicken beta-actin promoter, it can function as both a promoter and enhancer.
As a result, it can affect neighbouring genes (Hasegawa et al., 2002). To this effect, it is
plausible that genes adjacent to RORa were critical in generation of iPSCs during the
performance of the screen. RORa lies in a gene-rich region and is in close proximity to
additional genes involved in developmental pathways. Third, the genomic locus encoding
for RORa. spans 0.7Mb, considerably larger than an average gene locus of 0.1Mb, as
predicted by assuming equal spatial distribution of 30,000 genes over 3Gb of the genome.
The large size implicates high probabilistic occurrences of transposon integrations. With
this in mind, although two independent insertions were identified in a span of 0.7Mb, this

could be due to chance and exist as a passenger mutation, instead of a driver mutation.

4.4.3 Genomic instability in BNC2-iPSCs

In this thesis, two BNC2-iPSC lines were characterised and genomic aberrations were
observed in both lines. One of the two lines portrayed karyotypic abormalities and

exhibited centromeric fusion at chromosome 11. Surprisingly, these cells displayed
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pluripotent properties and contributed to the mouse germline. Interestingly, karyotype
analysis of splenocytes obtained from chimeric mice derived from BNC2-iPSCs showed a
normal phenotype. Moreover, genomic material of mice arising from F; generation was
demonstrated to possess the reprogramming transgenes corresponding to PB-TRE-CKS
and PB-TRE-BNC2, reinforcing the notion that BNC2-iPSCs contributed to the mouse
germline. This phenomenon can be attributable to heterogeneity within the BNC2-iPSC
clone where a small subset of BNC2-iPSCs harbours a normal set of chromosomes. Over
the course of fluorescence in situ hybridisation, twenty metaphase spreads were scrutinised
for gross aberrations. In the event that less than 5% of the cell population display normal
karyotypic properties, it is unlikely to be captured during the analysis. It is possible that a
karyotypically normal iPSC was selected during the injection process and incorporated
into the mouse blastocyst. This postulation is reinforced by a low proportion of chimeric
mice that exhibited germline competence (Figure 4.32), In contrast, the extent of which
chimeric mice generated from RARB-iPSCs exhibited germline competence was four-fold
higher (Figure 4.32) and resembled efficiencies reported in the literature (Hansen et al.,
2008).

In addition, chromosome 11 has been described to play pivotal roles in haematopoiesis,
craniofacial and cardiovascular development and fertility, where mutations incurred by N-
ethyl-N-nitrosourea (ENU) treatment resulted in developmental roadblocks (Kile et al.,
2003). Rearrangements of regions spanning from 3-4cM to 100kb in chromosome 11 has
also been depicted to result in developmental abnormalities or lethality (Liu et al., 1998).
These pieces of evidence reveal the importance of genomic integrity at chromosome 11,
reinforcing the notion that a subset of the BNC2-iPSCs do not display chromosomal

abnormalities and contributed to the mouse germline.
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Number of Number of = Number of Number of Chimeras

embryos injected | pups born Chimeras which possessed

germline competence
BNC2-iPSCs 351 71 13 1 (7.7%)
RARp-IPSCs 85 17 3 1 (33.3%)

Figure 4.32 Table indicating the number of mice which exhibited germline transmission of
BNC2-iPSCs and RARB-iPSCs BNC2-iPSCs and RARB-iPSCs were injected into blastocysts of
albino wildtype mice to test for chimera contribution. The table reflects the number of embryos
that were injected with the respective iPSCs, resultant number of live pups born, number of
chimeras as indicated by coat colour, and number of chimeras demonstrating germline
transmission (percentage in brackets indicate the proportion of chimeras born that displayed

germline competence).
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4.4.4 Conclusion

This chapter serves as a validation process to determine competent substitutes of
exogenous Oct4 during the initiation of reprogramming events. Five candidate genes were
identified from a transposon-mediated genetic screen. By testing a subset of three genes,
RARB and BNC2 were demonstrated to instigate the acquisition of pluripotency without
the ectopic introduction of Oct4. Resultant cells were able to fulfil requirements of
pluripotency, establishing remodelling and expression levels of pluripotency markers and
displaying the potential to contribute to somatic tissues and the mouse germline. These
findings validate the dependability of the genetic screen described in Chapter 3. Armed
with the knowledge of novel genes involved in the reprogramming process, molecular

mechanisms behind RARP will be dissected in Chapter 5.
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CHAPTER 5 : RETINOIC ACID RECEPTORS and the REGULATION OF OCT4
EXPRESSION

5.1 Introduction

5.1.1 Retinoic Acid signalling during Development

In Chapter 4, | described that BNC2 and RARP can effectively replace ectopic
requirement of Oct4 during reprogramming. Although the reprogramming efficiency of
BNC2 was superior to RAR, co-operation between RARf, c-Myc, KIf4 and Sox2 in the
reprogramming cocktail led to the generation of iPSC colonies expressing endogenous
Rex1 in a homogenous manner. Together with evidence describing that RARs can
associate with Oct4 regulatory elements and affect Oct4 expression (Ben-Shushan et al.,
1995; Wang et al., 2011c), it is tempting to speculate that Retinoic Acid (RA) signalling
may play a role in the reprogramming process. With this in mind, Chapter 5 aims to
unravel the mechanisms behind RARP and its family members in their abilities to

influence the acquisition of pluripotency.

Retinoic Acid (RA) signalling has been illustrated in developmental processes in a multi-
dimensional manner. Identified as the first candidate diffusible morphogen in vertebrates,
attempts to dissect the role of RA during development have been inundating (Thaller and
Eichele, 1987). Initial exemplification of the obligatory need of Vitamin A, a precursor of
RA, during embryonic development (Hale, 1933; Warkany and Schraffenberger, 1946;
Wilson and Warkany, 1948; Wilson et al., 1953) led to the discovery that specific
elimination of retinoic acid during development leads to malformation of the neural crest,
ocular and nervous system (Dickman et al., 1997; White et al., 1998). Conversely,
excessive amounts of retinoic acid have been demonstrated to initiate aberrations in
embryonic development across species, from Xenopus laevis to zebrafish, mice and
humans (Sive et al., 1990; Holder and Hill, 1991; Papalopulu et al., 1991; Morriss-Kay et
al., 1991; Conlon and Rossant, 1992; Lammer et al., 1985).
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From a canonical perspective, RA elicits a cascade of events through its association to
Retinoic Acid Receptors (RARs). RARs are molecular components which recognise and
bind to RA (Giguere et al., 1987; Petkovich et al., 1987; Benbrook et al., 1988; Brand et
al., 1988; Krust et al., 1989; Zelent et al., 1989). There are three members in the RAR
family, namely RAR-alpha (RARa), RAR-beta (RARB) and RAR-gamma (RARY). All
three family members share features such as a ligand binding domain (LBD) that
associates with RA and a DNA binding domain (DBD) which tethers to Retinoic Acid
Response Elements (RAREs) delineated by the motif (A/G)G(G/T)TC(A/G) and its
variants (reviewed by Chambon, 1996). Analagous to RA, RARs are essential during
embryonic development. Due to close similarities between RARs, functional redundancy
is apparent where mutations in single RARs do not instigate developmental defects. In
contrast, simultaneous ablation of two RARs results in overt malformation and death in
utero (Ghyselinck et al., 1997; Lohnes et al., 1994; Kastner et al., 1994; Mendelsohn et al.,
1994).

With an affinity for RARES, RARs reside in the nucleus and bind to cognate recognition
motifs. In the absence of its ligand, RARs are postulated to associate with co-repressor
complexes, thus inhibiting the initiation of transcription. Conversely, in the presence of its
ligand, RA binds to the LBD of RARs and results in the dissociation of co-repressor
complexes. This is ensued by the recruitment of co-activator modules and transcriptional
machinery to prompt the transcriptional process (reviewed by Rochette-Egly and Germain,
2009).

Apart from the canonical signalling pathway, non-genomic responses of RARs have been
delineated. Acting through kinase cascades, RARs have been demonstrated to activate p38
MAPK, MSK1 and PI3K (Alsayed et al., 2001; Gianni et al., 2002; Gianni et al., 2006;
Bruck et al., 2009; Masia et al., 2007). These signalling events are independent of the
transcriptional capabilities of RARs and have been attributed to two serine
phosphorylation sites within the LBD and N-terminal domain (Bruck et al., 2009;
Rochette-Egly et al., 1997; Bastien et al., 2000). In addition to non-genomic modes of
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action, RARs can also achieve ligand independence. These incidences include co-
operation with other receptors and epigenetic modifications. To this end, RARa and
Estrogen Receptor (ER) have been demonstrated to co-occupy regulatory elements within
the chromatin in an ER dependent manner (Ross-Innes et al., 2010). In addition, RARa
has been described to influence transcriptionally permissive histone modifications at the
promoter locus of Mest in the absence of RA (Laursen et al., 2012).

5.1.2 Retinoic Acid Receptors and Oct4 regulation

Amid the plethora of genomic interactions exhibited by RARs at its cognate binding
sequences, RAREs have been elucidated within the cis-regulatory elements of Oct4
(Schoorlemmer et al., 1994; Pikarsky et al., 1994; Okazawa et al., 1991). The discovery of
RAREs within the Oct4 regulatory elements was incited by the amalgamation of various
pieces of information, namely (i) the importance of Oct4 during early development
(Nichols et al., 1998) and (ii) the loss of pluripotency upon high doses of retinoic acid
(Okamoto et al., 1990). With this in mind, our current understanding of the regulation of

Oct4 expression, with primary focus on RA signalling, will be illustrated below.

5.1.2.1 Regulation of Oct4 expression levels

The fleeting and obligatory expression of Oct4 during early stages of embryonic
development has motivated the elucidation of its functional network. With the advent of
sophisticated analysis methods such as chromatin immunoprecipitation coupled to
sequencing, the transcriptional landscape during early stages of embryonic development
has been feasible. Using mouse and human ESCs as a surrogate to study early
development, transcriptional complexes associated with pluripotency have been unearthed
(Boyer et al., 2005; Loh et al., 2006; Kim et al., 2008; Wang et al., 2006; Marson et al.,
2008b; Chen et al., 2008). These analyses revealed the presence of a core transcriptional
apparatus consisting of Oct4, Sox2 and Nanog which actively participates in the
maintenance of pluripotency. Examination of the genomic regions bound by pluripotency-

associated transcription factors at high resolution revealed that the distal enhancer of Oct4
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depicts the densest binding locus. Transcriptional regulators which tether to this region
include Stat3, KIf4, Smadl, Esrrb, Nanog, Sox2, Tcf3 and c-Myc (Chen et al., 2008;
Marson et al., 2008b). In addition, p300 binding and activating methylation marks at
lysines 4 and 36 of histone 3 are heavily represented in the enhancer, promoter and
transcribed regions of Oct4 within ESCs (Marson et al., Chen et al., 2008; Schnetz et al.,
2010). This strengthens the notion that Oct4 regulatory elements are heavily occupied in
pluripotent cells, hence unravelling of the regulatory mechanisms at these elements will
illuminate the molecular switches involved in the acquisition of induced pluripotency and

differentiation.

5.1.2.2 Retinoic Acid Receptors mediate Oct4 expression

To initiate the understanding of Oct4 transcriptional regulation, phenomenon described to
accompany changes in Oct4 expression levels was employed as a learning platform. To
this end, RA-induced differentiation which leads to a decrease in Oct4 expression levels
pioneered initial studies and sought to determine the effect of RA signalling on Oct4
regulation (Schoorlemmer et al., 1994; Pikarsky et al., 1994; Okazawa et al., 1991).

Using a combination of DNase footprinting, chloroamphenicol acetyltransferase (CAT)
assays and computational prediction to study the effects of RA-induced differentiation,
three regions that encompass RAREs were disclosed. They were subsequently labelled as
the distal enhancer, proximal enhancer and proximal promoter, positioned approximately
2kb, 1kb and 100bp upstream of the Oct4 transcriptional start site respectively. These
elements were portrayed to be active in EC cells and murine embryos, and inactive in the
presence of high doses of retinoic acid (Schoorlemmer et al., 1994; Pikarsky et al., 1994;
Okazawa et al., 1991; Yeom et al., 1996).

The three regulatory elements control the expression of Oct4 at different stages of
development. The distal enhancer drives Oct4 expression within the pre-implantation

epiblast, whereas the proximal enhancer is responsible for inciting Oct4 expression in the
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post-implantation epiblast (Yeom et al., 1996). EpiSCs reflect a sub-population from the
late epiblast and rely on the proximal enhancer for expression of Oct4, whereas derivatives
from the early epiblast depend on the distal enhancer for Oct4 expression (Tesar et al.,
2007; Guo et al., 2010; Han et al., 2010a). Despite dissimilar regulatory circuits, the
expression levels of Oct4 are similar between EpiSCs and ESCs (Tesar et al., 2007).
Although the control of Oct4 expression has been delineated in various pluripotent states,
regulatory elements which govern Oct4 expression during the acquisition of pluripotency

have not been explored.

The RARE situated at the proximal promoter (RAREoct) has been described to be pivotal
in the regulation of Oct4 expression through competitive binding between Coup-TFlI,
Coup-TFII and the RARs (Ben-Shushan et al., 1995). Coup-TFI and Coup-TFII have the
capacity to tether to RAREoct and repress Oct4 expression, whereas increasing amounts of
RARs counteract this phenomenon by displacing negative regulators and inciting Oct4
expression. Additional regulatory components have since been elucidated to adhere to
RAREoct (Fuhrmann et al., 1999; Fuhrmann et al., 2001; Barnea and Bergman, 2000). For
example, an SF1 (Nr5al) recognition site was identified adjacent to RAREoct and the
application of CAT assays reveals that a combination of SF1 and RARa or RARYy results
in enhanced transcriptional activity at RAREoct (Barnea and Bergman 2000). As SF1
shares similar recognition sites to LRH1 (Nr5a2), it was further delineated that LRH1
competently occupies RAREoct (Gu et al., 2005) and co-operation between LRH1 and
RARy instigates rapid and efficient generation of iPSCs (Wang et al., 2011c). As
exploration of the role of RARs in the acquisition of induced pluripotency is in its infancy,
it will be intriguing to extend these findings to RARp and determine its ability to function

as a surrogate for ectopic Oct4 during reprogramming.

5.1.3 Chapter Aim

This chapter aims to delineate the mechanisms behind RAR in its ability to replace

ectopic Oct4 during the initiation of reprogramming events. As RARs have been
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implicated in the regulation of Oct4 through their association with Oct4 cis-regulatory
elements, these findings serve as a basis to understand the role of RARf in negotiating the
requirement for ectopic Oct4 during the acquisition of pluripotency and may offer a

distinct perspective of the reprogramming process.

5.2 Results

5.2.1 Retinoic Acid enhances reprogramming efficiency

As an initial step to dissect the role of RARP in the acquisition of pluripotency, its ligand,
all trans-RA (ATRA), was assessed for its ability to imitate the effects of RAR and elicit
an effect on the reprogramming process. To this end, ATRA was introduced to the
conventional reprogramming cocktail of Oct4, c-Myc, KlIf4 and Sox2. High concentrations
of RA have been well-established to incite differentiation into neural lineages (Okada et
al., 2004; Schuldiner et al., 2001). As such, low concentrations of ATRA were employed.
0.1nM and 1nM of ATRA were introduced at the initial stages of reprogramming, and
number of colonies generated acted as a surrogate to determine reprogramming
efficiencies. To heighten the sensitivity of the screen, high passage MEFs were utilised and
few colonies were observed when the conventional reprogramming cocktail was
introduced on its own (Figure 5.1). This allows clear delineation of any effect on
reprogramming efficiencies. Interestingly, addition of 1nM ATRA escalated the number of
IPSC colonies generated, whereas 0.1nM of ATRA did not yield a similar effect. A similar
phenomenon was observed when a separate form of RA, 9-cis RA, was used. 9-cis RA has
been described to be reciprocal ligand recognised by RXRs (Heyman et al., 1992; Levin et
al., 1992), suggesting that RXRs may also be involved in reprogramming events. The
experiment was replicated three times and a similar effect was observed. Figure 5.2
illustrates a quantitative view of the colony numbers generated by the addition of 1nM RA.
These results ascertain the role of RA signalling in the reprogramming and provide
supporting evidence for the ability of RARPB to competently act as a substitute for

exogenous Oct4 during reprogramming.
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Figure 5.1 Addition of all-trans retinoic acid affects reprogramming efficiencies To assess the
influence of all-trans retinoic acid (ATRA) on reprogramming, Oct4, c-Myc, KIf4 and Sox2 were
transfected into MEFs and electroporated MEFs were seeded onto a mitotically inactive feeder
layer in the presence of ATRA . Cells were exposed to the indicated ATRA concentrations for 5

days. 21 days after reprogramming, the cells were stained with bromophenol blue for visualisation.
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Figure 5.2 Addition of 1nM all-trans retinoic acid improves reprogramming efficiencies
Tripicates were conducted to study the effect of 1nM ATRA on reprogramming efficiencies. 1nM
ATRA was introduced for 5 days to MEFs which had been transfected with Oct4, c-Myc, KIf4 and
Sox2. 21 days after transfection, cells were stained with bromophenol blue and counted. The
numbers of observed colonies are reflected in the bar chart above where the error bars signify the
standard deviation calculated from the values obtained from 3 separate experiments. Statistical

analysis was performed using a student’s T-test. *p<0.05
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5.2.1 RARB binds to the enhancer and promoter regions of Oct4

Having delineated that the natural ligand of RARP can enhance reprogramming
efficiencies, it was pertinent to understand the mechanisms behind the ability of RARp in
acting as a substitute for exogenous Oct4 in the acquisition of induced pluripotency.
Recent findings have highlighted the association of RARa and RARy to the distal
enhancer element of Oct4 (Delacroix et al., 2010). As RARB was omitted from the study,
it is intriguing to determine if RARPB possesses similar qualities. To this end, chromatin
immunoprecipitation (ChIP) was performed using an antibody specific to RARB. As
RARB is not highly expressed in ESCs, MEFs were used as a starting material.
Fragmented genomic regions which were tethered to RARP were eluted and analysed.
Using GenePalette to identify consensus motifs recognised by the RAR family, eleven
potential RAREs were annotated 10kb upstream of the Oct4 transcriptional start site (TSS)
(Figure 5.3). Primers against each of the eleven sites were designed and introduced to the
ChIP eluate for amplification. Figure 5.4 illustrates quantification of the amplified
products corresponding to eleven putative RARES preceding Oct4 TSS. RARES between
100bp and 2.17kb upstream of Oct4 TSS displayed positive association to RAR. This
region comprises of the sites which have been previously demonstrated to show
susceptibility to control by RARs, namely the distal enhancer, proximal enhancer and
proximal promoter (RAREoct) (Yeom et al., 1996). To inject an additional level of
validation, DNA immunoprecipitated using the abovementioned RARf antibody was
sequenced using primers corresponding to 2.17kb upstream of Oct4 TSS, exhibiting
identity to the distal enhancer of Oct4. (Figure 5.5).
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Figure 5.3 Predicted Retinoic Acid Response Elements (RARESs) upstream of Oct4 RAREs
which fulfil the consensus motif (A/G)G(G/T)TC(A/G) were identified using GenePalette.
Predicted RAREs are displayed in blue boxes and their distances from the transcriptional start site
are indicated. The boxes in red, yellow and green depict RARESs representative of the proximal

promoter (RAREoct), proximal enhancer and distal enhancer respectively.
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Figure 5.4 RARP binds to RAREs up to 2kb upstream of Oct4 Chromatin Immunoprecipitation
(ChlP) was performed using antibodies against RARf in MEFs. Using eluate obtained from the
pull-down, gPCR was conducted using primers designed against the 11 predicted RAREs. The
values were normalised against a control region 24kb upstream of Oct4, and 1gG.
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Figure 5.5 Sequence of amplified band using primers against Oct4 Distal Enhancer
Chromatin Immunoprecipitation (ChIP) was performed using antibodies against RARP in MEFs.
Using eluate obtained from the pull-down, PCR was conducted using primers designed against the
distal enhancer of Oct4. Amplified products were visualised on an agarose gel before extraction
and purification. The purified amplicon was sequenced (Top) and aligned to the genomic sequence
of Oct4 using ClustalW?2 (Bottom).
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5.2.2 RARB elicits transcriptional activation through interaction with the distal

enhancer of Oct4

To determine if binding of RARJ to the regulatory elements of Oct4 elicits transcriptional
activation, various DNA fragment sizes of the Oct4 genomic locus were cloned into
luciferase reporter constructs (Figure 5.6). Having delineated that binding of RARB was
restricted to 2.17kb upstream of the Oct4 TSS, | chose to study DNA spanning 2.4kb
which encompassed the distal and proximal enhancers of Oct4 and RAREoct (DE-PE-
RAREoct). In addition, a 1.3kb fragment comprising of both Oct4 proximal enhancer and
RAREoct (PE-RAREoct), and a 466bp fragment solely consisting of RAREoct
(RAREoct), were inserted into reporter constructs preceding cDNA encoding for firefly
luciferase. In order to study the effect of RARP on the enhancer elements alone, additional
constructs were generated. First, a 450bp genomic fragment containing merely the distal
enhancer was inserted adjacent to the luciferase reporter construct (DE-minP). A basic
promoter consisting of a TATA box (minP) was included preceding the luciferase reporter
gene to allow for efficient promotion of gene expression in the presence of enhancers.
Extending this construct, genomic fragments of increasing length, namely a 2kb fragment
consisting of both the distal and proximal enhancer (DE-PE-minP), and a 2.4kb fragment
encompassing the distal and proximal enhancer and RAREoct (DE-PE-RAREoct-minP),

were inserted in front of the minimal promoter and cDNA encoding for firefly luciferase.
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Figure 5.6 Schematic Diagram of luciferase constructs generated Luciferase constructs

comprising of a combination of elements upstream of Oct4 were designed. The red, yellow and
green boxes depict RARES representative of the proximal promoter (RAREoct), proximal enhancer
and distal enhancer of Oct4 respectively. The top three constructs involve the modification of
pGL3-basic, which allows the insertion of a promoter of interest adjacent to a luciferase reporter
gene. The bottom three constructs involve the modification of pGL4.23, which allows the insertion
of desired enhancer regions adjacent to a minimal promoter (minP) preceding a luciferase reporter

gene.
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It was previously described that a genomic fragment of length 18kb which contained the
regulatory elements of Oct4 was able to recapitulate the expression of Oct4 in a
developing mouse embryo (Yeom et al., 1996). To verify the functionality of the luciferase
reporter constructs, each luciferase vector was introduced into MEFs or ESCs, representing
somatic or pluripotent cell types. Figure 5.7 demonstrates that DE-PE-RAREOct is highly
activated in ESCs, as reflected by high luciferase activity. Conversely, the same construct
is repressed in MEFs. Similarly, PE-RAREoct is twice as active in ESCs than MEFs. On
the contrary, RAREoct was observed to be repressed in ESCs but active in MEFs. This
could be attributed to the presence of repressors such as Coup-TFI or Coup-TFIl in ESCs
which have been described to bind to RAREoct (Ben-Shushan et al., 1995). Figure 5.8
fortifies these observations where DE-PE-RAREoct-minP is 8-fold more active in ESCs
than MEFs. In parallel, DE-minP and DE-PE-minP exhibited 2-fold and 3-fold increased
activity in ESCs compared to MEFs respectively, suggesting synergy between the distal

enhancer and RAREoct for the manifestation of maximum Oct4 expression.

Having demonstrated the functional integrity of the luciferase constructs, these reporter
vectors were introduced to MEFs in combination with reprogramming cocktails. Figure
5.9 offers a graphical representation of the luciferase readings triggered by the presence of
the reprogramming factors. Given that the distal enhancer encompasses several recognition
sites for a spectrum of transcription factors, including c-Myc, KIf4 and Sox2 (CKYS), it was
expected that the presence of CKS activated DE-PE-RAREoct. The observed activation of
DE-PE-RAREoct was augmented when RAR was co-introduced with CKS. Intriguingly,
the proximal enhancer and proximal promoter regions of Oct4 were not affected in the
presence of RARP. On the contrary, RARYy has recently been implicated in the regulation
of Oct4 expression levels via interaction at the proximal promoter (Wang et al., 2011c). In
a bid to explore if RARy could function in a similar manner as RARP, RARy was
introduced into the experimental study. Interestingly, when RARy was introduced in place
of RAR, a similar phenomenon was observed where CKS and RARY triggered activation
of DE-PE-RAREoct, reinforcing the observation that RARs elicit a transcriptional effect at

the Oct4 distal enhancer.
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The co-operative role between LRH1 and RARYy in the acceleration and enhancement of
reprogramming events has recently been established (Wang et al., 2011c). To determine if
LRH1 has a similar additive effect in the presence of RARB and CKS, five factors (CKS,
RARB and LRH1) were introduced into MEFs and observed for transcriptional activation
as indicated by luciferase activity. Interestingly, the addition of LRH1 to the
reprogramming cocktail containing CKS and RARP enhanced luciferase activity.
However, comparable to previous findings, the increased luciferase activity was only
observed in the luciferase construct that encompasses the distal enhancer of Oct4 (DE-PE-
RAREoct) (Figure 5.9). An analogous result was observed when RARy was applied
instead of RAR, where the presence of LRH1, RARy and CKS displayed elevated levels

of luciferase activity.
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Figure 5.7 Activity of luciferase constructs in MEFs and ESCs To determine the functionality
of each luciferase construct, the reporter vectors were separately transfected into MEFs or ESCs.
After 48 hours, transfected cells were lysed and analysed for luciferase actvity through the addition
of luciferin. Renilla was co-introduced with each luciferase reporter construct to account for
transfection variability. The values plotted on the graph were normalised to an empty pGL3-basic

vector and their corresponding Renilla control readings.
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Figure 5.8 Activity of luciferase constructs in MEFs and ESCs To determine the functionality
of each luciferase construct, the reporter vectors were separately transfected into MEFs or ESCs.
After 48 hours, transfected cells were lysed and analysed for luciferase actvity through the addition
of luciferin. Renilla was co-introduced with each luciferase reporter construct to account for
transfection variability. The values plotted on the graph were normalised to pGL4.23 and their

corresponding Renilla control readings.
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Figure 5.9 RARB and RARYy act synergistcally with LRH1 to transcriptionally activate the
distal enhancer of Oct4 Combinations reflective of the reprogramming cocktails were transfected
into MEFs. The combinations of transgenes introduced are labelled along the horizontal axis. Each
of the three luciferase constructs (RAREoct, PE-RAREoct, and DE-PE-RAREoct) was co-
introduced with each transgenic combination. After 48 hours, the cells were lysed and assessed for
luciferase activity. The values are displayed in the bar chart, where the three colours depict the
different luciferase construct analysed. The readings are normalised against Renilla and pGL3-

basic. Statistical analysis was performed using a student’s T-test. *p=0.05; **p<0.05
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5.2.3 RARs can function as replacements to exogenous Oct4 during the generation of
iPSCs

Having described that both RARy and RARP positively regulate the distal enhancer of
Oct4, | next investigated if RARy and RARa could similarly trigger reprogramming events
in the absence of ectopic Oct4 expression. Using a doxycycline inducible system,
individual RAR family members were introduced into MEFs, in the absence or presence of
LRH1. LRH1 was included on the premise it can act synergistically with RARy and
RARp to activate Oct4 expression levels, as suggested by Figure 5.9. To distinguish
reprogrammed cells, AP which acts as a general stem cell marker was employed. Figure
5.10 illustrates the number of AP expressing colonies obtained from the various
reprogramming mixes. The presence of RARs or CKS individually did not generate any
iPSC colonies. In contrast, combination of CKS and each RAR family member incited the
formation of iPSC colonies (RARy-iPSCs and RARB-iPSCs). The presence of LRH1 and
CKS was observed to trigger reprogramming events (LRHZ1-iPSCs), reproducing
observations which were previously established (Heng et al., 2010). Analagous to findings
obtained from Figure 5.9, addition of LRH1 to reprogramming cocktails consisting of
CKS and each RAR family member promoted the number of reprogrammed colonies
(RARy+LRH1-iPSCs and RARP+LRH1-iPSCs), reiterating the co-operation between
LRH1 and RARs in the activation of the Oct4 regulatory elements.

These observations were reaffirmed in triplicates using larger volumes of starting material.
Figure 5.11 provides a numerical representation on the various reprogramming
efficiencies. Mirroring previous observations in Figure 5.10, RARB and RARy were
competent at replacing exogenous Oct4 to generate iPSCs and this ability was augmented
with the inclusion of LRH1. However, the conventional reprogramming cocktail (Oct4 and
CKS) was the most efficient at producing iPSC colonies, surmising that the stoichiometric

ratios of the replacement factors were sub-optimal.
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To ensure that iPSCs generated in the presence of LRH1 and/or RARy were sustainable
and exhibited pluripotency, transcript levels of pluripotency markers in these cells were
determined. Figure 5.12 illustrates that iPSCs generated in the presence of LRH1 and

RARy, where exogenous Oct4 was absent, exhibited comparable levels of pluripotency

markers to ESCs and Oct4-iPSCs, reinforcing that RARy and LRH1 can derive pluripotent

derivatives in the absence of ectopic Oct4.
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Figure 5.10 RAR family members act synergistcally with LRH1 to increase reprogramming
efficiencies in the presence of PB-TRE-CKS To determine the reprogramming capabilities of
RARB, RARy and RARa, each factor was introduced into MEFs, in co-operation with PB-TRE-
CKS and PB-CAG-rtTA . Transfected cells were maintained over three weeks on a feeder layer to

observe for colonies. iPSC colonies were stained for the expression of AP, as depicted in red.
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Figure 5.11 Comparison of reprogramming efficiencies triggered by RARP and RARY, in
synergy with LRH1 To compare the reprogramming capabilities of RARB and RARY, both factors
were introduced into MEFs, in the presence or absence of LRH1, and the addition of PB-TRE-CKS
and PB-CAG-rtTA . Transfected cells were maintained over three weeks on a feeder layer to
observe for colonies. Number of colonies generated in each transgenic combination were
calculated and indicated in the bar chart. Triplicates for each reprogramming combination was
performed and the error bars indicate the standard deviation derived from the three independent

experiments.
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Figure 5.12 Expression levels of pluripotency markers in iPSCs generated by RARy and/or
LRH1 iPSCs were generated using combinations of RARB, RARy and LRH1, in the presence of
PB-TRE-CKS. iPSC colonies were picked and expanded in doxycycline free-growth medium.
cDNA was obtained from established iPSC clones and expression of pluripotency markers were
assessed by PCR and visualised on an agarose gel. The intensities of the bands are indicative of the

amount of transcript present.
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5.2.4 Oct4, c-Myc, KIf4, Sox2, RARy and LRH1 (6F) are the most potent activators of
the Oct4 distal enhancer

This chapter has described that RARs and LRH1 play a positive transcriptional role by
tethering to the Oct4 distal enhancer in the absence of ectopic Oct4. Recent work has
described the remarkable ability of Oct4, c-Myc, KIf4, Sox2, RARy and LRH1 (6F) in
improving reprogramming speed and efficiencies (Wang et al., 2011c). As ectopic Oct4
has been omitted from the experiments thus far, it was interesting to determine if the
reprogramming advantage instigated by 6F was also attributable to transcriptional
activation at the distal enhancer. To this end, reprogramming cocktails inclusive of Oct4
were co-introduced with luciferase constructs described in Figure 5.6 into MEFs.
Luciferase assays were performed at 48 hours post transfection and Figure 5.13 illustrates
the results of the luciferase assays. Evident from the graphical representation of luciferase
readings, the presence of 6F initiated luciferase activity of DE-PE-RAREoct up to 20-fold,
when compared to activity incited by the presence of Oct4, c-Myc, KIf4 and Sox2 (4F).
Interestingly, substitution of RARy with RARp also led to a 10-fold increment in
luciferase activity compared to 4F. These results reinforce the notion that RARs can
regulate Oct4 expression, especially when facilitated by the introduction of ectopic Oct4
and LRH1.

To align the luciferase results to a functional test, an identical spectrum of reprogramming
combinations in Figure 5.13 was introduced into MEFs and observed for the formation of
iPSC colonies. Figure 5.14 illustrates a numerical comparison of iPSC colonies obtained
from the respective reprogramming conditions. Analagous to data retrieved from Figure
5.13, the addition of RARPB and RARy to the conventional reprogramming mix (4F)
improved reprogramming efficiencies. The efficiency was substantially further increased
in co-operation with LRH1. These results complement previous findings and suggest that
RAR family members elicit similar effects in assisting reprogramming events, but the 6F
combination is most competent at inciting Oct4 expression and reprogramming

efficiencies.
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Figure 5.13 RARB and RARYy act synergistcally with LRH1 to transcriptionally activate the
distal enhancer of Oct4 in the presence of conventional four reprogramming factors
Combinations reflective of the reprogramming cocktails were transfected into MEFs. The
combinations of transgenes introduced are labelled along the horizontal axis. Each of the three
luciferase constructs (RAREoct, PE-RAREoct, and DE-PE-RAREoct) was co-introduced with
each transgenic combination. After 48 hours, the cells were lysed and assessed for luciferase
activity. The values are displayed in the bar chart, where the three colours depict the different
luciferase construct analysed. The readings are normalised against Renilla and pGL3-basic.

Statistical analysis was performed using student’s T-test. *p<0.05
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Figure 5.14 Comparison of reprogramming efficiencies triggered by RARB and RARy, in
synergy with LRH1 and the four conventional reprogramming factors To compare the
reprogramming capabilities of RARB and RARY, both factors were introduced into MEFs, in the
presence or absence of LRH1, and the addition of PB-TRE-OCKS and PB-CAG-ItTA. Transfected
cells were maintained over three weeks on a feeder layer to observe for colonies. Number of
colonies generated in each transgenic combination were calculated and indicated in the bar chart.
Triplicates for each reprogramming combination was performed and the error bars indicate the
standard deviation derived from the three independent experiments.
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5.2.5 LRH1 binds to the regulatory elements of Oct4

The synergy between RARy and LRHL1 in activating Oct4 expression at RAREoct has been
attributed to co-operative binding (Ben-Shushan et al., 1995; Wang et al., 2011c). With the
discovery that RARP and RARy work in unison with LRH1 to promote Oct4 expression at
the distal enhancer, it is imperative to determine if LRHL1 is able to tether to similar
upstream regions of Oct4. To pursue this question, ChIP was performed in ESCs using an
antibody against LRH1. Using the same set of primers described earlier (Figure 5.3), 11
putative RAREs within 10kb upstream of the Oct4 TSS were amplified. Figure 5.15
illustrates quantification of the amplified products at the 11 potential sites. Remarkably,
there exists a close resemblance between the patterns observed for LRH1 and RARS.
Motifs situated beyond 2.17kb of the Oct4 TSS were poorly represented, whereas regions
closer to the Oct4 TSS were heavily represented. This supports the notion that LRH1
competently binds to the distal and proximal enhancers of Oct4 and RAREoct, explicating

its ability to co-regulate the Oct4 distal enhancer with RAR family members.

Results from the luciferase assay suggest that RARYy interacts more effectively with LRH1
than RARP to activate transcription at the Oct4 distal enhancer (Figure 5.9 and Figure
5.13). This could be attributable to mutual exclusivity in their inherent expression profiles.
Examination of transcript levels of the RAR family members and LRH1 in ESCs and
MEFs illustrate that RARB and LRH1 are unlikely to co-express in a natural setting
(Figure 5.16). In contrast, LRH1, RARa and RARYy are expressed in ESCs, surmising the
innate ability of RARy and LRH1 to co-operate and trigger transcription at the Oct4 distal
enhancer (Figure 5.9 and Figure 5.13). These discrepancies in expression levels reflect
the effective pairing between RARy and LRH1, but not RAR and LRH1. Subsequent co-
immunoprecipitation experiments using endogenous proteins could allow better
understanding of the natural synergy between RARs and LRH1. As RARa and RARYy are
expressed in similar patterns, it will be interesting to determine if RARa and LRH1

display synergistic abilities to promote the transcriptional activation of Oct4.
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Figure 5.15 LRH1 binds to RAREs up to 2kb upstream of Oct4 Chromatin
Immunoprecipitation (ChlIP) was performed using antibodies against LRH1 in ESCs. Using eluate
obtained from the pull-down, gPCR was conducted using primers designed against the 11 predicted

RAREs. The values were normalised against a control region 24kb upstream of Oct4, and IgG.
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Figure 5.16 Expression profile of RAR family members and LRH1 in MEFs and ESCs
Primers were designed against exon junctions of RARa, RARB, RARy and LRH1. Using cDNA
from ESCs and MEFs, the transcript amounts of RARa, RARB, RARy and LRH1 were quantified

through qPCR using corresponding primers and SYBR-Green and normalised against GAPDH
expression levels.
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5.2.6 Oct4 expression is obligatory during reprogramming

Although RAR family members have been portrayed to induce nuclear reprogramming of
mouse fibroblasts to a primitive pluripotent state and eradicate the requirement for
exogenous Oct4 expression, it is not clear if endogenous Oct4 expression is obligatory
during the reprogramming process. To address this concern, temporal control of Oct4 in
ZHBTc4 ESCs was employed (Niwa et al., 2000). Figure 5.17 delineates the genetic
modifications received by ZHBTc4 ESCs. In essence, both endogenous copies of Oct4 had
been replaced by antibiotic resistance through homologous recombination. To sustain
pluripotency, exogenous Oct4 cDNA controlled by a tetracycline repressible system was
introduced into ZHBTc4 ESCs. These genetic manipulations allow self-renewal and the
maintenance of pluripotency. In addition, Oct4 levels can be altered according to the
addition of doxycycline, a potent derivative of tetracycline, where escalating amounts of
doxycycline represses Oct4 expression to an increasing extent.

To determine if endogenous Oct4 is required during reprogramming, ZHBTc4 ESCs were
differentiated for 6 days in the presence of 0.1uM ATRA and 1ug/mL doxycycline before
reprogramming factors were introduced to determine competence in the acquisition of
pluripotency (Figure 5.18). A combination of high doses of retinoic acid and doxycycline
instigated differentiation of compact ESC colonies into flat extended cells. It has been
previously established that exposure to doxycycline triggers trophoblast differentiation
(Niwa et al., 2000), whereas high amounts of ATRA have been described to instigate
differentiation cues (Strickland and Mahdavi, 1978; Schuldiner et al., 2001; Okada et al.,
2004). A combination of two differentiation stimuli results in a population of differentiated
cells that are distinct from ESCs and exhibit a complete loss of Oct4 (Figure 5.19). With
the ablation of Oct4 expression, reprogramming cocktails were introduced to assess the
reprogramming potential of the differentiated ESCs. Upon the introduction of
reprogramming factors, the transfected cells were maintained over two weeks in the

absence or presence of doxycycline and scored for the number of iPSC colonies generated.
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As a control experiment, | made an initial attempt to determine the pliability of Oct4
expression after the withdrawal of doxycycline. ZHBTc4 ESCs which had been
differentiated using ATRA and doxycycline over 6 days were seeded in the absence of
doxycycline. Cells were collected at 1, 2, 3 and 7 days after doxycycline withdrawal and
assessed for Oct4 expression (Figure 5.19). Upon 24 hours of doxycycline treatment at
0.1ug/mL, Oct4 expression was markedly reduced to levels resembling MEFs.
Interestingly, after 7 days of doxycycline withdrawal, Oct4 transcript amounts were only
regained to 20% of the initial intensity, and reversion to ESC-like morphology was not
observed. This could be attributed to epigenetic modifications of the Oct4 transgene in
ZHBTCc4 cells during the differentiation process.

To assess the acquisition of pluripotency in the absence of Oct4, differentiated ZHBTc4
cells were transfected with various combinations of reprogramming factors (Figure 5.20).
Continuous exposure to doxycycline and repression of Oct4 ablated the reprogramming
potential of RARs and LRH1, implying the obligatory requirement for Oct4 during the
initiation of reprogramming events. The absence of reprogramming events was rectified
through the introduction of ectopic Oct4, reinforcing the notion that Oct4 is essential
during reprogramming. However, the observation that ectopic expression of Oct4 was
sufficient to initiate reprogramming events suggests that endogenous expression of Oct4 is
unnecessary. Apart from ectopic introduction of Oct4, doxycycline which repressed Oct4
expression was withdrawn to stimulate Oct4 expression and generate iPSC colonies in the
presence of CKS and RARs (Figure 5.20). This observation was compounded with the co-
introduction of LRH1. Surprisingly, withdrawal of doxycycline in cells which only
encompassed ectopic CKS could not initiate the formation of iPSCs. This could be
attributable to an incomplete re-expression of Oct4 following doxycycline withdrawal as
described in Figure 5.19. To offer a graphical representation of colony numbers, Figure
5.21 depicts a cumulative bar chart reflecting the number of iPSC colonies obtained from

four separate reprogramming experiments.
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Having determined that Oct4 expression is essential to trigger the generation of iPSCs, it
was next explored if increasing Oct4 expression levels could affect reprogramming
efficiency. To this end, compounded amounts of Oct4 facilitated by introduction of ectopic
Oct4 and re-expression of Oct4 transgene in the absence of doxycycline, were
demonstrated to escalate reprogramming efficiencies (Figure 5.20). This proposes that
amount of Oct4 is a limiting factor for the initiation of reprogramming. Additionally,
inclusion of RARs and LRH1 into the reprogramming mix further enhanced
reprogramming efficiencies (Figure 5.20), once again emphasising the capacity of RARs
and LRH1 to promote the generation of iPSCs As Oct4 expression in ZHBTc4 cells is not
controlled by its genomic regulatory elements, it suggests that RARs have alternative roles
in the reprogramming process. To this end, RARs have been described to function through
non-canonical pathways and may account for the discrepancies observed (Alsayed et al.,
2001; Gianni et al., 2002; Gianni et al., 2006; Bruck et al., 2009; Masia et al., 2007; Ross-
Innes et al., 2010; Laursen et al., 2012).

Overall, these results surmise the unequivocal need for the presence of Oct4 during
reprogramming. Ectopic expression of Oct4 through the delivery of a foreign vector is
sufficient to trigger reprogramming events but heightened amounts of Oct4 can enhance
the generation of iPSCs. Furthermore, inclusion of RARs into the reprogramming cocktail
can augment reprogramming efficiencies, substantiating previous experimental
observations and proposing a new dimension to the role of RARs in the reprogramming

process.
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Figure 5.17 Genomic modifications of ZHBTc4 ESCs ZHBTc4 ESCs comprise of transgenes

encoding (i) tetracycline transactivator and (ii) Oct4 cDNA driven by a tetracycline response

element. The endogenous Oct4 loci are disrupted through homologous recombination and exon 1 is

spliced with zeocin and blasticidin resistance genes.
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Figure 5.18 Experimental Strategy to determine involvement of Oct4 in reprogramming To
determine the role of Oct4 in reprogramming, Oct4 expression levels were manipulated using
ZHBTc4 ESCs. 1ug/mL DOXYCYCLINE and 0.1uM ATRA were introduced to ZHBTc4 ESCs
for 6 days to trigger differentiation. Combinations of reprogramming factors were transfected into
the differentiated cells and maintained in ESC growth media for 14 days. Colonies obtained were

stained for the presence of AP and quantified.
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Figure 5.19 Manipulation of Oct4 expression levels in ZHBTc4 ESCs To verify the changes in
Oct4 expression levels in ZHBTc4 ESCs, Oct4 transcript amounts were quantified using gPCR.
Lane 1 shows negligible Oct4 levels in MEFs. Unmodified ZHBTc4 ESCs (Lane 3) exhibit Oct4
expression comparable to ESCs that carry both endogenous copies of Oct4 (Lane 2). Introduction
of 1nM DOXYCYCLINE to ZHBTc4 ESCs over a period of 24 hours (Lane 4) drastically reduces
Octd expression levels. Lanes 5-8 correspond to the re-expression of Oct4 in differentiated
ZHBTc4 cells upon the withdrawal of DOXYCYCLINE over a 7 day period.
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Figure 5.20 Reprogramming of differentiated ZHBTc4 ESCs in the presence or absence of
Oct4 ZHBTc4 ESCs were differentiated in 0.1uM ATRA and 1ug/mL DOXYCYCLINE for 6

days before combinations of CAG-promoter driven reprogramming factors were introduced by

electroporation. Transfected cells were maintained in ESC growth media for 14 days, before
reprogrammed colonies were stained for the presence of AP. AP activity, as indicated by red
colour is a marker for pluripotency.
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Figure 5.21 Bar chart reflecting reprogrammed colonies from differentiated ZHBTc4 ESCs
ZHBTc4 ESCs were differentiated in 0.1uM ATRA and 1lug/mL DOXYCYCLINE for 6 days
before combinations of reprogramming factors were introduced by electroporation. Transfected
cells were maintained in ESC growth media in the absence (Tet-Oct4 ON) or presence (Tet-Oct4
OFF) of doxycycline for 14 days, before reprogrammed colonies were stained for the presence of
AP. Number of colonies expressing AP is reflected in the bar chart. Each colour represents an

independent experiment. Cumulative values for four separate experiments are illustrated.
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5.2.7 Understanding the kinetics of activating Oct4 regulatory elements during
reprogramming

RARs have been described as potent triggers of the reprogramming process, with RARy
and LRH1 exhibiting impactful capacities to positively regulate the Oct4 distal enhancer
and RAREoct. With this in mind, it is pertinent to dissect the molecular kinetics of Oct4
activation assisted by RARy and LRH1 during reprogramming. In order to assess the
kinetics behind reprogramming, recordings of a homogenous population of cells
undergoing reprogramming would be ideal. To this end, iPSCs were generated through the
introduction of 4F or 6F in a doxycycline inducible approach. Both populations of iPSCs
were differentiated through the addition of 0.1uM ATRA over 6 days (Figure 5.22). This
creates a consistent platform to examine snapshots of the initial stages of reprogramming.
Differentiated iPSCs were then exposed to doxycycline to elicit the re-expression of
reprogramming factors. Comparison of 4F and 6F reprogramming Kinetics highlights
differences attributed to the presence of RARy and LRH1. Cells were collected at various
time points after doxycycline treatment to inspect epigenetic alterations at the Oct4
regulatory elements. Extending this, luciferase assays were performed in these cells to
determine the activity of reporter constructs described in Figure 5.6 at 24, 48 and 72 hours
after doxycycline treatment. This method permits the dissection of changes akin to
epigenetic modifications and activating stimuli at the regulatory components of the Oct4
locus during the first 72 hours of reprogramming and illuminates the participation of

RARy and LRH1 during the acquisition of pluripotency.
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Figure 5.22 Experimental Strategy to study the kinetics of Oct4 activation during
reprogramming Using a doxycycline (DOXYCYCLINE) inducible platform, 4F (Oct4, c-Myc,
KIf4 and Sox2) or 6F (Oct4, c-Myc, KIf4, Sox2, RARy and LRH1) were transfected into
Rex1::EGFP-IRES-Puro MEFs. iPSCs expressing Rex1 were selected for using Puromycin and
surviving colonies were picked and expanded. Upon expansion, DOXYCYCLINE was withdrawn
to establish iPSC lines independent of the reprogramming transgenes. The cells were differentiated
using 0.1uM ATRA for 6 days, before DOXYCYCLINE was re-introduced to trigger the re-
expression of transgenes. At 24, 48, and 72 hours after transgene expression, cells were analysed
for the activation of Oct4 enhancer/promoter regions using luciferase assays and chromatin

immunoprecipitation of H3K4me3.
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To determine if six days of ATRA treatment was sufficient to elicit differentiation of
iIPSCs and silence Oct4 transcription to levels that resemble MEFs, luciferase constructs
described in Figure 5.6 were introduced into differentiated 4F and 6F iPSCs. In
unmodified 4F and 6F iPSCs, transcriptional activities of luciferase constructs were similar
to ESCs (Figure 5.23). On the other hand, differentiation of iPSCs led to silencing of
luciferase constructs to levels similar to MEFs (Figure 5.24). These results reaffirm the
dependability of differentiated iPSCs as an assessment of regulatory elements upstream of
Oct4 using luciferase assays.

Having determined that six days of ATRA treatment was sufficient to reduce luciferase
activity in differentiated iPSCs to levels similar in MEFs, the experiment was repeated and
doxycycline was introduced for various lengths of time, immediately after six days of
ATRA treatment. The addition of doxycycline acted as a stimulus for the re-expression of
reprogramming factors and initiated the acquisition of pluripotency in differentiated 4F
and 6F iPSCs. Figure 5.25 and Figure 5.26 offer a graphical representation of luciferase
readings measured using luciferase reporter constructs described in Figure 5.6, at specified

durations after the addition of doxycycline in differentiated 4F and 6F iPSCs.

At 24 hours, luciferase constructs that comprised of either the distal enhancer (DE-minP)
or proximal promoter (RAREoct) alone triggered transcriptional activation in
differentiated 6F iPSCs, suggesting that expression of 6F could activate both the distal
enhancer and RAREoct independent of each other. However, after 48 hours, these levels
plateau. In contrast, a marked increase in luciferase activities was observed in luciferase
constructs driven by the presence of both the distal enhancer and RAREoct (DE-PE-
RAREoct and DE-PE-RAREoct-minP), 48 hours after re-expression of reprogramming
transgenes in differentiated 6F iPSCs. Luciferase activity continued to escalate at 72 hours,
proposing synergistic co-operation between the distal enhancer of Oct4 and RAREoct. The
presence of the proximal enhancer did not significantly affect transcriptional activity,
reinforcing previous observations that RARs and LRH1 did not significantly regulate Oct4

expression through the proximal enhancer (Figure 5.9 and Figure 5.13). Interestingly,
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differentiated 4F iPSCs did not result in the activation of luciferase reporter constructs
between 24 and 72 hours, suggesting that observed differences in the luciferase activities
in differentiated 6F iPSCs were attributable to the presence of the extra two factors, RARy
and LRH1.

From the luciferase assay, it is evident that the Oct4 distal enhancer and RAREoct are
rapidly activated upon reprogramming, attributable to the expression of RARy and LRH1.
To offer a distinct perspective to the kinetics of reprogramming elicited by the presence of
RARy and LRH1, transcriptionally permissive histone modifications at the distal enhancer
of Oct4 and RAREoct were examined in differentiated 4F and 6F iPSCs at 24, 48 and 72
hours after transgene re-activation. To this end, immunoprecipitation of trimethylated
lysine 4 of histone 3 (H3K4me3) would allow the co-precipitation of actively transcribed
genomic regions (Figure 5.22). Detection of Oct4 distal enhancer elements and RAREoct
would suggest that these regions have undergone epigenetic modifications to permit

transcription.

To allow a fair comparison to findings from the luciferase assay (Figure 5.25 and Figure
5.26), 4F and 6F iPSCs were similarly differentiated in 0.1uM ATRA before doxycycline
was introduced to trigger the re-expression of reprogramming factors. Analogous to the
results obtained from the luciferase assay, both the Oct4 distal enhancer and RAREoct
were associated with H3K4me3 in differentiated 6F iPSCs after 24 hours of doxycycline
treatment (Figure 5.27). However, between 24 and 48 hours, pervasive epigenomic
modifications ensued and both the Oct4 distal enhancer and RAREoct in 6F cells were
heavily tethered to H3K4me3 activating marks. This association exhibited up to an eight-
fold increment when compared to unmodified 6F iPSCs. However, between 48 and 72
hours, H3K4me3 levels were reduced to resemble unmodified 6F iPSCs. Reminiscent of
the luciferase assay, the Oct4 regulatory elements in differentiated 4F iPSCs were not
associated to H3K4me3 up to 72 hours of transgene re-activation, again demonstrating the
notion that rapid activation of the distal enhancer and proximal promoter of Oct4 was

triggered by the presence of RARy and LRH1.
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Overall, two distinct techniques were employed to study the kinetics behind the initiation
of reprogramming events and findings from both experiments concur, implicating RARy
and LRH1 in the prompt activation of Oct4 within 24 hours of reprogramming. To
associate the rapid activation of Oct4 with a functional outcome, differentiated 4F or 6F
IPSCs were seeded onto a feeder layer in the presence of doxycycline and assessed for the
formation of iPSCs. At the end of 7 or 14 days, AP expressing colonies were counted and
compared to determine differences in reprogramming efficiencies (Figure 5.28). In the
absence of doxycycline, both differentiated 4F iPSCs and 6F iPSCs gave rise to iPSC
colonies, suggesting aberrant silencing of transgenes. Overall, differentiated 6F iPSCs
generated 12.5 and 8 fold more iPSC colonies than differentiated 4F iPSCs at 7 days and
14 days respectively, reiterating the capacity of RARy and LRH1 in the prompt activation

of Oct4 regulatory elements and initiation of reprogramming events.
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Figure 5.23 Activity of luciferase constructs in unmodified 4F and 6F iPSCs To determine the
activity of luciferase constructs depicted in Figure 5.6, 10ug of each construct was co-
electroporated with 1ug of Renilla luciferase driven by a constitutive TK promoter. Each coloured
bar denotes a luciferase construct. The constructs were introduced into MEFs, ESCs and 4F and 6F
iPSCs, which were obtained as described in Figure 5.19. The firefly luciferase values were
normalised to their corresponding Renilla readings and respective empty vector. Normalised values

are indicated on the bar chart.
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Figure 5.24 Differentiation of 4F and 6F iPSCs reduces luciferase activity To ensure that 6
days of 0.1uM ATRA treatment was sufficient to induce differentiation, luciferase constructs listed
in Figure 5.6 were introduced into both undifferentiated and differentiated iPSCs. 10ug of each
luciferase construct was co-electroporated with 1ug of Renilla contstruct into undifferentiated and
differentiated derivatives of 4F and 6F iPSCs. Firefly luciferase readings were normalised to
Renilla luciferase values and the respective empty vector. Normalised values are shown on the bar
chart.
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Figure 5.25 Oct4 Distal Enhancer and Proximal Promoter are activated within 24h of ectopic
transgene expression To determine the onset of activation at the distal enhancer, proximal
enhancer and proximal promoter of Oct4, luciferase constructs as labelled on the horizontal axis
were introduced into differentiated 4F and 6F iPSCs. Transfected cells were exposed to
DOXYCYCLINE for 24, 48 and 72hours until luciferase activity was assayed. Renilla luciferase
constructs were co-introduced with the luciferase reporter vectors for normalisation. Values
observed in the bar chart reflect normalisation to Renilla luciferase readings, empty pGL3 vector
and activity in the absence of DOXYCYCLINE. Statistical analysis was performed using a
student’s T-test. *p<0.05
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Figure 5.26 Oct4 Distal Enhancer and Proximal Promoter are activated within 24h of ectopic
transgene expression To determine the onset of activation at the distal enhancer, proximal
enhancer and proximal promoter of Oct4, luciferase constructs as labelled on the horizontal axis
were introduced into differentiated 4F and 6F iPSCs. Transfected cells were exposed to
doxycycline for 24, 28 and 72hours until luciferase activity was assayed. Renilla luciferase
constructs were co-introduced with the luciferase reporter vectors for normalisation. Values
observed in the bar chart reflect normalisation to Renilla luciferase readings, empty pGL4.23
vectors and activity in the absence of doxycycline. Statistical analysis was performed using a
student’s T-test. *p<0.05
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Figure 5.27 Oct4 Distal Enhancer and Proximal Promoter are associated to activating histone
marks within 24h of ectopic transgene expression To determine the epigenomic landscape of the
Oct4 distal enhancer and proximal promoter during reprogramming, differentiated 4F and 6F
iPSCs were exposed to doxycycline for 24, 48 and 72 hours. After incubation for the respective
lengths of time, chromatin immunoprecipitation of H3K4me3 activating marks was performed.
Using the eluate, qPCR was performed using primers against the distal enhancer or RAREoct, as
indicated on the bar chart. Readings were normalised against IgG and plotted on the bar chart.

Statistical analysis were performed using a student’s T-test. *p<0.05
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Figure 5.28 Comparison of reprogramming efficiencies in differentiated 4F and 6F iPSCs
iPSCs generated through the introduction of 4F and 6F in a doxycycline dependent manner were
differentiated for 6 days in ATRA. Once differentiated, 50 x 10° cells were seeded into each well
of a 6 well plate. The cells were exposed to 1ug/ml doxycycline to re-express 4F or 6F
reprogramming factors. (Top) After 7 or 14 days, the reprogrammed cells were stained for the
expression of AP. The expression of AP is indicated by the colour red. (Bottom) Quantification of

colony numbers.
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5.2.8 6F triggers rapid expression of GFP controlled by endogenous Oct4 regulatory

elements

Previous findings in this chapter delineated the role of RARy and LRH1 in the activation
of the Oct4 distal enhancer and RAREoct within 24 hours of reprogramming. To this end,
a significant proportion of supporting evidence originated from the employment of
luciferase assays. However, analysis of transcriptional activity using luciferase constructs
which are ectopically introduced poorly reflects the dynamics that pertain to chromatin
architecture at the endogenous locus. As such, it is imperative to draw parallels to
transcriptional activity at the endogenous locus. To address this, MEFs that encompass a
transgene consisting of Oct4 regulatory elements spanning 18kb controlling EGFP
expression (Oct4-EGFP MEFs) were employed to generate a new population of 4F and 6F
iIPSCs (Ying et al., 2002). As such, EGFP expression acts as a surrogate to assess
transcriptional activation of endogenous Oct4. 4F and 6F were introduced into Oct4-EGFP
MEFs in a doxycycline inducible manner and reprogrammed colonies were expanded in
the absence of doxycycline. Resultant iPSCs were designated as 4F-O-iPSCs and 6F-O-
iPSCs respectively (Figure 5.29).

To determine if expression of RARy and LRH1 leads to rapid activation of the endogenous
Oct4 locus, a similar strategy to Chapter 5.2.7 was employed to enable fair comparisons.
4F-0-iPSCs and 6F-O-iPSCs were differentiated using ATRA over 6 days before
doxycycline was employed to trigger re-expression of the reprogramming factors. As
EGFP expression acts as an indicator for Oct4 activity, cells which were exposed to

doxycycline were observed under the microscope for EGFP expression.
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Figure 5.29 Experimental Strategy to observe expression of endogenous Oct4 during
reprogramming MEFs which carry genes encoding EGFP expression and Puromycin resistance
under the endogenous Oct4 promoter were innoculated with either 4F or 6F in a doxycycline
inducible manner. Resultant iPSCs (4F-O-iPSCs and 6F-O-iPSCs) which were transcriptionally
active at their endogenous Oct4 loci were selected for using puromycin. Surviving cells were
picked and expanded. Differentiation was induced using 0.1uM ATRA for 6 days before
doxycycline was introduced. Re-expression of Oct4 was tracked under the microscope over the

course of doxycycline treatment.
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As a control, it was first determined if 4F-O-iPSCs and 6F-O-iPSCs exhibited faithful
recapitulation of endogenous Oct4 expression as denoted by EGFP expression. Figure
5.30 illustrates homogenous iPSC colonies that express GFP, reiterating high levels of
Oct4 expression. In addition, 4F-O-iPSCs and 6F-O-iPSCs express pluripotency markers
in a similar pattern to ESCs (Figure 5.31), indicating the attainment of pluripotency. To
omit the possibility of contamination between 4F-O-iPSCs and 6F-O-iPSCs, genomic
material from both populations was inspected for the presence of incongruent transgenes.
Figure 5.32 illustrates that 4F-O-iPSCs and 6F-O-iPSCs consist of the right combination
of transgenes, reaffirming the integrity of the iPSCs.

236



4F-0-iPSCs

6F-0-iPSCs

Figure 5.30 Microscope images of 4F-O-iPSCs and 6F-O-iPSCs iPSCs were obtained as
described in Figure 5.25. iPSCs generated from the introduction of 4F and 6F into Oct4::EGFP-
IRES-Puro MEFs were designated as 4F-O-iPSCs and 6F-O-iPSCs respectively. The cells were
maintained in 2i-LIF growth media, in the absence of doxycycline. The images on the left reflect
their morphology in brightfield, whereas the images on the right demonstrate EGFP expression

from the endogenous Oct4 locus. Scale Bar: 50um.
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Figure 5.31 Expression levels of Pluripotency Markers in 4F-O-iPSCs and 6F-O-iPSCs RT-
PCR of the various pluripotency markers was performed in MEF (lanel), ESCs (lane2), 4F-O-
iPSCs (lanes 3-5), and 6F-0-iPSCs (lanes 6-8). Expression levels are described qualitatively by the
intensity of the amplified products viewed using an agarose gel. The array of pluripotency markers
tested is labelled to the left of the image.
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Figure 5.32 Presence of transgenes in 4F-O-iPSCs and 6F-O-iPSCs To ensure that the right
combination of transgenes was present in 4F-O-iPSCs and 6F-O-iPSCs, genomic DNA was
retrieved from 3 clones of 4F-O-iPSCs and 3 clones of 6F-O-iPSCs. Primers specific to the
transgenes were designed. To detect insertions containing the vector encompassing 4F, primers
against the junction of Oct4 and c-Myc were desgined. To detect insertions containing the vector
containing RARy and LRH1, primers were designed against the junction corresponding to LRH1
and bpA. PCR was performed using the primers indicated to the left and the amplified products

were visualised using an agarose gel.
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Having ascertained that 4F-O-iPSCs and 6F-O-iPSCs exhibited pluripotency, it was
essential to ensure that differentiation of both iPSC populations would result in ablation of
EGFP expression. As depicted by Figure 5.34 and Figure 5.35, Oct4 expression levels
were drastically reduced in the presence of ATRA, exemplifying the dependability of the
system to study the effect of RARy and LRH1 on the re-emergence of Oct4 expression.

As part of the experimental design, differentiated 4F-O-iPSCs and 6F-O-iPSCs were
exposed to doxycycline to trigger re-expression of the reprogramming factors. However, as
observed in Figure 5.19, differentiation of pluripotent cells may induce modifications
which compromise transgene re-expression. To address this possibility, transgene re-
expression in differentiated 4F-O-iPSCs and 6F-O-iPSCs was assessed. Figure 5.33
demonstrates efficient re-expression of the reprogramming transgenes within 24 hours of
doxycycline treatment, strengthening the reliability of the strategy chosen for the study of

reprogramming kinetics in the presence of RARy and LRH1.

Having obtained 4F-O-iPSCs and 6F-O-iPSCs which differentiate readily and exhibit the
capacity for transgene re-activation, both iPSC lines were compared to determine if RARy
and LRH1 exhibited an effect on the expression of endogenous Oct4 during the initiation
of reprogramming. To this end, 4F-O-iPSCs and 6F-O-iPSCs were differentiated in the
presence of 0.1uM ATRA over 6 days before being exposed to doxycycline to re-establish
transgene expression. Cells incubated in doxycycline were observed under a microscope at
24 hour intervals over a span of three days to capture transcriptional activation of the Oct4
locus, as indicated by green fluorescence. Figure 5.34 and Figure 5.35 depict
representative images of the reprogramming events that occurred. In both populations of
cells that harbour 4F and 6F, cells were amenable to morphological transformations within
72 hours, where an epithelial-like conformation was adopted. In contrast, EGFP expression
was observed in reprogramming intermediates of differentiated 6F-O-iPSCs at 48 hours
but not in equivalent 4F counterparts, suggesting that endogenous Oct4 transcription was
activated at an earlier time due to the presence of RARy and LRH1, thus conforming to

previous findings.
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As microscope images reflect the re-activation of Oct4 transcription at single cell
resolution, it is pivotal to determine if a similar phenomenon is observed in a larger
population of cells. To address this concern, differentiated 4F-O-iPSCs and 6F-O-iPSCs
that had been exposed to doxycycline over a period of 1, 3 and 6 days were collected and
analysed. Figure 5.36 depicts a qualitative perspective of endogenous Oct4 transcript
levels during the reprogramming of differentiated 4F-O-iPSCs and 6F-O-iPSCs.
Concurring with previous observations, Oct4 transcripts were detected at 24 hours after
doxycycline treatment of differentiated 6F-O-iPSCs, whereas the presence of Oct4
transcripts was detected at 72 hours after doxycycline induction in differentiated 4F-O-
IPSCs. Overall, these findings reaffirm that co-operation between RARy and LRH1 results
in rapid activation of the distal enhancer of Oct4 and RAREoct, prompting transcriptional

activity.
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Figure 5.33 Re-activation of transgenes in differentiated 4F-O-iPSCs and 6F-O-iPSCs 4F-O-
iPSCs and 6F-O-iPSCs were differentiated in the presence of 0.1uM ATRA over 6 days. To ensure
that transgenes are readily re-expressed upon the addition of doxycycline, differentiated cells were
seeded onto 6 well plates and 1ug/mL doxycycline was introduced for 24 and 48 hours. Cells were
collected and RNA was extracted and converted to cDNA. PCR was performed using cDNA as a

template to determine transcript amounts as recognised by primers specific to the junctions

o)
\,‘\,b\_e 00* 00*

e \§
G pf &

between cDNAs present only in the transgene.

242

Oct4-cMyc junction

LRH1-bpA junction

B-actin

Oct4-cMyc junction
LRH1-bpA junction

B-actin

Oct4-cMyc junction
LRH1-bpA junction

B-actin



Differentiated 4F-O-iPSCs

+DOX

-DOX

Figure 5.34 Re-establishment of Oct4 expression through the addition of doxycycline to
differentiated 4F-O-iPSCs 4F-O-iPSCs were differentiated using 0.1uM ATRA for 6 days.
1pg/ml doxycycline (DOX) was added to the differentiated cells over a period of 72 hours.
Changes in morphology and the re-expression of endogenous Oct4, as depicted by green
fluorescence (200x), were traced every 24 hours. As a control, cells were grown in ESC media, in

the absence of doxycycline. Scale bar: 50um.
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Figure 5.35 Re-establishment of Oct4 expression through the addition of doxycycline to
differentiated 6F-O-iPSCs 6F-O-iPSCs were differentiated using 0.1uM ATRA for 6 days.
1ug/ml doxycycline (DOX) was added to the differentiated cells over a period of 72 hours.
Changes in morphology and the re-expression of endogenous Oct4, as depicted by green
fluorescence (200x), were traced every 24 hours. As a control, cells were grown in ESC media, in

the absence of doxycycline. Scale bar: 50um.
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Figure 5.36 Analysis of Oct4 transcript levels after the addition of doxycycline to
differentiated 4F-O-iPSCs and 6F-O-iPSCs 4F-O-iPSCs and 6F-O-iPSCs were differentiated
using 0.1uM ATRA for 6 days. 1ug/ml doxycycline (DOX) was added to the differentiated cells
over a period of 6 days. RNA was collected after 1, 3 and 6 days after doxycycline induction and
the presence of Oct4 transcripts was assessed through PCR amplification using primers specific to

endogenous Oct4. B-actin levels were also assessed as an internal control.
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5.3 Discussion

5.3.1 Epigenetic changes in Oct4 regulatory elements

Chromatin remodelling has been portrayed to play a significant role in the initiation of the
reprogramming process, as delineated by the profound effect elicited by chemicals which
modify the epigenomic landscape (Mikkelsen et al.,, 2008; Huangfu et al., 2008a).
Furthermore, components that participate in Brahma-related gene 1-Associated Factors
(BAF) chromatin remodelling processes and Activation-Induced cytidine Deaminase
(AID) dependent demethylation have been described to enhance reprogramming
efficiencies (Singhal et al., 2010; Bhutani et al., 2010). In addition, impairment of
transcriptionally repressive histone modifications by ablation of Utx1 has been described
to affect pluripotency, cell fate decisions and reprogramming (Welstead et al., 2012;
Mansour et al., 2012). Several studies have also depicted discrepancies in epigenetic
profiles exhibited by iPSCs and ESCs, surmising a relationship between epigenetic
disparities and variations in the pluripotent nature of reprogrammed cells (Lister et al.,
2011; Stadtfeld et al., 2010).

Although it is evident that genome wide epigenomic alterations are pivotal during the
acquisition of pluripotency, precise epigenetic changes have not been dissected. This
chapter proposes that an initial amendment to the epigenomic landscape occurs at the distal
enhancer of Oct4 and RAREoct. Activation of both regulatory elements was demonstrated
to be facilitated by RARy and LRH1, leading to the enhancement of reprogramming speed
and efficiencies. Remarkably, the influence of RARy and LRH1 ensues within 24 hours of
reprogramming. This was examined from distinct perspectives, employing chromatin
immunoprecipitation experiments which inspect transcriptionally permissive histone
modifications at endogenous gene loci, to luciferase assays which assess the functional
aspects of the regulatory elements. Ultimately, endogenous Oct4 transcriptional activity
was assessed through the measurement of endogenous Oct4 transcripts and visualisation of
EGFP as a marker. Results from these experiments concur and suggest that the presence of
RARy and LRH1 leads to rapid activation of the distal enhancer of Oct4 and RAREoct,
resulting in efficient transcription of Oct4.
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The distal enhancer of Oct4 and RAREoct were originally discovered due to their
sensitivity to RA treatment (Schoorlemmer et al., 1994; Pikarsky et al., 1994; Okazawa et
al., 1991; Sylvester and Schoéler, 1994; Barnea and Bergman, 2000; Minucci et al., 1996).
Exploration of the regulatory elements revealed that the distal enhancer influences Oct4
transcription in naive pluripotent cells such as ESCs, but not EC cells or EpiSCs (Yeom et
al., 1996; Tesar et al., 2007; Bao et al., 2009; Han et al., 2010a). Conversely, the proximal
promoter plays a role in driving Oct4 expression in primed pluripotent cells such as
EpiSCs (Tesar et al., 2007; Guo et al., 2010; Han et al., 2010a). As the generation of iPSCs
entails the conversion of somatic cells to ESC-like derivatives, this chapter proposes that
activation of the distal enhancer of Oct4 is critical in the initial stages of reprogramming.
The addition of RARy and LRH1 to the reprogramming mix was demonstrated to elicit a
selective effect on the distal enhancer but not proximal enhancer of Oct4, thereby
improving reprogramming conditions and reinforcing the significance of distal enhancer

during the acquisition of naive pluripotency.

On a separate note, studies on RAREoct have delineated positive and negative regulatory
components which exert effects on Oct4 expression levels (Ben-Shushan et al., 1995;
Fuhrmann et al., 1999; Fuhrmann et al., 2001). The RAR family has been portrayed to
positively and negatively regulate the proximal promoter of Oct4 (Ben-Shushan et al.,
1995; Barnea and Bergman, 2000; Sylvester and Scholer, 1994). As the locus is heavily
occupied by regulators, the multifunctional role of RARs could be narrowed down to co-
operating partners. This notion is reinforced by observations that the inclusion of LRH1
into various reprogramming mixes containing either RARy or RARp enhanced Oct4
transcriptional activity and reprogramming efficiencies. In addition, as ligand independent
effects of RARs have been described (Ross-Innes et al., 2010; Laursen et al., 2012), it is
plausible that the reprogramming capacities of RARs may be partly attributable to ligand
independence. As RARa. has been described to co-occupy regulatory regions with ER
(Ross-Innes et al., 2010), it will be interesting to investigate the plausible role of ER

signalling during somatic cell reprogramming. It has been established that Estrogen
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Receptor Related Receptor-beta (Esrrb) can mediate reprogramming events in the mere
presence of Oct4 and Sox2 (Feng et al., 2009). Although Esrrb remains to be an orphan
receptor, these findings implicate the possibility of an estrogen related mechanism during
the acquisition of pluripotency.

This chapter identified epigenetic modifications at Oct4 regulatory elements which
accompany the initiation of reprogramming events. This was determined through the
employment of chromatin immunoprecipitation of H3K4me3, followed by site specific
quantification. Histone modifications allow an epigenetic snapshot of a genomic locus and
have been demonstrated to embody dynamic changes during retinoic acid-mediated
differentiation (You et al., 2011a). Trimethylated forms of histone H3 at lysine 4
(H3K4me3) have been identified at transcriptional start site of active promoters (Kim et
al., 2005; Heintzman et al., 2007; Roh et al., 2005). By examining genomic regions which
associate with H3K4me3, genes which are transcriptionally active can be isolated. To
exploit this phenomenon, H3K4me3 was employed to examine molecular changes at the
regulatory elements of Oct4. However, mono- and di-methylation at lysine 4 of histone 3
(H3K4mel and H3K4me2) have been described to possess predictive power for the
activation of enhancer regions (Kim et al., 2005; Heintzman et al., 2007). Enhancers in
Oct4 regulatory regions are no exception and have been described to associate with
H3K4mel in ESCs (Whyte et al., 2012). As a result, examination of genomic regions
encompassing H3K4me1/2 marks during the reprogramming process triggered by 4F and
6F may provide better insight to the activation status of the Oct4 enhancers. Nevertheless,
the versatility of chromatin often entails looping between enhancer and promoter regions
(Kagey et al., 2010) and analysis of the genomic locus corresponding to Oct4 in ESCs
describes common components observed in promoter and enhancer regions, illustrating a
native looped conformation in ESCs. With this in mind, H3K4me3 activating histone
modifications are indicative of transcriptionally active gene loci, regardless of enhancer or

promoter elements, and were employed in this study.
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5.3.2 Identification of RAR-associated genomic regions

RARs were originally identified through homology to glucocorticoid and thyroid hormone
receptors (Dejean et al., 1986; Giguere et al., 1987). Steroid hormone receptors possess
DNA binding domains which recognise the canonical sequence (A/G)G(G/T)TC(A/G) and
its variants. Traditional methods to identify RAR-regulated genes include analysis of
transcriptional profiles stimulated by retinoic acid treatment, deletion mapping to identify
the binding region, and predictions using computational techniques. With the advent of
chromatin immunoprecipitation techniques coupled to sequencing (ChlIP-seq), genome
wide exploration of transcription factor binding events can be performed (Nielsen et al.,
2008). To this end, genomic regions bound to RARa and RARy have been elucidated
using ChiP-seq (Delacroix et al., 2010; Ross-Innes et al., 2010). In contrast, there has been
no attempt at delineating genome-wide RARf binding regions. This study demonstrates an
execution of ChIP using antibodies that recognise RAR. The cis-regulatory elements of
Oct4 were identified and verified using 3730 Sanger sequencing of amplified products
corresponding to the regions-of-interest. With broader interest in genome-wide targets of
RARSB, it will be intriguing to perform deep sequencing of eluates obtained from
immunoprecipitation of RAR. These findings may illuminate additional roles of RARf in
its ability to replace the requirement of exogenous Oct4 during the initiation of
reprogramming events. Moreover, RARB but not RARy was identified from the genome
wide screen performed in Chapter 3. Although this observation could be attributable to
technical limitations, it is plausible that RARB may participate in alternative pathways, or
possess distinct interacting partners that facilitated its identification during the screen. To
reinforce this notion, it has been established that RARB and RARy display specific
expression patterns during development (reviewed by Dolle, 2009), suggesting that both

RARSs exhibit distinct cellular functions.

5.3.3 Implications of delineating transcriptional regulation of Oct4

Oct4 exists in a fleeting manner during development, where zygotic expression begins
before 3.5dpc and abrogates between 4.5dpc and 10.5 dpc in somatic cells or in the

germline respectively. Repression of Oct4 expression marks the first cell fate decision
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where differentiation occurs to adopt a trophectoderm fate (Palmieri et al., 1994; Nichols
et al., 1998). Deregulation of Oct4 expression levels leads to corrupted developmental
cues, resulting in a spectrum of phenotypes, ranging from embryonic lethality to
inappropriate differentiation accompanied by the loss of pluripotency (Nichols et al., 1998;
Niwa et al., 2000). During the acquisition of pluripotency, the significance of ectopic
expression of Oct4 is unequivocal (Nakagawa et al., 2008; Kim et al., 2009b; Kim et al.,
2009c). The importance of Oct4 has been suggested to be attributable to its ability to elicit
transcriptional activation (Hammachi et al., 2012). Findings from this chapter reiterate the
importance of Oct4 two-fold. First, c-Myc, KIf4 and Sox2 alone were unable to elicit
reprogramming events and second, silencing of Oct4 in ZHBTc4 cells abrogates the ability
to acquire pluripotency. In addition to the generation of iPSCs, Oct4 has also been
described to play roles in lineage switching (Efe et al., 2011; Szabo et al., 2010). As
nuclear reprogramming entails immense amounts of chromatin remodelling, it will be
interesting to inspect molecular changes at the regulatory elements of endogenous Oct4
during alternative methods of nuclear reprogramming and draw parallels to findings from
this study.

5.3.4 Alternative platforms to study Oct4 activation during reprogramming events

The experimental strategy employed in this chapter focuses on secondary reprogramming
events originating from differentiated iPSCs. A drawback of this method is exemplified by
remnants of pluripotent cells which are recalcitrant to retinoic acid driven differentiation.
The presence of these cells may mask the evaluation of obtained results. To circumvent
this, various platforms can be utilised.

In order to obtain a homogenous platform to study the kinetics of reprogramming,
secondary MEFs can be derived from chimeras derived from the injection of iPSCs in
mouse blastocysts. Cells generated through this method would have been exposed to
various developmental cues and no residual pluripotent cells should persist. To this end,
several studies have employed the use of secondary MEFs to study the reprogramming

process in detail (Hanna et al., 2009; Samavarchi-Tehrani et al., 2010). On the other hand,
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secondary MEFs have participated in embryonic development and possess inherent
barriers to reprogramming cues. This is demonstrated by the forced re-expression of
reprogramming factors in secondary fibroblasts, where 20% of cells displayed early
pluripotency markers and a mere 1.2% of these cells re-activated their endogenous Nanog
locus after 16 days (Mikkelsen et al., 2008). As this chapter describes rapid epigenetic
changes at the regulatory elements of Oct4, analysis of transcriptionally permissive histone
modifications, H3K4me3, may not be reliably recapitulated using a population of

secondary MEFs which exhibits resistance to reprogramming.

From another perspective, it will be interesting to explore if rapid activation of the Oct4
distal enhancer is observed during reprogramming of primary fibroblasts. However,
heterogeneity in starting material may impede the ability to assess epigenetic changes. It
has been suggested that reprogramming occurs in a stochastic fashion (Hanna et al., 2009)
and various sources of starting material possess inherently distinct reprogramming
efficiencies (reviewed by Hochedlinger and Plath, 2009). These confounding factors will
pose difficulties in the examination of Oct4 epigenetic changes in a sub-population of cells

undergoing nuclear reprogramming.

With these difficulties in mind, experiments conducted in this chapter serve as a building
block to decipher epigenetic changes that accompany the acquisition of pluripotency.
Differentiation of iPSCs using ATRA allows a consistent treatment to a population of
cells, producing a powerful platform to study initial events during the course of

reprogramming.

5.4 Conclusion

This chapter attempts to decipher the molecular mechanisms that explicate the ability of
RARS to replace exogenous Oct4 during the acquisition of pluripotency. Bioinformatics
and experimental data have described several Retinoic Acid Response Elements (RARES)

in the enhancer and promoter regions of Oct4. Given that RAREs are motifs recognisable
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by RARs, ChIP and luciferase assays were performed to demonstrate that RARp binds to
the RARE within the distal enhancer of Oct4 and activates Oct4 expression. Similar
attributes were mirrored in RARY, another RAR family member, which has been described
to promote reprogramming speed and efficiencies in synergy with LRH1. RARy also had
the capacity to positively regulate Oct4 levels through the Oct4 distal enhancer. Moreover,
a combination of RARy, LRH1, Oct4, c-Myc, KIf4 and Sox2 (6F) represents the most

efficient way to activate Oct4 expression in the luciferase assay.

As the 6F reprogramming cocktail (RARy, LRH1, Oct4, c-Myc, Klf4, Sox2) improves the
speed, quality, and efficiency of reprogramming, both the distal enhancer and RAREoct
were examined during the initial three days of reprogramming to determine rapid
epigenetic changes. Using ChIP and luciferase assays, it was demonstrated that both
regions were associated to activating histone marks within 24 hours of the ectopic
expression of 6F, drawing a parallel to rapid reprogramming. In contrast, the Oct4 distal
enhancer remained silent for the first three days when only four reprogramming factors
(Oct4, c-Myc, KIf4, Sox2) were used. These findings dissect the Kinetics of
reprogramming through the observation of epigenomic changes at the Oct4 locus,
culminating in the better understanding of molecular events during nuclear

reprogramming.
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CHAPTER 6 : GENERAL DISCUSSION

Findings from this thesis can be divided into three components. First, a transposon-
mediated genetic screen was performed to identify candidate genes which display the
capacity to replace the ectopic requirement of Oct4 during the acquisition of pluripotency.
Second, two genetic factors, BNC2 and RARf, were identified from the genetic screen and
exhibited competence in acting as exogenous Oct4 substitutes. Third, molecular dissection
of the role played by RARp to negotiate the need for ectopic Oct4 during the attainment of
pluripotent derivatives inadvertently shed light on the ability of RARs to transcriptionally
activate the Oct4 distal enhancer and in certain conditions, RAREoct. This activation
triggers rapid and efficient reprogramming, providing insight to the epigenetic changes
that accompany the acquisition of pluripotency. In this chapter, the three areas will be

discussed further, culminating in the future prospects of this thesis.

6.1 Transposon assisted mutagenesis serves as a dependable tool to identify genetic

candidates

The origin of iPSC technology was attributed to a candidate gene-based screen comprising
of 24 ESC specific transcription factors. Although this screen has led to the inception of a
landmark discovery in nuclear reprogramming, succeeding studies aimed at expanding the
list of factors involved in the maintenance of pluripotency have employed alternative
approaches. Diverse methods include chemical screens, siRNA library screens and
transcriptional profiling of the reprogramming process (Ichida et al., 2009; Chia et al.,
2010; Samavarchi-Tehrani et al., 2010). Transposon mediated mutagenesis is an emerging
gene discovery tool (Guo et al., 2010). Initially portrayed as a tool for cancer gene
discovery, its potential has diversified to cell-based assays in a spectrum of phenotypic
assays (Guo et al., 2010; Guo et al., 2011; Wang et al., 2011b) transcending across species
(Lietal., 2011a; You et al., 2011b).

Chapter 3 reiterates the ability of transposon mutagenesis to isolate genes capable of

substituting exogenous Oct4 during the reprogramming process. Unbiased assessment of
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genes is exemplified in the observation that most genes incurring transposon integrations
are poorly characterised. To embody the reliability of the screen, a significant proportion
of genes which received insertion sites represented pathways critical during development.
As an evaluation of the dependability of the screen, candidate genes identified were
validated through independent experiments. The abilities of BNC2 and RAR( in
generating iPSC colonies in the absence of ectopic Oct4 reaffirmed the validity of the
genetic screen. On the other hand, of a total of 177 genes identified to harbour integration
sites only three genes were validated and two exhibited potency as exogenous Oct4
substitutes. 98.3% of candidate genes were ignored as they did not fulfil the selection
criteria of possessing more than one independent insertion site. Keeping in mind that the
genetic screen attained genomic coverage of an average of one integration per 10kb of
genomic material, a similar genetic screen can be conducted in a larger scale to increase
the prevalence of integrations and common insertion sites, ultimately improving the
probability of uncovering causal mutations. Alternatively, introduction of a variety of
transposons with distinct properties may facilitate saturation of the host genome (lzsvak
and lvics, 2005). However, the detection of integration sites in a transposon-mediated
screen relies on several layers of experimental procedures. These include the amplification
of transposon arms, insertion of the amplicons into an expression vector and capillary
sequencing of the inserted fragments. Technical drawbacks at each stage results in a
diminished breadth of integration sites. To circumvent this, next generation sequencing
techniques can be employed (reviewed by Metzker, 2010). The low cost and large
sequence data volume allows sequencing of genomic DNA and identification of every
transposon integration site. This will result in an exhaustive list of candidate genes and

permit improved analysis to identify prominent candidate genes.

Analysis of integration sites to ascertain candidate genes which drive the phenotype-of-

interest requires intensive statistical computation (Brett et al., 2011) and persists as a

bottleneck in the employment of transposon mediated mutagenesis in genetic screens. In

contrast, directed genetic screens examine a pre-determined set of candidate genes

(Takahashi and Yamanaka, 2006; Chia et al., 2010), dispensing the requirement of

rigorous analysis. To circumvent this caveat, recent advances in piggyBac mediated
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transposition have led to the generation of a library containing 14,000 individual gene-trap
ESC clones (Wang et al., 2009). In co-operation with Bloom deficiency, homozygosity at
mutated loci can be achieved to facilitate the performance of loss of function genetic
screens. As each ESC clone carries a single genomic integration, laborious analysis of
insertion site will be avoided. Alternatively, the use haploid cells which encompass a
single set of chromosomes overcomes the need for bi-allelic mutants to observe a
phenotype-of-interest and eliminates the requirement for extensive computational analysis
(Leeb and Wutz, 2011; Yang et al., 2012; Carette et al., 2009).

Overall, the immense potential of transposon-mediated mutagenesis can be clearly
illustrated from the discovery of novel genes involved in the pathogenesis in an array of
cancer types (Rad et al., 2010; Dupuy et al., 2005). In addition to its inherent ability to
integrate into the host genome in a random fashion, there has been heightened interest in
its ability to deliver genes efficiently temporally with the option of excision (Balciunas et
al., 2006; VandenDriessche et al., 2009; Kang et al., 2009). The pleiotropic properties of
transposons highlight its prime candidacy to serve as gene delivery and discovery tools in
a clinical setting. As a non-viral delivery method, transposon mediated gene delivery has
been appealing in its ability to perform stable, ectopic and reversible manipulations an
array of human cell types (Chen et al., 2010; Belay et al., 2011). Uses of transposon
mediated gene delivery include ex vivo gene therapy (reviewed by Di Matteo et al., 2012),
circumventing the occurrence of detrimental effects from the use of retroviruses (Blaese et
al., 1995). Although there have been some success in performing gene therapy using
retroviruses (Aiuti et al., 2009), a non-integrative and amenable approach would be an

attractive alternative avenue.

6.2 Replacements of ectopic Oct4 during the initiation of reprogramming events

A number of studies have investigated the possibility to substitute exogenous requirements
of Oct4 with alternative factors (Heng et al., 2010; Redmer et al., 2011). Findings from
this thesis reiterate the observations that ectopic Oct4 can be substituted and two effective

genetic replacements were identified, BNC2 and RAR.
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The identification of RARPB as a potent substitute for the ectopic requirement of Oct4
during the generation of iPSCs is worth deliberating over. Although a number of studies
have attributed RA signalling to the loss of pluripotency, there are several observations
which suggest otherwise (Ben-Shushan et al., 1995; Wang et al., 2011c). RA has been
described to possess anti-proliferative and differentiation inducing properties, representing
an effective deterrent during tumour formation (Schuldiner et al., 2001; Jiang et al., 2007;
Yamashita et al., 2005; Metallo et al., 2008; Strickland and Mahdavi, 1978; Flynn et al.,
1983). However, opposing cellular responses have been witnessed where RA signalling
results in proliferation and the initation of tumorigenesis (Ledda-Columbano et al., 2004;
Liu et al., 2011). Furthermore, exposure to RA in human and mouse subjects reveals
confounding results and promotes tumorigenesis (Mikkelsen et al., 1998; Albright et al.,
2004; Mollersen et al., 2004; Ommen et al., 1996). These pieces of evidence highlight our
poor understanding of the RA signalling pathway. The discovery that RARs are potent
instigators of the reprogramming process may provide a distinct dimension to their

participation in developmental pathways.

Unravelling of factors which play co-operative roles in the activation of endogenous Oct4
during the acquisition of pluripotency offers insight to the roles performed by Oct4 during
the reprogramming process. Epitomising the first transcription factor that participated in
the maintenance of pluripotency, Oct4 has received voluminous amounts of attention in
deciphering the molecular pathways that accompany it. Large scale genomic and
proteomic studies have elucidated its role as the core transcriptional machinery in co-
operation with Nanog and Sox2, and an exhaustive list of binding regions have been
delineated (Boyer et al., 2005; Loh et al., 2006; Wang et al., 2006). However, post
translational modifications of Oct4 have been side-lined. A number of studies have
determined that phosphorylation, SUMO-ylation, ubiquitination, and glycosylation of Oct4
affect its transcriptional activity and stability (Brehm et al., 1997; Saxe et al., 2009;
Brumbaugh et al., 2012; Wei et al., 2007; Zhang et al., 2007; Xu et al., 2009; Jang et al.,
2012). To this end, it will be intriguing to determine if factors in the reprogramming milieu
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exhibit affinities toward sites which are susceptible to post translational modifications.
This knowledge will further enhance our knowledge on the mechanisms behind Oct4 and

reprogramming.

Interestingly, porcine fibroblasts have been described to defy the notion that exogenous
Oct4 or a suitable replacement is quintessential during the reprogramming process
(Montserrat et al., 2011). c-Myc, KIf4 and Sox2 were described to be sufficient in
generating porcine iPSCs. Reprogrammed cells exhibited Oct4 expression from its
endogenous loci and were able to contribute to the formation of three germ layers when
injected into immune-compromised mice. Conversely, the addition of ectopic Oct4 to the
reprogramming mix deteriorated the reprogramming process and increased the propensity
of reprogrammed cells to differentiate. However, Oct4 has been portrayed to be expressed
at low levels in porcine fibroblasts and trophoectoderm, indicating a separate role of Oct4
in distinct vertebrate developmental processes. Elucidation of the roles played by Oct4
during reprogramming leaves much to be addressed and experiments performed in this
thesis offer some insight to unravel the unknowns. Overall, this study reinforces the notion
that ectopic Oct4 can be replaced or dispensed, but endogenous Oct4 remains crucial for

the maintenance of pluripotency and the generation of iPSCs.

6.3 Epigenetic Regulation of Oct4

The regulatory elements of Oct4 are conserved across species (Nordhoff et al., 2001; van
Eijk et al., 1999), reflecting their importance from an evolutionary perspective. Classified
as Conserved Regions 1-4 (CR1-4), murine, human and bovine genomes exhibit these
features within major histocompatibility complexes (MHC) on syntenic chromosomes
(Abdelrahman et al., 1995; Takeda et al., 1992; van Eijk et al., 1999). Methylation profiles
at these conserved regions have been described to indicate the transcriptional activity of
Oct4. Differentiation of human pluripotent cells has been depicted to accompany
methylation at the Oct4 distal enhancer and diminuition in Oct4 expression levels (Deb-
Rinker et al., 2005; Yeo et al., 2007; Cheong et al., 2010), whereas DNA demethylation is

synonymous with the activation of the Oct4 locus (Mikkelsen et al., 2008).
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Hypermethylation can be observed as early as the first cell fate decision where the
genomic locus of Oct4 is inflicted by increased methylation marks, resulting in the
repression of Oct4 expression levels and differentiation into the trophoblastic lineage
(Hattori et al., 2004). On the contrary, the presence of DNA demethylating agents or
ablation of Dnmtl resurrects Oct4 expression, highlighting the importance of epigenetic

remodelling on the expression of Oct4.

This thesis proposes that RAR family members facilitate the activation of Oct4 cis-
regulatory elements by imposing H3K4me3 activating histone marks. Extrication of
histone modifications has been employed to study alternative cellular processes such as the
silencing of pl6(INK4a) during tumorigenesis and Jaridla/b mediated H3K4
demethylation during senescence (Yao et al., 2010; Chicas et al., 2012). As specific
epigenetic alterations associated to the acquisition of pluripotency remain concealed, an
unbiased large scale analysis of promoter and enhancer sequences can be performed to
elucidate novel molecular changes that complement the conversion of somatic cells to
pluripotent derivatives (Patwardhan et al., 2012; Melnikov et al., 2012; Sharon et al.,
2012).

Another layer of expression regulation is through alternative splicing to produce transcript
variants and four protein isoforms. The human Oct4 locus is reported to generate three
transcript variants and four protein isoforms. Clear delineation of the functions exhibited
by each variant remains to be uncovered but it has been suggested that they exhibit distinct
functions in the maintenance of pluripotency and cellular stress response (Cauffman et al.,
2006; Lee et al., 2006; Papamichos et al., 2009). As an additional layer of complexity,
Oct4 has been described to possess multiple transcription start sites and pseudogenes (van
Eijk et al., 1999; Lin et al., 2007; Panagopoulos et al., 2008; Singh et al., 2012). Having
elucidated the importance of the cis-regulatory elements of Oct4, it will be intriguing to
determine their influence on the expression of the transcript variants and pseudogenes.
Moreover, the participation and effect of these variants during the reprogramming process
may also contribute to our understanding of Oct4 and its role in pluripotency.
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6.4 Kinetics of Reprogramming

Since the inception of nuclear reprogramming, molecular kinetics that dictate the revival of
transcriptional machinery underpinning the conversion of cellular identity have been of
immense interest. This thesis attempts to dissect molecular events that influence the
kinetics behind the dedifferentiation process. By retrieving epigenetic snapshots of the
Oct4 regulatory elements over the first 72 hours of reprogramming, it was illustrated that
activation of the distal enhancer of Oct4 and RAREoct is a key impetus to stimulate the
dedifferentiation process. Alternative approaches to determine molecular changes during
the generation of iPSCs include the examination of transcriptomes over the course of
nuclear reprogramming (Foshay et al., 2012; Samavarchi-Tehrani et al., 2010; Mikkelsen
et al., 2008). Despite the attainment and analysis of transcription profiles that accompany
reprogramming intermediates, epigenetic changes reflect subtle molecular changes that
precede fluctuations in transcript levels and possess better predictive value when
delineating molecular events during reprogramming. To address this, methylomes have
been illustrated in somatic cells and pluripotent cells (Meissner et al., 2008; Hawkins et al.,
2010; Marks et al., 2012). However, an equivalent study to explore genome-wide histone
modifications during the conversion of somatic cells to iPSCs has not been performed. To
this end, this thesis presents as an initial effort to explore the tip of the iceberg, and
inspects microscopic changes in histone conformation at precise regulatory elements of

Oct4 over the course of reprogramming.

Exploration of Kkinetics that influence nuclear reprogramming events provides a
perspective on cascades of molecular events that take place. This is exemplified through
the examination of molecular changes during cell fusion which suggests biphasic
reprogramming. The initial phase composes of trans-acting events that are independent of
DNA replication and involve the cellular environment, whereas the subsequent phase
embodies DNA replication dependent cis-acting chromatin modifiers that reawaken silent
genes (Foshay et al., 2012). In contrast, the generation of iPSCs has been proposed to be

divided into three phases: initiation, maturation and stabilisation (Samavarchi-Tehrani et
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al., 2010). The initial phase involves mesenchymal-to-epithelial transition, whereas the
maturation and stablisation phase are delineated by the up-regulation of a subset of

pluripotency associated genes.

Findings from this study strengthen our understanding of acquired pluripotency, hence
extrapolation of these findings and examination of histone modifications on a genome-
wide scale will yield copious amounts of information about the clockwork behind the

generation of iPSCs.

6.5 Future Direction

The objective of this thesis was to identify genetic replacements of exogenous Oct4 during
the initiation of reprogramming events, thereby illuminating the role of Oct4 during the
acquisition of pluripotency. To this end, two factors were identified and verified. Through
the elucidation of the mechanism behind RAR, it was delineated that activation of the
distal enhancer and proximal promoter of Oct4 is integral during the reprogramming
process. The presence of RARy and LRH1 facilitates this process and accelerates iPSC

colony formation and improves reprogramming efficiencies.

IPSC technology holds immense potential in a clinical setting. Derivation of patient
specific iPSCs enables the execution of disease modelling, drug screening and cell therapy.
As such, it will be interesting to determine if RARB and BNC2 are able to replace the
exogenous requirement of Oct4 in reprogramming human somatic cells. Interestingly,
RARS has been described to possess tumour suppressor properties (Widschwendter et al.,
1997; Xu et al., 1997), whereas the conventional set of reprogramming factors have been
established to promote tumorigenesis (Hochedlinger et al., 2005; Okita et al., 2007).
Hence, application of RARP in place of Oct4 may be desirable. However, reprogramming
of mouse and human fibroblasts are distinct, where introduction of an identical

reprogramming cocktail consisting of Oct4, c-Myc, KIf4 and Sox2 leads to iPSCs that
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exhibit distinct properties and morphologies (reviewed by De Los Angeles et al., 2012).
Attempts at replacing reprogramming factors have only been performed in limited cell
types or with the use of chemicals (Giorgetti et al., 2009; Kim et al., 2009b; Kim et al.,
2009c; Huangfu et al., 2008b), and have to be pursued with caution.

Although conventional reprogramming methods convert human somatic cells to iPSCs that
resemble human ESCs, addition of RARy and LRH1 to the traditional reprogramming mix
has been described to generate mouse ESC-like derivatives (SH-iPSCs) which are
disparate from human ESCs (Wang et al., 2011c). Unlike human ESCs, SH-iPSCs are
easily amenable and able to survive in a single cell suspension. As such, it will be
fascinating to determine if RARy and LRHL1 elicit a similar effect on the distal enhancer
and proximal promoter of human Oct4, explaining the peculiar cellular phenotype of SH-
IPSCs. Retinoic acid differentiation of human ESCs incites hypermethylation of the Oct4
distal enhancer (You et al., 2011a; Yeo et al., 2007). As such, it is tempting to speculate
that a similar phenomenon takes place during the acquisition of pluripotency in human
cells and activation of both the distal enhancer and proximal promoter of human Oct4 is
imperative. It has been demonstrated that cell fusion results in epigenetic modifications of
the distal enhancer and proximal promoter of Oct4 (Freberg et al., 2007). Keeping this in
mind, it will be interesting to learn if RARy and LRH1 also have the capacity to enhance

reprogramming efficiencies through cell fusion.

Findings from this thesis set a foundation for deeper comprehension of the reprogramming
process in human and murine cells. Elucidation of the activation of endogenous Oct4
during the early stages reprogramming may allow us to improve the reprogramming
protocol, where the endogenous genes are targeted, dispensing the need for ectopic
introduction of reprogramming factors. To this end, transcription activator-like effectors
(TALEs) have been designed to recognise the Oct4 proximal promoter. Introduction of
TALESs into ESCs stimulates Oct4 transcriptional activity, whereas epigenetic modifiers
are required for TALEs to elicit an effect on neural stem cells (Bultmann et al., 2012). This

surmises the possibility that activation of the Oct4 distal enhancer could overcome the
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epigenetic barrier faced in neural stem cells. Overall, this thesis proposes that epigenetic
changes at the endogenous Oct4 locus act as reprogramming checkpoints and can be
surmountable by the presence of RARy and LRH1. Accordingly, unravelling of
microscopic alterations during the generation of iPSCs may resolve uncertainties in the

molecular processes that occur during nuclear reprogramming.
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