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Abstract

The generation of induced pluripotent stem cells (iPSCs) is an innovative approach to
generate pluripotent stem cells from somatic cells by introducing reprogramming factors:
KLF4, OCT4, SOX4, and c-MYC (hereafter referred to as KOSM). The development of
iPSCs led to a massive promise in biomedical applications such as modeling diseases,
developing cells for regenerative medicine, and screening for a new drug. Various studies
have been conducted to understand multiple aspects of the iPSC generation mechanism and
improve its efficiency. However, reprogramming remains an inefficient and time-
consuming process for clinical application. Furthermore, detailed mechanisms are not yet
fully understood to enable rapid and highly efficient means to generate iPSCs from somatic

cells.

Cells significantly increase cell proliferation in the early stage of reprogramming
mesenchymal cells such as mouse embryonic fibroblasts. In addition, they undergo marked
morphological changes while downregulating mesenchyme-associated genes that
presumably define the mesenchymal phenotype. However, the importance of these
downregulated genes to reprogramming needs to be better defined. Therefore, this study
aims to identify functionally relevant transcription factors that characterize the
mesenchymal phenotype and should be immediately downregulated upon reprogramming
by KOSM. Moreover, mechanical analyses of the identified gene were performed to

understand its functional role during the reprogramming of somatic cells to iPSCs.

Mesenchyme-transcription factors that downregulate during reprogramming were
screened to identify 8 candidate genes that may determine the mesenchymal cell identity.
The expression of the candidates before reprogramming detrimentally affected the cell
survival during reprogramming. Therefore, a retroviral vector harboring human
cytomegalovirus upstream open reading frame 2 (WORF2) was generated to reduce their
translation and mitigate their negative effect on cell survival. Expression of the selected
transcription factors from this vector showed that odd-skipped related 2 (Osr2) should be
downregulated for efficient reprogramming. Analysis of the epithelial-mesenchymal
transition (EMT) model cells identified Osr2 as a new regulator of EMT and upregulates
TGF-B signaling. In the reprogramming model, Osr2 downregulation resulted in the

suppression of TGF-f signaling and allowed activation of Wnt signaling.



In conclusion, the study demonstrates that downregulation of a new EMT regulator,
OSR2, reduces TGF-B signaling and activates Wnt signaling, leading to more efficient

mesenchymal-epithelial transition (MET) and acquisition of pluripotency.
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CHAPTER 1: INTRODUCTION



1. From Cells to induced Pluripotent Stem Cells

Somatic cells committed to a specific cell lineage can be reprogrammed into an embryonic-
like pluripotent state to become induced pluripotent stem cells (iPSCs) [Takahashi and
Yamanaka, 2006]. iPSCs may be differentiated into any type of human cells in an unlimited
amount for using regenerative medicine. This part of the thesis will describe the concept of
the cells, the stem cells, and the original ideas of cell reprogramming, followed by the
current knowledge of iPSCs generation, the remaining questions related to reprogramming,

and the remaining unknown mechanisms of reprogramming.
1.1.  Cell classification

Cells are the fundamental component of all living organisms, composed of many types of
cells with specialized functions such as making structures in the body and producing energy
from food [Alberts, 2017]. Although cells all have similar elemental compositions, they
vary enormously in appearance and function. The genetic makeup in an organism’s genome
directs the production of various distinct cell types, expressing different sets of genes in a
precise and intricate pattern. Except for germ cells, gametocytes, and undifferentiated cells
such as precursors, all the cells in an organism are composed of differentiated somatic cells.
Somatic cells make up all the internal organs and tissues and function to maintain the
organism's homeostasis [Urry et al., 2020]. In general, most human somatic cells are capable
of only a limited number of cell divisions before they become senescent [Hayflick and
Moorhead, 1961]. Terminally differentiated cells in an organism are replaced by cells

generated from a stock of proliferating precursor cells originally derived from stem cells.
1.2.  Stem cells and pluripotency

Stem cells possess the ability to produce daughter cells that are identical to their mother cell
(self-renewal) and to differentiate into various types of cells (potency), which originate from
a single cell (clonality) [Weissman et al., 2001; Smith, 2001; Alberts et al., 2019]. Stem
cells occur naturally both in embryos and an adult body. Stem cells may be divided into five
categories by their degree of potency: totipotent, pluripotent, multipotent, oligopotent, and
unipotent. The most undifferentiated cells are totipotent cells found in early development.
Totipotent cells, such as cells derived from the fertilized oocyte and the cells of the first two
divisions, can differentiate into both embryonic and extra-embryonic cells and thus are able

to generate the embryo proper and extra-embryonic tissues [Weissman, 2000; Singh et al.,



2016; Smith, 2006]. Similar to totipotent stem cells, pluripotent stem cells (PSCs) can
generate all types of cells in three primary germ cell layers. However, PSCs lack the

potential to contribute to the extra-embryonic cells such as the placenta.

Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) are typical
examples of PSCs [Rosales and Mullen, 2010]. ESCs are derived from the inner cell mass
in the blastocyte [Kawase et al., 2000]. In 2012, Sir John Gurdon and Shinya Yamanaka
received the Nobel Prize for reprogramming adult cells into PSCs. PSCs generated from
somatic cells by introducing transcription factors are called induced pluripotent stem cells
[Takahashi and Yamanaka, 2006]. Multipotent stem cells (MSCs) have a more limited
spectrum of differentiation than PSCs. They can differentiate into various specialized cell
lineages found in a specific tissue or organ. Well-known multipotent cells such as MSCs,
which can differentiate into different types of cells, are present in tissues such as adipose
tissue, umbilical cord blood, bone marrow, bone, and peripheral blood [Caplan, 1991;
Zakrzewski et al., 2019; Smith, 2006]. Oligopotent stem cells can differentiate into limited
types of cells. An example of oligopotent stem cells includes hematopoietic stem cells,
which can differentiate into lymphoid and myeloid lineages [Moore, 2014; Smith, 2006].
Unipotent stem cells, such as muscle stem cells, produce only cells in a single lineage [ Smith,
2006; Biehl and Russell, 2009].

Understanding how cells work and perform their functions improves our knowledge
of how living organisms are generated and also helps improve human life and the natural
world. For example, researchers working in medical science could develop effective
medicines, new vaccines, and new sources of food. In addition, stem cells, which
differentiate into various cell types, may be used to cure a disease. For example, a medical
therapy using stem cells is established using hematopoietic stem cell transplantation [Miiller
et al., 2016]. Therefore, stem cells have a vast potential for application in medical fields

such as regenerative medicine, disease modeling, and drug development.
1.3.  Embryonic Stem Cells versus Adult Stem Cells

In mammals, stem cells can be divided into embryonic and adult stem cells [Jukes et al.,
2008; Prochazkova et al., 2015]. Both types of stem cells have the shared capabilities: to
undergo unlimited self-renewal and turn into differentiated cell types in the body. Adult
stem cells are undifferentiated cells found throughout the body. They can be found in most

adult tissues in small amounts. Adult stem cells play a role in the growth, maintenance, and
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regeneration of tissues and repairing damaged tissues. They are multipotent and commonly

contribute to producing cells in a specific tissue.

In contrast, ESCs have a higher differentiation capacity than adult stem cells.
Therefore, they are categorized as PSCs. In other words, ESCs are able to differentiate into
all types of cells in an organism. Embryonic stem cells are derived from the undifferentiated
inner mass cells within the blastocyst. ESCs are responsible for embryonic and fetal
development and growth. They do not exist in the adult body but can be identified as a

transient cell population present in early embryos.

Besides ESCs, there are other sources for PSCs that can be used for research and
medicine, such as primordial germ cells [Shamblott et al., 1998], cells derived from the
fusion between somatic and pluripotent cells [Cibelli et al., 1998; Kawase et al., 2000], cells
obtained by single-cell nuclear transfer (SCNT) [Gurdon, 1960], and the latest finding -
iPSCs. All pluripotent stem cells possess resemblances in their ability, function,
morphology, and similar transcription and epigenetic profiles. Moreover, pluripotent stem
cells in vivo can differentiate into three germ layers in the adult body (endoderm, mesoderm,
and ectoderm). By teratoma formation and a chimeric assay, the developmental potential of
stem cells could be determined; they are considered the gold standard criteria for assessing

the pluripotency of stem cells [Thomson, 1998; Tarkowski, 1961].
2. The remarkable studies led to the emergence of induced pluripotent stem cells

iPSCs are derived from various types of somatic cells, which are more readily available and
free from ethical issues. iPSCs are functionally similar to ESCs, are capable of unlimited
proliferation, and have the potential to differentiate into all types of cells in the body.
Especially, iPSCs are less likely to be rejected by the immune system due to their genetic
relatedness to the recipient. Therefore, iPSCs are at the center of intense research and
application in regenerative medicine. The below discoveries that are briefly described show
that cell fate can be changed and led to the establishment of iPSCs in 2006 [Takahashi and
Yamanaka, 2006].

11



2.1.  Somatic cell nuclear transfer approach

In 1955 King and Briggs developed a technique to transplant the nucleus from one cell to
another enucleated cell in the frog species Rana pipiens [King and Briggs, 1955]. It was the
first experiment that showed nuclear transplantation. Their results showed that nuclei of the
somatic cell contain all genetic information, which can be reprogramed to an alternate cell
fate. However, their ability for differentiation was restricted depending on the source of
nuclei. They concluded that differentiating cells often undergo stable changes, which limit
their developmental capacity. The majority of nuclei taken from early embryonic cells have
not experienced any change of this kind [King and Briggs, 1955]. Influenced by King and
Briggs’s discoveries, John Gurdon investigated the transfer of intestine nuclei, considered
differentiated cells, into enucleated eggs that then generate a fully adult amphibian. John
Gurdon optimized the technique to implant nuclear transfer of eggs, which developed to a
tadpole stage under optimal conditions. Then, he further proved that those eggs undergo

development, and several eggs can fully develop into adult frogs [Gurdon, 1960, 1962].

King, Briggs, and Gurdon’s discoveries are the very first evidence indicating that
somatic cell nuclei containing all required genetic makeup could be reprogrammed to a
pluripotent state under the optimal conditions where the right signaling factors and
environments are present. Their pioneering findings opened a brand-new field of studying
nuclear transplantation and cloning. Subsequent studies showed that nuclei from fully
differentiated cells in mammals could also be efficiently reprogrammed to produce
offspring and develop into adults, as demonstrated by cloned sheep [Wilmut et al., 1997]
and mice [Hochedlinger and Jaenisch, 2002]. Moreover, conversion of the potency of
somatic cells to that of pluripotent cells was successfully conducted by fusion with ESCs in
vitro [Tada et al., 2001]. This study demonstrated that nuclei contain all genetic information
and can be experimentally reprogrammed into a pluripotent state. However, the limitation

of this SNCT experiment is its low efficiency and technical difficulties.
2.2.  Forced cell fate change approach

Taylor and Jones first found the forced cell fate change by chemical reagents in 1979 [Taylor
and Jones, 1979]. They discovered that 5-azacytidine, a nucleoside analog that inhibits DNA
methylation, could transform fibroblasts into myocytes, chondrocytes, and adipocytes. This

finding suggested that somatic cells could be trans-differentiation under the epigenetic
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approach [Taylor and Jones, 1979]. This result suggested the possibility of altering the cell
identity by changing its epigenetic status and opened a new field of biological studies. In
1986, based on the fact that the addition of 5-azacytidine converts fibroblasts into highly
similar myoblasts in vitro, studies identified genes that are expressed specifically in
myoblasts. When they overexpressed one of the genes, namely MyoD, in fibroblasts, they
observed that up to 50% of the cell become myoblasts (muscle cells). This finding
represented the birth of the idea that critical transcription factors can force cells to change
their identity [Lassar et al., 1986; RL et al., 1987]. This discovery prompted searches for
other transcription factors that are critical for defining the cell identity; for example,
conversion of B cells to macrophages by expression of transcription factor C/EBPa and 3
[Xie et al., 2004] and generation of chondrocytes from fibroblasts by transcription factor
SOX9 [Murakami et al., 2000]. These data indicate that differentiated cells can be forced to
change their cell identity by forced expression of a cell type- or lineage-specific

transcription factor.
2.3. Isolation and culture Embryonic Stem Cells in vitro approach

ESCs can be cultured indefinitely in vitro under specific conditions and maintain their
pluripotent ability for a long time [Prochazkova et al., 2015]. Due to their capacity for
pluripotency, ESCs can contribute to all the different tissues in the body and have more
potential for differentiation than adult stem cells. ESCs are ideal sources for cells that cannot
be easily obtained from adult tissues such as neural cells. In basic biological research, ESCs
can be utilized for studying biological processes during development [Rizzoti et al., 2016].
In biomedical research and clinical application, ESCs could be used for modeling diseases
[Hanna et al., 2007; Urbach, 2004], the discovery of new drugs [Mackay-Sim et al., 2011],
developing new diagnostic and biomarkers [Rubin and Haston, 2011] as well as
regenerative medicine that includes transplantation and cell replacement therapies for
numerous diseases such as spinal cord injuries, diabetes, and Parkinson disease [Hescheler,

2019; Miiller et al., 2016].

Mouse ESCs (mESCs) are maintained on a feeder layer of mouse embryonic
fibroblasts in vitro [Sokol, 2011]. Derived from the STO cell line, which has been
transformed with neomycin resistance and murine leukemia inhibitory factor (LIF) genes,
SNL can be used as the feeder for growing ESCs and iPSCs in vitro. On the other hand, in

the absence of a feeder cell layer, mESCs can be grown in a medium supplemented with
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recombinant LIF and BMP4 [Keller, 2005]. LIF functions through gp130, and the LIF signal
is transduced by the Janus kinase/signal transducer and activators of transcription
(JAK/STAT), which activates STAT3 and its downstream targets such as c-MYC
[Cartwright et al., 2005]. While BMP4 has been linked to the mesenchymal-epithelial
transition (MET), its role for ESCs is mediated by inhibition of MAPK pathways to promote
self-renewal. Maintaining pluripotent stem cells in vitro is essential in stem cell research. It
provides the way to deeply study the molecular basis of stemness observed in pluripotent
stem cells. However, although stem cells hold great hope for new therapies, it is difficult to
isolate and maintain stem cells in vitro. In particular, ethical issues and tissue rejection are

the main problems that prevent human ESCs ‘utilized in research and clinical application.
2.4. Induced pluripotent stem cells approach

The above evidence raised a possibility that cells in late-stage development could be
reprogrammed to other cell fate, even toward pluripotent stem cells. Inspired by this
possibility, Yamanaka and colleagues made a list of pluripotency-associated genes which
may promote cell fate change to induce the pluripotent state [Takahashi and Yamanaka,
2006]. They overexpressed 24 candidate genes in mouse embryonic fibroblasts (MEFs) and
successfully generated pluripotent stem cells. Performing sequential removal of 24
candidates, the four essential factors: KLF4, OCT4, SOX2, and c-MYC, were identified as
reprogramming factors that generate pluripotent stem cells from MEFs. Moreover, four
reprogramming factors could also reprogram tail-tip mouse fibroblasts and human
fibroblasts to a pluripotent state [Takahashi and Yamanaka, 2006; Mikkelsen et al., 2008;
Takahashi et al., 2007]. Compared with ESCs, iPSCs show similar expression patterns and
epigenetic marks and could be maintained in media that supports ESC growth. Also, iPSCs
could contribute to all three germ layers and give rise to chimeric mice. Full-term
development of viable mice consisting of all iPSC-derived cells finally proved that iPSC
has full pluripotency [Mabherali et al., 2007; Kang et al., 2009].

Among pluripotent stem cell sources, iPSCs are believed to be best suited for future
research [Takahashi and Yamanaka, 2016]. Viable embryos are required and destroyed to
obtain ESCs. ESCs raised many ethical issues for stem cell study using human embryonic
stem cells[Prochazkova et al., 2015]. SCNT and cell fusion have many limitations, from
incomplete reprogramming causing abnormal phenotype in clones, technical difficulties,

low efficiency, and limited success in applying to humans and primates [Alberts et al.,
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2019]. iPSCs are derived from somatic cells that are more readily available than embryos,
and they can be generated from various cell types such as fibroblasts. iPSCs are functionally
similar to ESCs, are capable of unlimited proliferation, and have the potential to differentiate
into all kinds of cells in the body. Moreover, iPSCs are less likely to be immunologically
rejected due to being genetically related to the recipient. Altogether, iPSCs are at the center

of intense research and application in regenerative medicine.

3. The mechanism of reprogramming and the hurdles of applying iPSCs to

clinical
3.1. Hallmark of reprogramming fibroblast into pluripotent stem cells.

Several studies indicate that the timing of reprogramming varies widely among the types of
cells and reprogramming systems. However, all reprogrammed cells undergo multiple
changes before becoming iPSCs [David and Polo, 2014]. In the early stage of
reprogramming, a range of events occurs, including suppression of somatic cell-related
genes; cell morphological changes, cell-matrix adhesion, and cell-cell attachment; the
metabolic shift from oxidative phosphorylation to glycolysis; the increased resistance to
apoptosis and senescence; acquisition of pluripotency [David and Polo, 2014; Mikkelsen et
al., 2008].

The first feature of reprogramming is the downregulation of somatic cell-related
genes, such as reducing Thyl, Snail, Cdh2, and CD44 expression. The intermediate stage
is the upregulation of pluripotency-related genes and ends with the late phase when iPSCs
acquire pluripotent independently with exogenous reprogramming factors. This stage is
marked by epigenetic profiles of X chromosome reactivation [Maherali et al., 2007].
Different markers could be used to study the mechanism of reprogramming. The early phase
is marked by E-cadherin (Cdhl), alkaline phosphatase, and stage-specific embryonic
antigen 1 (SSEA1) and followed by the intermediate step indicated by the endogenous
expression of Oct4, Nanog, and Esrrb. The final stage is characterized by Sox2, TRA-1-60,
Rex1, Sall4 expression, and X chromosome reactivation [Buganim et al., 2012; Polo et al.,
2012]. However, the underlying reprogramming mechanisms are still not fully elucidated,
and the iPSC generation is inefficient. Significantly, the understanding of molecular events
during the early phase, such as the downregulation of the somatic program, is not as

intensively investigated as in the late stage of reprogramming.
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3.2. The downregulation of somatic cell-related genes: a promising approach to

achieve efficient reprogramming.

As the hallmarks of reprogramming, silencing of the somatic program occurs quickly
[Samavarchi-Tehrani et al., 2010; Li et al., 2010; Polo et al., 2012]. A signature of somatic
reprogram downregulation is reducing 7hyl gene expression and CD44 surface marker.
THY1 is a surface antigen that is highly expressed in various somatic cells such as
fibroblasts. Its loss of expression is considered the marker for the downregulation of somatic
programs during reprogramming. When Thy! silencing occurs, the cells start to undergo
reprogramming. 7hy I+ cells express lower levels of K, O, S, M proteins and fail to produce
iPSCs. Differentiated cells or somatic cells are characterized by expressing somatic cell-
related genes such as Thyl, Col5a5, and Fibrillin-2 and the epigenetic mechanisms such as
DNA methylation [Polo et al., 2012]. Correspondingly, a study in 2008 showed that the
incomplete downregulation of somatic cell-specific transcription factors inhibits
establishing the endogenous pluripotency networks. However, forced suppression of
somatic cell-specific transcription factors enables partially reprogramming cells to become
fully reprogrammed iPSCs [Mikkelsen et al., 2008]. Similarly, early repression of Col5a2,
Fibrillin-2, and Egrl is necessary for reprogramming [Stadtfeld et al., 2008; Worringer et
al., 2014].

After the downregulation of somatic cell-related genes, pluripotency-associated marker
alkaline phosphatase (AP) and SSEA-1 are activated. Both AP and SSEA1 are signs of the
early events in the iPSC generation followed by the late phase marked by the expression of
pluripotency gene Oct4, Nanog, Esrrb [Polo et al., 2012]. The downregulation of markers
such as Thyl and CD44 is necessary for the early phase of reprogramming. However,
additional somatic cell-related genes may play a vital role in maintaining somatic cell fate
and restricting the progression of somatic cell reprogramming. Therefore, it is necessary to
identify such highly expressed factors to sustain the somatic cell fate and become a

roadblock in the early phase of the reprogramming process.
3.3. Mesenchymal-epithelial transition: a crucial event during reprogramming

Epithelial and mesenchymal cells are two major types of animal cells [Pei et al., 2019]. The
two transition processes, Epithelial-mesenchymal transition (EMT) and MET, are involved
in many cell fate conversions from embryonic development, tumor generation, and somatic

cell reprogramming. EMT and MET are essential mechanisms in the development process
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of all animals [Kalluri and Weinberg, 2009]. During gastrulation of embryonic
development, EMT occurs, while the first MET occurs during preimplantation [Larue and
Bellacosa, 2005]. Various cellular processes require EMT, such as embryogenesis, cell
differentiation, wound healing, tissue regeneration, fibrosis, and cancer [Lamouille et al.,
2014]. MET is also necessary for many development processes and cell fate changes
[Brabletz, 2012]. For example, embryos undergo MET to engage in gastrulation or
subsequent body formation or elongating [Pei et al., 2019].

EMT is the transition process in which epithelial cells adopt a mesenchymal form
by changing their intercellular adhesion and cell-matrix adhesion, reorganizing the actin
skeleton, and increasing migration, all of which may be involved in germ layer
differentiation and tissue formation. For example, local wound healing involves EMT that
generates fibroblast following tissue repair [Stone et al., 2016]. In model epithelial cell lines
such as normal murine mammary gland (NMuMG) cells, EMT can be induced by
transforming growth factor-f3 (TGF-B). In NMuMG cells, the effect of TGF-B is mediated
by a transcription factor, Sox4, which causes EMT in response to TGF-B. Sox4 directly
regulates Ehz2 expression, which encodes the polycomb repressive complex 2 (PRC2)
components, the modifying chromatin structure for gene repression [Tiwari et al., 2013]. In
EMT, TGF- signaling induces transcription factors SNAIL/2, ZEB1/2, and TWIST to
control the EMT regulatory network causing the downregulation of epithelial protein,
including junction complexes such as Cdhl, Occludin, EpCam, and the acquisition of
mesenchymal protein: SNAIL1, SNAIL2, ZEB1, ZEB2, TWISTI, TWIST2, N-
CADHERIN (Cdh2), FIBRONECTIN, VIMENTIN [Kalluri and Weinberg, 2009].

In contrast, MET transitions from spindle-shaped, multipolar mesenchymal cells to
round-shaped epithelial cells. MET leads to the change of gene expression by upregulation
of epithelial-associated genes and downregulation of mesenchyme-associated genes [Li et
al., 2010]. MET and EMT play an essential role in iPSCs generation. MET is a critical event
during reprogramming; MET is also associated with other events that occur in the initial
phase of reprogramming when cells show downregulation of somatic genes, metabolic
switching, and epigenetic modification [Shu and Pei, 2014]. Reprograming factors (K, O,
S, M) are the key regulators that trigger MET by downregulating mesenchymal and
upregulating epithelial genes. In the early phase of somatic cell reprogramming, OCT4,

SOX2, and C-MYC suppress TGF-B, which leads to downregulation of Snail/2, Cdh2, Fnl,
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Vim, Zeb1/2. At the same time, KLF4 triggers epithelial gene expression (Cdhl, EpCAM,
Occuludin). Enhancing MET by activating BMP and inhibiting EMT facilitates
reprogramming [Ichida et al., 2009; Li et al., 2010; Samavarchi-Tehrani et al., 2010]. MET
is considered an important event during the early phase of reprogramming from MEFs
[Samavarchi-Tehrani et al., 2010]. Inhibition of MET by inducing EMT with TGF-$ or
overexpressing Snail prevents iPSC generation [Li et al., 2010]. Furthermore, several lines
of evidence indicated MET as part of the mechanism when vitamin C increases the
efficiency of iPSCs generation [Chen et al., 2013] and TET1 substitutes OCT4 during
reprogramming [Gao et al., 2013].

Improving reprogramming efficiency could be achieved by facilitating MET and
suppressing EMT. iPSCs formation from somatic cells is triggered by key transcriptional
regulators that regulate the gene expression network necessary for acquiring pluripotency.
The reprogramming of mouse embryonic fibroblasts (MEFs) into iPSCs requires cell
morphological change from mesenchymal to epithelial stage. Therefore, transcriptional
regulators associated with a mesenchymal phenotype should be downregulated during

reprogramming to trigger cell morphology transition.
3.4. Sendai virus reprogramming system - the unique gene delivery approach

The original method for introducing reprogramming factors into somatic cells is an
integrative system that involves the insertion of exogenous genes into the host genome
(retrovirus and lentivirus) [Takahashi and Yamanaka, 2016]. However, although these
vectors provide high infectivity and stable integration into the host genome, they may cause
adverse consequences such as tumor formation. Therefore, alternative approaches were
utilized to generate iPSCs without transgene integration, including adenovirus, transposon,

episomal vectors, and Sendai virus [Takahashi and Yamanaka, 2016].

Among these alternative systems, the Sendai virus system has several benefits over
other delivery systems: 1) up to four exogenous genes could be harbored in one vector; 2)
exogenous genes are expressed at high levels in a wide range of host cells; 3) Sendai virus
vector remains stably for a long-term expression; 4) stoichiometry of multiply expressed
genes remain relatively constant; the vector remains in cytoplasm and does not integrate
into the host genome [Jaenisch and Young, 2008]. Our laboratory has developed a defective
and persistent Sendai virus (SeVdp)-based reprogramming system, which possesses all of

these characteristics suited for producing iPSCs.
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Sendai virus belongs to the Paramyxovirus family and is a negative-strand RNA
virus. The C1.151 strain has mutations in the genes encoding for viral nucleocapsid (NP, P,
and L proteins), enabling the long-term expression of exogenous genes. In SeVdp-derived
vectors, all three structural genes (encode M, F, and HN protein) that are involved in viral
particle formation then be replaced by four reprogramming factors K, O, S, M. The derived
vector, packaged in cells expressing structural genes, is defective in that it can infect host
cells but neither cause any host cell lysis nor produce new virus after infection [Nishimura

etal., 2007, 2011].

The integration-free SeVdp system prevents the insertion of exogenous genes that
cause permanent damage to the host genome and thus achieves the generation of high-
quality iPSCs. Moreover, SeVdp genomic RNA could be eliminated from the host cells by
suppressing L protein expression using small interfering RNA against the L gene mRNA
[Nishimura et al., 2017b]. This property provides an additional advantage for SeVdp-based

vectors as a safe and efficient system for somatic cell reprogramming to produce.

3.5. The hurdle of applying iPSCs and an alternative solution to enhance

reprogramming

iPSC generation is an inefficient process. Therefore, there are several hurdles to generating
high-quality and safe iPSCs [Ebrahimi, 2015]. Integration of reprogramming genes causes
a risk of changing gene expression of host cells and leads to genetic and epigenetic
abnormalities [Hussein et al., 2011]. Significantly, the continuous expression of c-MYC,
one of the 4 reprogramming factors, leads to tumor formation from iPSCs transplanted to
mice [Okita et al., 2007]. Therefore, incomplete suppression of exogenous reprogramming
factors negatively affects the quality of iPSCs. An alternative approach to reprogramming
could solve this problem by using integration-free methods for cell reprogramming, such as
episomal vectors, mRNA, transposon, adenovirus, and Sendai virus. Low reprogramming
efficiency is another obstacle to applying iPSCs to therapy; less than 3% of reprogrammed
cells can successfully achieve fully pluripotent iPSCs [Polo et al., 2012]. Various strategies
have been studied for improving reprogramming efficiency, from overexpression of
enhancing factors (GLIS1, Esrrb, FOXHI) to utilizing small chemicals (vitamin C, TGF-f
inhibitor, Wnt/B-catenin signaling) and suppression of reprogramming barriers (p53, TGF-
B, MAP kinase) [Ebrahimi, 2015]. Although current knowledge about reprogramming could

enhance reprogramming to some extent, safe and rapid reprogramming with higher
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efficiency is still not achieved. As compared with its late phase, the early phase of
reprogramming, including critical events such as increased cell proliferation and
progression through MET, was less extensively studied to improve reprogramming
efficiency.

Many questions related to EMT/MET during reprogramming remain unclear: First,
although blockage of EMT is essential, expression of EMT-related genes such as Tgfbri/
and Tgfb2 impact reprogramming in both positive and negative manners [Li et al., 2010].
Second, although downregulation of mesenchymal-related genes such as Snail/2, Zebl/2,
Cdh2, and Fnl are observed in iPSCs generation, expression of Snail and downregulation
of Snai?2 facilitates Nanog reprogramming [Unternaehrer et al., 2014; Gingold et al., 2014].
Third, inhibition of TGF-f signaling has various effects on reprogramming depending on
its addition relative to MET during reprogramming [Li et al., 2010; Ichida et al., 2009].
Moreover, the knockdown of Srail/2 does not enhance reprogramming [Li et al., 2010].
These results imply that some of the effects of downregulating mesenchymal genes may not
necessarily be the cause of the observed impacts on MET during reprogramming. Thus, the
mechanism underlying MET and its relevant factors still remain to be more clearly defined,
and more research is needed to understand the role of MET during reprogramming.
Therefore, identifying new factors that inhibit reprogramming, especially during the MET
stage, is expected to understand the mechanism of iPSCs generation further and devise more

efficient reprogramming technologies.
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4. Aims of this thesis

A substantial number of approaches have been developed to improve the efficiency of

reprogramming, and many factors and mechanisms have been discovered. However, the

reprogramming system still requires improvement to produce high-quality iPSCs efficiently.

This study focuses on the early phase of reprogramming when cells show morphological
changes (MET) by suppressing the somatic cell identity through downregulating
mesenchyme-associated genes. This thesis aims to:
1. Screen for mesenchyme-associated transcriptional regulators that may delay the
progression of MET during iPSCs generation.
2. Examine the effect of the above-mentioned factors on the early phase of
reprogramming.
3. Investigate the mechanism underlying mesenchymal gene downregulation during
reprogramming to enhance reprogramming efficiency.
4. Understand the relationship between the mesenchyme-associated transcriptional

regulators and their downstream signaling pathways during reprogramming.
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CHAPTER 2: MATERIALS AND METHODS
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1. Cell culture

MEFs were isolated from embryos of 13.5-day-pregnant C57BL/6 mice. MEFs were
cultivated in DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 100 U/mL penicillin- 100 pg/mL streptomycin (Nacalai Tesque) at 37°C, 5% CO2, 5%
0..

PLAT-E, BHK/T7/151M, and NIH3T3 cells were maintained in DMEM
supplemented with 10% FBS and 100 U/mL penicillin- 100 pg/mL streptomycin at 37°C,
5% COa».

NMuMG cells were cultured in DMEM containing 10% FBS, 100 U/mL penicillin
- 100 pg/mL streptomycin, and 1pg/mL insulin at 37°C with 5% CO,. EMT was induced
by 5 ng/mL of recombinant TGF-1 (BioLegend) for 3 days.

SNL feeder cells harboring puromycin resistance genes [Tran et al., 2018] were

generated by treating with 10 pg/mL mitomycin C (Sigma) for 2.5 hours.
2. Vector and construction

The cDNAs encoding mesenchyme-associated transcriptional regulators fused with
3xFLAG-tag were amplified from MEF c¢DNA, followed by their insertion into
pMCsAYY 1-IRES-Puro plasmid to construct retroviral vectors expressing each protein.
Annealed DNA oligonucleotides (89 nucleotides) encoding upstream Open Reading Frame
2 (uORF2) (Table 1) were placed in pMCsAY'Y 1-IRES-Puro plasmid 20 nucleotides before
the inserted gene to reduce expression from the retroviral vectors. For the construction of a
retroviral vector expressing shRNA against Osr2, DNA oligonucleotides listed in Table 2
were annealed and inserted into pMXs-U6-Puro plasmid (Cambridge bioscience).

Retrovirus stocks were prepared as described previously [Bui et al., 2019].

The SeVdp vector genomic cDNA was constructed as described [Nishimura et al.,
2011]. The cDNA for SeVdp(KOSMaB) was produced by insertion of the blasticidin-
resistant gene together with the T2A peptide sequence after the c-MYC gene of
SeVdp(KOSM) [Nishimura et al., 2014].

3. Collection of SNL conditioned medium

Mitomycin-C treated SNL cells were seeded in mES1 medium (DMEM supplemented with
15% FBS, 0.1 mM non-essential amino acids (Nacalai Tesque), 100 U/mL penicillin — 100
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pg/mL streptomycin, 0.055 mM 2-mercaptoethanol (Gibco), 1,000 U/mL LIF (Wako)) at
37°C, 5% COz. Then, SNL conditioned medium was collected 24 hours later, followed by
centrifugation at 3000 rpm for 10 min at 4°C. A fresh conditioned medium was prepared

each time.
4. Reprogramming

MEFs were reprogrammed by infecting with SeVdp(KOSM) or SeVdp(KOSMaB) at 32°C
for 12 hours. Reprogrammed cells could be cultured on SNL feeder cells in mES2 medium
(StemSure DMEM (Wako) supplemented with 15% StemSure Serum Replacement (Wako),
0.1 mM non-essential amino acids, 2 mM L-Alanyl-L-Glutamine (Nacalai Tesque), 100
U/mL penicillin — 100 pg/mL streptomycin, 0.055 mM 2-mercaptoethanol, 1,000 U/mL
LIF) for first 6 days at 37°C, 5% COx, followed by cultivation with mES1 medium. Without
SNL feeder cells, reprogrammed cells were cultured in SNL conditioned medium. For
knockdown of Osr2, siRNA against Osr2 (Table 3) was transfected into MEFs by using
Lipofectamine RNAiIMAX Transfection Reagent (Thermo Fisher) 2 days before

reprogramming.
5. Retrovirus production and infection

Retroviral vector plasmids were transfected into PLAT-E cells with Lipofectamine 2000
reagent (Thermo Fisher). After 2 days of transfection, viral supernatant was collected and

filtered by 0.45 uM cellulose acetate filters (Millipore), and Retrovirus was stored at -80°C.

NMuMG cells, NIH3T3 cells, and MEFs were infected with retrovirus in the presence of 8
pug/ml of polybrene (Sigma). After 48 hours of infection, the cells were treated with 2 pg/mL

puromycin (Nacalai Tesque) or Neomycin (1 mg/mL) for 2 or 7 days, respectively.
6. SeVdp production

To prepare vector packaging cells, cDNA for SeVdp(KOSM) or SeVdp(KOSMaB) and the
expression vector plasmids for SeV proteins (NP, P/C, M, F, HN, L) were transfected into
BHK/T7/151M cells using Lipofectamine LTX with Plus Reagent (Thermo Fisher) and
cultured at 32°C for 6 days. Then, the packaging cells were further transfected with the
expression vector plasmids for SeV M, F, and HN proteins and cultured at 32°C for
additional 4 days to rescue the SeVdp vector. The supernatant containing the SeVdp vector

was filtered through a 0.45 pm cellulose acetate filter and stored at -80°C until use. Titers
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of the SeVdp vectors were determined by examining NIH3T3 cells infected with a diluted
vector suspension by immunostaining using an anti-SeV NP antibody [Nishimura et al.,

2007].
7. Quantitative PCR

Cells were harvested using Trypsin/EDTA (Nacalai Tesque). RNA was isolated by
ISOGEN (Nippon Gene) according to the manufacturer’s instructions. Reverse transcripted
cDNA was synthesized by SuperScript III Reverse Transcriptase (Thermo Fisher) according
to the manufacturer’s instructions. Gene expression was quantified by mixing the cDNA
with GoTaq qPCR Master Mix (Promega) and primers listed in Table 4, followed by PCR
with QuantStudio 5 Real-time PCR system (Thermo Fisher). Expression of 7hp was used

as an internal control.
8. Immunofluorescence staining

Cells were washed with PBS twice, then fixed with 3.7% formaldehyde in PBS for 10 min.,
followed by permeabilization by 0.1% Triton X-100 in PBS for 5 min. The treated cells
were incubated with primary antibodies at R.T. for at least 60 min, followed by anti-mouse
IgG conjugated with AlexaFlour 555 (1:500, ThermoFisher) for 30 min. VECTASHIELD
mounting with DAPI (Vector) was utilized to stain nuclei. Followed primary antibodies

were employed in this paper: Anti-SeV NP (1:1,000), Anti-Flag-tag (1:4,000, Wako).
9. Cell proliferation assay

Cell proliferation was quantified by the XTT cell proliferation kit (Biological Industries).
500 cells were seeded into a 96-well plate and incubated at 37°C with 5% COs,. Proliferation
levels were measured at indicated time point by treatment with XTT mixture according to

the manufacturer’s instruction.
10. Cell migration assay

NMuMG cells were added to the top of Transwell 6.5 mm insert 24-well plate (CORNING).
After 16 hours of cultivation, cells was removed from the upper side of the chamber by
using a cotton swab. Cells migrating to the lower side of the transwell filter were fixed and
stained with Staining solution (0.05% Crystal Violet, 1% Formaldehyde, 1% Methanol in

PBS(-) for 20 min at R.T. The migrating cells were counted under a microscope.

11.  Western blot analysis
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NIH 3T3 cells were infected with retrovirus expressing indicated genes, followed by
puromycin selection for 2 days. 4 days after infection, cells were harvested by
Trypsin/EDTA and lysed in gel loading buffer (50 mM Tris-HCI (pH6.8), 2% SDS, 10%
glycerol, 0.1 mg/mL Bromophenol blue, 5% 2-mercaptoethanol) incubate at 95°C for 5 min.
Lysis samples were subjected to western blot analysis. Anti-Flag (1:4,000, Sigma) and anti-
a-tubulin (1:10,000, Abcam) were employed as primary antibody. Protein expression levels
were detected and quantified by the Fusion Fx7 Imaging system (Vilber Lourmat) and
Fusion Software (Fusion Capt) v18-02.

12.  Transcriptome analysis

Two replicates of total RNAs were NMuMG cells followed by library construction, and
RNA-seq performed Illumina sequencing platform (Annoroad Gene Technology).
Sequence reads were mapped to the mouse genome (GRCm38.p6) using STAR aligner
(v2.7.3a) with default parameters (Dobin et al., 2013). The read counts were obtained by
featureCounts (v2.0.0) (Liao et al., 2014) with the gene model from Ensemble
(Mus_musculus GRCm38.75.¢gtf) at gene level. The gene count data was normalized by
variance stabilizing transformations (VST) using DESeq?2 (v1.26.0) (Love et al., 2014). The
VST normalized value was used to show the transcriptome similarity through the heatmap
with Ward's method and PCA. Differential expression was analyzed by the Likelihood ratio
test using DESeq2. Pathway analysis of the differential expressed genes was performed by
using WikiPathway (Slenter et al., 2018) through Enrichr (Chen et al., 2013; Kuleshov et
al., 2016). The data are deposited in the Gene Expression Omnibus (GEO) with accession
number GSE180471 (NMuMG experiments) and GSE180428 (Reprogramming).

13.  Statistical analysis

Student’s t-tests were used to test for a statistically significant difference between data sets,

except for RNA-seq data. A value of P < 0.05 was considered statistically significant.
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CHAPTER 3: RESULTS
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1. Screening for the mesenchyme-associated transcriptional regulators

The Sendai virus-based reprogramming system was proved to reprogram somatic cells into
iPSCs more efficiently and speedily than the conventional retrovirus system [Nishimura et
al., 2011]. A screening strategy using the MEFs and the Sendai virus-based reprogramming
was designed to identify new barriers to reprogramming. In order to select the genes that
show downregulation at the early phase of the MEF reprogramming, gene expression
profiles in cells undergoing reprogramming on day 2, day 8, and fully reprogrammed iPSCs
(Figure 1A) were compared with that in MEFs. The DNA microarray data show that 1,787
differentially expressed genes (DEGs) were reduced their expression by over 2-fold
compared to MEFs. Next, 150 possible transcriptional regulators were selected based on
GO terms related to transcription factor activity from the down-regulated DEGs. Then, 37
out of 150 candidates were obtained based on the possibility that they are presumably
directly regulated by reprogramming factors, KLF4, OCT4, SOX2, or c-MYC, as they have
been experimentally confirmed to be involved in iPSC generation or in ESCs [Sharov et al.,
2008; Sridharan et al., 2009]. Because cell cycle upregulation, MET, and dedifferentiation
are required for the early phase of reprogramming, finally, 10 genes associated with the
reverse cellular functions include cell cycle arrest, EMT, and differentiation [Douville et al.,
2011; Gan et al., 2011; Garcia-Dominguez et al., 2003; Jordan et al., 2013; Lan, 2004;
Ocana et al., 2012; Pei et al., 2019] were selected as candidates related to iPSC generation.
Among the 10 candidates, 8 candidates (EbfI, Ebf3, Meox2, Osr2, Prrxl, Smarcd3, and
Zicl) showed significant down-regulation across the first 8 days of reprogramming (Figure

1B).

The impacts of the 8 transcriptional regulators’ overexpression on MEFs viability
were evaluated using a silencing-resistant retroviral vector, MCsAYY1 [Nishimura et al.,
2017a] (Figure 1C). Of these, 3 factors (EbfI, Ebf3, and Osr2) showed a severe reduction
of MEF viability, and the other 5 factors were unaffected (Figure 1D). It suggests that the
negative impact on MEF viability by the transcriptional regulators’ overexpression might
affect the assessment of their function on reprogramming. As shown in Figure 1E, the
expression of exogenous Osr2 is robust, more than 500 times compared to the control,
indicating that such a too high expression might be associated with the reduction of cell

viability.
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In order to diminish the detrimental influences of overexpression of transcriptional
regulators, a new vector expressing transcriptional regulators at a lower level was newly
constructed. Upstream open reading frame (UORF2) derived from the human
cytomegalovirus (CMV) virion glycoprotein gpUL4 (gp48) plays a role in repressing the
downstream translation of heterologous genes [Degnin et al., 1993]. To lower the expression
level of the transcriptional regulators, a beneficial effect of uORF2 on inhibiting
downstream translation was exploited. The DNA sequence encoding 22 amino acids for
uORF2 was cloned into an MCsAYY 1 based-expression vector ahead of the protein-coding
region (Figure 2A). As shown in Figure 2B, there was no significant change in mRNA level.
However, protein levels of 8 transcriptional regulators in MEFs were reduced remarkably
to 1~60% compared to those original vectors without uORF2. MEFs with such a reduced
expression of the transcriptional regulators showed comparable cell viability and cell
proliferation to mock-treated cells (Figures 2C and 2D). These results indicated that using
a new vector that harbors uORF2 to express 8 transcriptional regulators on MEFs could

minimize the cytotoxic effect of their overexpression.

Each transcriptional regulator was expressed individually in MEFs from the
MCsAYY 1-uORF2 based-expression vector to examine the functional association between
the downregulation of the 8 factors and reprogramming(Figure 3A), followed by
reprogramming by SeVdp(KOSM). The efficiency of iPSC generation was evaluated by
Alkaline phosphatase (AP) activity. Based on the fact that AP activity was widely used as a
marker for iPSC generation in the early phase of reprogramming [Stefkova et al., 2015],
reprogramming efficiency was scored by a number of AP(+) colonies (Figure 3A). Among
8 transcriptional regulators, expression of Ebf1, Ebf3, or Osr2 showed a reduction of AP(+)
colony number on day 10 of reprogramming (Figure 3B), indicating that failure to
downregulate EbfI, Ebf3, and Osr2 led to the reduction of reprogramming’s efficiency.
Under the observation of cell viability throughout the iPSC generation, substantial death
occurred in cells expressing Ebf1 or Ebf3 after induction of reprogramming (Figures 3C and
3D) which led to difficulties for further functional investigation. In contrast, such a
phenomenon was not observed in the cells expressing Osr2 (Figures 3C and 3D). Therefore,

the effect of Osr2 was selected for further research.

29



2. Downregulation of OSR2B by reprogramming factors is predominantly required

for efficient reprogramming

Based on the data from DNA microarray and quantitative RT-PCR in Figure 1B,
endogenous Osr2 expression level was reduced by the expression of reprogramming factors
(KOSM). Next, how reprogramming factors downregulate Osr2 during reprogramming
need to be revealed. SeVdp vector harboring a single or combination of the transcription
factors was infected to MEFs to analyze the relationship between reprogramming factors
and Osr2 expression. The qQRT-PCR analysis revealed that the vector expressing KLF4 (K,
KOS, KOM, and KOSM), or OCT4 and SOX2 (OS, OSM, KOS, and KOSM)
downregulated Osr2 expression in MEFs (Figure 4A). These results demonstrated that Osr2
expression was regulated by KLF4 or the combination of OCT4 and SOX2 during

reprogramming.

Osr2 is a member of the Drosophila odd-skipped related transcription factor family.
OSR2 has two variants (OSR2A and OSR2B) due to the alternative splicing [Lan et al.,
2001; Kawai et al., 2005]. OSR2A is the minor isoform that contains five zinc finger motifs,
and OSR2B is the predominant isoform that contains three zinc finger motifs (Figure 4B).
Because of the involvement of OSR2B in reprogramming experiments described above, the
effect of OSR2A needs to be evaluated to understand the function of Osr2 on

reprogramming comprehensively.

A cDNA encoding OSR2A was cloned into MCsAYY 1-uORF2 based-expression
vector. Then, the reprogramming efficiency was evaluated, as shown in Figure 3A.
Although both OSR2A and OSR2B lessen AP(+) colony number, the negative effect of
OSR2B on reprogramming was more intense (Figure 4C). Moreover, as mentioned above,
the OSR2B variant is predominantly expressed. Therefore, OSR2B was used for further
analyses (referred to as OSR2 in the following parts).

3. Continuous expression of Osr2 blunts reprogramming through inhibits MET

Given that the Osr2 expressing cells showed low reprogramming efficiency in the
early step of iPSC generation (Figure 3B), it needs to be examined whether Osr2 affects the
expression of pluripotency marker in the latter phase, SSEA1 [Mann et al., 2007], or not.
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Reprogrammed cells that express exogenous Osr2 exhibited a deficient level of SSEA1 and
a remarkable reduction in the number of SSEA1 (+) colonies as well as an increase in the
number of SSEA1(-) colonies (Figure 5SA). Moreover, in agreement with the negative effect
of Osr2 expression during reprogramming, Osr2-expressing MEFs could not continue to
grow after passage (Figure 5B). These results indicate that Osr2 blocks the reprogramming
process toward the fully reprogrammed stage through inhibition of early events such as

induction of AP activity, SSEA1 expression, and cell proliferation.

At first, retrovirus harboring shRNA targeting Osr2 was used for forced repression
of Osr2 expression to confirm that downregulation of Osr2 indeed affects reprogramming
(Figure 5C), and the effect of Osr2 knock-down on reprogramming was evaluated.
Compared to control (MEF cells), endogenous Osr2 expression was reduced roughly by
half, and no significant change was recorded in the AP activity (Figure 5D). Although the
Osr2 level after knocking down by shRNA might not be sufficient, siRNA for Osr2 showed
significant repression (around 10%) (Figure 5E). As expected, the number of AP(+),
SSEA1(+) and Nanog (+) colonies significantly increased with the siRNA treatment
(Figures S5F and 5G). Moreover, the expression of pluripotent markers (Fbox15 and Rex1)
was increased by Osr2 knockdown in MEFs (Figure SH).

Several comprehensive studies showed that Osr2 was commonly detected in specific
mesenchymal cells and tissues during embryogenesis. For example, at E14.5, Osr2 was
strongly expressed in the mesenchymal cells surrounding the tooth buds [Lan, 2004].
Notably, Osr2 is also expressed in a subset of mesenchymal cells adjacent to the epithelial
tubules in the developing metanephros [Lan et al., 2001]. In other words, Osr2 expression
correlates with sites of epithelial-mesenchymal interactions. In addition, Osr2 was identified
as a critical regulator of palatal growth and development [Fu et al., 2017; Kawai et al., 2010;
Lan, 2004], where proper EMT is required for completing the process of palatal fusion
[Ahmed and Nawshad, 2007; Gritli-Linde, 2007; Jalali et al., 2012]. These pieces of
evidence suggest that changes in Osr2 expression might relate to the promotion of MET

during reprogramming.

For a more precise evaluation of gene expression and observation of cell

morphology changes, uninfected MEFs were eliminated by using a new SeVdp(KOSMaB)
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vector harboring the blasticidin S-resistant gene as well as reprogramming factors (Figure
6A). After reprogramming of MEFs by SeVdp(KOSMaB), on the day 6, while the control
reprogramming displays a completed and typical iPSC-like colony in which almost all cells
change to epithelial morphology, Osr2-expressing cells showed the small and incomplete
colonies, which contained cells with an elongated shape, and lacked apparent cell-cell
adhesion cells, which were similar to fibroblast’s morphology (Figures 6B and 6C).
Furthermore, qPCR shows that the downregulation of several mesenchymal genes such as
Snail, Tgfb3, Cdh2, Fnl, and Vim was far lesser in Osr2-expressing cells compared to
control cells (Figure 6D). The epithelial genes, Cdhl and Ocln, were upregulated in the
control reprogramming but not reprogramming with Osr2-expressing (Figure 6D). These
results indicated that continuous expression of Osr2 prevents MET at the early stage of

reprogramming.

4. Osr2 functions as a novel regulator of EMT in NMuMG cells

The NMuMG cells, which are widely used for studies of EMT [Bhowmick et al., 2001],
were used to gain further insights into the relationship between Osr2 and the transition of
cellular phenotypes, MET and its reverse process EMT. The stimulation by TGF-§
[Miettinen et al., 1994] and the overexpression of some regulators such as Sox4 [Tiwari et
al., 2013] trigger robust and reproducible transition NMuMG from epithelial to
mesenchymal state within ten days. EMT is the process by which epithelial cells lose their
cell polarity and cell-cell adhesion and gain migration properties to become mesenchymal
phenotype. EMT coordinates the induction of mesenchymal genes such as Cdh2, Vim, Tgf3,
and Fnl and the repression of epithelial genes such as Cdhi, Epcam, and Ocln.

Firstly, the changes in cell-cell adhesion, gene expression pattern, and cell migration
abilities was evaluated by overexpression of Osr2 in NMuMG cells (Figure 7A). Typically,
during EMT, cells showed a change from epithelial to mesenchymal morphology (from
round to flattened and spindle shape with loss of cell-cell adhesion), similar to the cells
treated with TGF-B (Figure 7B). However, compared to TGF-B-treated cells, Osr2-
expressed cells required a longer time for a morphological change (Figure 7B). Furthermore,
the migration assay revealed that Osr2-expressing cells could migrate similar to TGF-f3-

treated cells (Figure 7C). Gene expression analyses also showed that both treatments, Osr2
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expression and TGF-B stimulation, led to the gain of mesenchymal genes and the loss of
epithelial genes (Figure 7D). Taken together, these findings reveal that Osr2 is a novel
regulator that induces EMT in NMuMG cells.

To understand by which mechanism Osr2 induces EMT, RNA-seq analysis was
performed for different samples, including (1) NMuMG cells; (2) NMuMG with TGF-$3
treatment for 2 days; (3) NMuMG expresses Osr2 on day 3, and (4) NMuMG expresses
Osr2 on day 9. Hierarchical clustering and principal component analysis (PCA) illustrated
that the expression pattern of Osr2 expression for 3 or 9 days was distinct from that of TGF-
B treatment (Figures 8 A and 8B). Pathway analysis for DEGs was conducted to examine the
differences between Osr2-expressing and TGF-B-treated NMuMG cells in order to find
possible biological pathways involved in the EMT. Upregulated genes in both Osr2 on day
3 and TGF- in Cluster 3-2 are enriched in pathways related to EMT (Figures 8C and 8D).
Genes in Cluster 9-3 upregulated either by Osr2 overexpression for 9 days or TGF-f
treatment showed more pronounced enrichment than Cluster 3-2 (Figures 8C and 8D). Such
a difference is consistent with a slow and prolonged progression of EMT by exogenous
expression (Figure 7B). Moreover, Cluster 3-2 and 9-3 includes EMT-related regulatory
genes (Snail, Tgfbl, Wnt7a, Zeb2, Foxql, Smad3), as well as their downstream structural
genes (Nrp2, Pkpl, Cldn4, Fnl, Fzdl/2, and Notch2) (Figure 8C).

Genes downregulated either by Osr2 expression or TGF-f treatment, which are
clustered in Cluster 3-6 and 9-5, are enriched in cellular metabolism, including the oxidative
phosphorylation pathway, which corresponds to metabolic changes during EMT [Kang et
al., 2019] (Figure 8D). Interestingly, genes in Cluster 3-1 whose expression are upregulated
by Osr2 expression (Day 3) but not TGF-f} treatment are enriched in pathways related to
DNA replication, transcription, and translation (Figure 8D), which are no longer enriched
at day 9 (Cluster 9-4) (Figure 8D). This result is compatible well with the observation that
Osr2 promotes transient proliferation of NMuMG cells before their subsequent progression
through EMT (Figure 7B). Altogether, RNA-seq analyses further confirmed the activation
of EMT in NMuMG cells by Osr2 expression, albeit in a somewhat delayed and prolonged

manner compared with TGF-f-induction.
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On account of Osr2 and TGF-f playing similar roles in cell morphological change,
next, | examined their association during the progression of EMT. At first, the TGF-$3
pathway was inhibited by two small molecule inhibitors, SB431542 [Inman et al., 2002] or
RepSox [Gellibert et al., 2004; Ichida et al., 2009], during EMT induction by Osr2. As a
result, both two small molecule inhibitors prevent Osr2's function on EMT in the manner
of changing cell morphology and losing cell-cell adhesion, as well as cell migration (Figures
9A and 9B). Gene expression analysis evidenced the downregulation of EMT-related genes
(Snail, Snai2, and Zeb?2) either in Osr2-expressing and TGF-B-treated cells (Figure 9C).
Next, we knocked down Osr2 expression in NMuMG cells which were then treated with
TGF-B. As a result, no effects on EMT were recorded in Osr2-knockdown cells even with
TGF-B treatment (Figure 9D). Moreover, RNA-seq analysis of Osr2-expressing NMuMG
cells confirmed that Osr2 induces genes related to TGF-B signaling (Figure 9E). In
conclusion, analyses in the EMT model conclusively documented that Os72 induces EMT

likely through TGF-f signaling.

5. Osr2 downregulation reduces TGF-f signaling to promote MET during

reprogramming.

TGF-B, a well-known inducer of EMT, has been claimed that impair reprogramming by
preventing MET, and reprogramming can be promoted by inhibition of TGF-f signaling [Li
et al., 2010; Maherali and Hochedlinger, 2009; Shu and Pei, 2014]. Our data indicated that
continuous expression of Osr2 blunts MET, thus hindering iPSC generation. Moreover, in
NMuMG cells, Osr2 triggers EMT through TGF-f signaling, and TGF-f inhibitors prevent
EMT progression induced by Osr2 expression. Therefore, Osr2 might regulate TGF-3

signaling, subsequent to preventing MET during reprogramming.

To examine the relationship between Osr2 and TGF-B signaling during
reprogramming, the expression of TGF-B-family genes at an early stage of reprogramming
(day 3 and day 5) was analyzed. As shown in Figure 10A, control reprogramming showed
the downregulation of TGF-f family genes (7gfbl, Tgfb2, and Tgfb3). This pattern is
consistent with the previously published report [Li et al., 2010]. However, Osr2-expressing
cells showed significantly higher expression of these genes than the control during

reprogramming (Figure 10A). About the TGF-f receptor family genes (7gfbri, Tgfbr2, and
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Tefbr3), the impact of Osr2 expression was less in gene expression change (Figure 10A).
Taken together, these results suggest that Osr2 affects TGF-f-related gene expression at an

early stage of reprogramming to restrict cells undergoing somatic cell reprogramming.

To deduce whether Osr2 downregulation is required for subsequent reduction of
TGF-f signaling during iPSCs generation, a small molecule, SB431542, which blocks TGF-
B signaling pathway [Halder et al., 2005], was used. The addition of SB431542 has a slight
impact on the number of colonies generated by control reprogramming (Figure 10B). In
contrast, the addition of SB431542 on the Osr2-expressing cell shows the gain in the number
of colonies (Figure 10B). Remarkably, most of the colonies generated from Osr2-expressing
MEFs with SB431542 showed less tightly packed and were negative for alkaline
phosphatase (AP(-)) (Figures 10B and 10C). These results suggest that SB431542 promotes
colony formation in reprogramming of Osr2-expressing MEFs but mainly increases AP(-)

colonies consisting of less pluripotent iPSCs.

TGF-P could transmit signaling via canonical Smad and non-Smad pathways [Zhang,
2017]. To examine whether Osr2 mediates non-Smad pathway to regulate TGF-f signaling,
reprogramming in the presence of SB203508 or PD0325901 [Hennig et al., 2010] (p38 or
MEK inhibitor, respectively) (Figure 10D) was used separately. In contrast to SB431542,
both SB203580 and PD0325901 did not show an increase in colony number (Figure 10E).
It indicates that p38 and MEK in non-Smad pathways do not mediate the induction of TGF-
B signaling by Osr2 expression during iPSC generation. In summary, Osr2 impairs iPSCs
reprogramming by mediating upregulation of TGF-f signaling transmitted mainly via Smad

pathways.

6. Osr2 downregulation increase Wnt signaling to facilitate reprogramming toward

pluripotency

Inhibition of TGF-f signaling could only block the effect of Osr2 partially, resulting in the
formation of AP(-) colonies and incomplete reprogramming (Figures 10B and 10C). It
indicates that the downregulation of Osr2 regulates not only TGF-f signaling pathways but
also other pathways. To further elucidate additional pathways that are regulated by Osr2
expression, which is independent of TGF-f signaling during reprogramming, RNA-seq was

performed for different conditions: (1) MEFs reprogrammed without SB431542, (2) Osr2-
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expressing MEFs reprogrammed without SB431542, (3) MEFs reprogrammed with
SB431542, and (4) Osr2-expressing MEFs reprogrammed with SB431542 (Figure 11A).
Pathway analysis of DEGs with and without SB431542 indicated that the common enriched
pathways include DNA replication, cell cycle, PluriNetWork, Eukaryotic Transcription
Initiation, and Wnt Signaling Pathway (Figure 11B). The data in Figure 11C suggest that
Osr2 prevents the expression of Wnt-related genes: Axin2, Lefl, and Tcf7. Moreover, it is
well known that the Wnt signaling facilitates reprogramming [Lluis et al., 2008; Marson et

al., 2008]. Therefore, Wnt signaling might be regulated by Osr2 during reprogramming.

To verify that Wnt and TGF- signaling was regulated by Osr2 during
reprogramming, Wnt activator (CHIR99021) and TGF-f inhibitor (SB431542) were used
individually or corporately on reprogramming, and then reprogramming efficiency was
scored via AP activity. Treatment only with CHIR99021 did not significantly affect the
reprogramming efficiency in control and Osr2-expressing cells (Figure 12A), in contrast
with previous studies that indicate Wnt signaling can facilitate reprogramming [Zhang et al.,
2014]. Impressively, both control and Osr2-expressing MEFs reprogrammed in the
treatment with CHIR99021 and SB431542 generated a higher proportion of AP(+) colonies
(Figure 12A). Gene expression profile confirmed that CHIR99021 activates Wnt-related
genes (Axin2, Lefl, and Tcf7) and SB431542 downregulates TGF-B-related genes (7gfb2,
Tgfb3, and Zeb?2) (Figure 12B). Indeed, SB431542 and CHIR99021 recover pluripotent
gene expression in Osr2-expressing cells (Figures 12C and 12D). Taken together, Osr2
downregulation is essential for the subsequent reduction of TGF-f signaling and activation
of Wnt signaling, both of which contribute to facilitating the acquisition of pluripotency

through MET (Figure 13).
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CHAPTER 4: DISCUSSION
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1. EMT in NMuMG was triggered by the expression of Osr2 that induce TGF-f-
related gene expression

In this study, Osr2 was demonstrated to have a negative effect on MET during
reprogramming at the early phase. The analysis using NMuMG cells revealed that
transcription factor OSR2 induces the expression of molecules involved in the TGF-$
signaling pathway to induce EMT. It is consistent with the negative function of Osr2 on
reprogramming and also with the previous studies that revealed a close relationship between
Osr2 and EMT [Fu et al., 2017; Lan, 2004]. OSR2 elicits gene expression changes that are
consistent with the mesenchymal phenotype. TGF-B-related genes were also increased
under the effect of OSR2. Moreover, the TGF- inhibitors block the effect of Os»2 on the
EMT process induced by TGF-B. However, compared with TGF-B addition, Osr2
expression required a longer time to induce EMT. Moreover, the data from RNA seq reveals
that before undergoing EMT, OSR2 promotes cell proliferation which is necessary for Osr2-
related processes: tooth development, palatal production, and patterning to increase cell
mass before morphological transition.

TGF-p signaling was known as the signaling pathway involved in a broad range of
biological processes. The induction of TGF-B leads to upregulation of its critical
downstream gene, Sox4, and the effect of TGF-f is mediated by SOX4. It is demonstrated
that SOX4 is the developmental transcription factor that is required for EMT. SOX4 controls
the expression of the Ehz2 gene, which encodes a subunit in a polycomb complex that
modifies chromatin structure for gene repression. Indeed, inhibition of Sox4 delays EMT
induction by TGF-B [Tiwari et al., 2013; Vervoort et al., 2013]. While SOX4 is located
downstream of the TGF-f signaling pathway, OSR2 triggers EMT through TGF- signaling
and thus is upstream of the TGF-f signaling pathway. The result of this study reveals a new
relationship between TGF-Bsignaling pathways and transcription factors to control the

biological processes of EMT.

2. Function of Osr2 and TGF-p signaling in MET a required transition during MEF
reprogramming

It is well established that MEFs transit to the epithelial state from the mesenchymal state in

the early phase of reprogramming. From this work, OSR2 was identified as the

mesenchyme-transcriptional regulator, and its suppression leads to enhanced

reprogramming through reducing TGF-f signaling. This is consistent with the role of OSR2

38



in EMT, the reverse process of MET. However, there are reports that cells progress through
not only MET but also EMT during reprogramming [Peinado et al., 2003; Liu et al., 2013].
Therefore, the molecular mechanisms between MET/EMT, TGF-B signaling, and Osr2
during reprogramming remain to be further investigated to understand their precise causal
relationships.

It is clear that MET is inhibited by inducing its reverse process, EMT, by the addition
of TGF-B or expressing transcription factor SNAILI [Li et al., 2010]. During iPSCs
generation, MET could be triggered by gene network regulation which is indicated by the
loss of mesenchymal and the gain of epithelial characteristics. In the initial stages of MEF
reprogramming, transcription factors SOX2, OCT4, and c-MYC suppress mesenchyme-
related genes such as Tgfb 1, Tgfbr2, Zeb2, and Snail, whereas KLLF4 induces epithelial gene
expression such as Cdhl encoding E-cadherin [Ichida et al., 2009; Maherali and
Hochedlinger, 2009]. However, MET during reprogramming is a complicated process, and
the relationship between TGF-f signaling, transcription factors, and MET has remained
unclear. There are apparently different or even conflicting regulatory roles of Yamanaka
factors for TGF-B1 and TGF-f receptor 2 [Li et al., 2010]. In addition, OCT4 increases
Snai2 and downregulates Cdhl expression, whereas KLF4 and SOX2 show the opposite
effects [Liu et al., 2013]. Although a report shows the adverse effects of EMT on
reprogramming, sequential EMT/MET is an essential process during the reprogramming of
MEFs. In fact, induction of EMT by the addition of TGF-f for a limited period increases
the efficiency of subsequent reprogramming [Li et al., 2010]. In contrast, blocking EMT
with a TGF- inhibitor reduces subsequent MET and the efficiency of reprogramming [Liu
et al., 2013]. Except for the expression of OCT4 and SOX2 to suppress Zeb2 [Wang et al.,

2013], the link between TGF-f signaling and MET during reprogramming remains unclear.

3. The relationship between Osr2 and Wnt signaling during reprogramming

Recent work describes that Wnt signaling forms a part of the regulatory network that is
essential for ESCs to self-renew and maintain pluripotency [Sokol, 2011]. Although Wnt
signaling is critical for self-renewal and differentiation of ESCs, mechanistic analyses of
reprogramming showed that Wnt signaling also functions at an early reprogramming stage
[Marson et al., 2008]. In fact, small-molecule compounds that mimic the effects of Wnt

promote iPSCs production [Zhang et al., 2014]. In this thesis, Osr2 was found that regulate
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Wnt signaling beside the TGF-B pathway. Such finding provides the groundwork for
exploring transcription regulators play as hub genes to manipulate cell reprogramming via

signaling transmission in the future.

The results in this study show that Wnt-related genes were expressed lower than the
control in Osr2 overexpressing of iPSCs generation cells. Consistent with the fact that Osr2
inhibits Wnt signaling in iPSCs production, it was reported that Osr2 is correlated with the
inhibition of Wnt signaling. Osr2 upregulates Wnt antagonists, Dkk2, and Sfpr2 on the
lingual side of the tooth bud mesenchyme [Jia et al., 2016]. Moreover, Osr/, another Odd
skip-related family member, suppresses SOX9 and B-catenin and prevents cancer cells from
proliferation and invasion [Wang et al., 2018]. Indeed, results in this study demonstrate that
in mesenchymal cells such as MEF, Osr2 expression correlates with the reduction of Wnt
signaling, while in reprogramming, the reduction of Osr2 allows Wnt signaling upregulation
during reprogramming. Thus, in addition to the maintenance of iPSCs in the pluripotent
state, Wnt signaling may be activated when Osr2 expression is reduced at an earlier

reprogramming stage.

Overexpression of transcription factors and small molecules that modulate signaling
pathways could fully induce reprogramming [Xie et al., 2017]. Small chemicals that target
intracellular signaling can function in place of transcription factors used for reprogramming
[Ebrahimi, 2015]. However, functional interactions between transcription factors and
signaling pathways during reprogramming needs to be better defined. This study indicated
that Osr2 downregulation promotes reprogramming through both TGF-3 and Wnt signaling
pathways. These results are consistent with the research on sea urchin development, which
shows that networks that consist of transcription factors and signaling pathways regulate the
development of an organism [Peter, 2017]. This study suggests that downregulation of Osr2
followed by reduction of TGF-f signaling is a critical step in erasing the mesenchymal
properties of MEFs. Activation of Wnt signaling after Osr2 downregulation may promote

this process.

CONCLUSION

Somatic cells can be reprogrammed to the pluripotent stage by overexpressing transcription

factors or inducing small molecules that activate cellular signaling pathways. However, a
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comprehensive study on the relationship between transcription factors and signaling during
reprogramming remains to be investigated. This study found Osr2 as the transcription
regulator and that its downregulation promotes efficient reprogramming through regulating
TGF-B and Wnt signaling pathways. Osr2 promotes TGF-P signaling pathway, which
triggers EMT inhibiting the progression of MET during iPSC generation. Furthermore,
downregulation of Osr2 allows Wnt signaling to facilitate reprogramming. In summary,
Osr2 is the key transcriptional regulator whose downregulation in MEFs promotes

disintegration of their somatic cell identity and reprogramming to iPSCs.
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Table 1. DNA oligos sequence of upstream Open Reading Frame 2 (uORF2)

Oligo Sequences
AATCAGTTGCCGGCCTTGTGATGCAGCCGCTGGTTCTC
TCGGCGAAAAAACTGTCGTCTTTGCTGACTTGCAAATA

UORF? CATCCCGCCTTAA

TTAAGGCGGGATGTATTTGCAAGTCAGCAAAGACGAC
AGTTTTTTCGCCGAGAGAACCAGCGGCTGCATCACAAG
GCCGGCAACTGATT

Table 2. DNA oligos sequences of shRNA for Osr2

Name

Sequences

shOsr2.1

GATCCGTTCACAAAACTTTACATATGTTCAAGAGACATA
TGTAAAGTTTTGTGAACTTTTTTGGAAAG

GCAAGTGTTTTGAAATGTATACAAGTTCTCTGTATACAT
TTCAAAACACTTGAAAAAACCTTTCTTAA

shOsr2.2

GATCCATATCCATTCCAAAGAAAAGCTTCAAGAGAGCT
TTTCTTTGGAATGGATATTTTTTTGGAAAG

GTATAGGTAAGGTTTCTTTTCGAAGTTCTCTCGAAAAGA
AACCTTACCTATAAAAAAACCTTTCTTAA

Table 3. Target sequences of siRNA for Osr2

Name Target sequences
siOsr2-1 CAGACACTTTACCAAATCATACA
siOsr2-2 CAGTTCACAAAACTTTACATATG

Table 4. Primer sequence for quantitative PCR analyses

Gene Sequence
Axin2 ATGGAGTCCCTCCTTACCGCAT
GTTCCACAGGCGTCATCTCCTT
Cdhl ACGTCCCCCTTTACTGCTG
TATCCGCGAGCTTGAGATG
ATCAACCCCATCTCAGGACA
Cdh2 CAATGTCAATGGGGTTCTCC
Ddit3 ACAGAGCCAGAATAACAGCCG
GACACCGTCTCCAAGGTGAA
Ebfl TGCTGGTCTGGAGTGAGTTG
GATGAATCTGCCTGGTGTCC
Ebf3 AGCAATGGCGTCAGAACAG
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GCACATGATCTCGTGGGTC

endogenous CTGTTCCCGTCACTGCTCTG
Oct4 AACCCCAAAGCTCCAGGTTC
endogenous AGAGAAGTTTGGAGCCCGAG
Sox2 ATCTGGCGGAGAATAGTTGG
CAAGACGACGTGGACATAGC
Epeam GCTCTCCGTTCACTCTCAGG
GCTCAGCAAATCGTGCAGC
Fnl CTAGGTAGGTCCGTTCCCACT
Veox AAGATAGCAGCGCCTCAGGG
GCTGTCGCTGGGAAGTCTGA
AGGGGATTATGGCCGTCAAG
Meox2

TCCTTCCTAGGTTTGCTGTTCA

ACCTGAGCTATAAGCAGGTTAAGAC

Nano
& GTGCTGAGCCCTTCTGAATCAGAC

Ocln TACTGTGTGGTTGATCCCCAG

TTTCTTCGGGTTTTCACAGC

TGTCCAGCCACATCACATTG

Osr2
TGGTTTGATGTCCGCATCTC

TTCAGAACCGAAGAGCCAAG
Prrxl

GATAATCGGTTGGTCTGGGA

TTGATGGCTGCGAGAAGAG

Rex1
ACCCAGCCTGAGGACAATC

GGGAAGATTCAGCCAGCACA

Smarca?2
CTGTGGGTGTGGACATCTAGG

TGACATAGATGTGGAGGTGGAG
Smarcd3

TATGGACTCAATCGTCTCATGG

TGTGTCTGCACGACCTGTG

Snail
AGTGGGAGCAGGAGAATGG

ACACATTGCCTTGTGTCTGC

Snai2
GCCCTCAGGTTTGATCTGTC

GGGGAGCTGTGATGTGAAGT

i)
P CCAGGAAATAATTCTGGCTCA

TACTATGAACTGGCCCGCAA

Tef7 TGCATTTCTTTTTCCTCCTGTGG

TGAGTGGCTGTCTTTTGACG

Tefbl
GGCTGATCCCGTTGATTTC

Tgfb2 CATCATCCCGAATAAAAGCG




TAGCAGGAGATGTGGGGTC

Tafb3 GAAGGCTGCACTCAGGAGAC
TGAGGACACATTGAAACGAA
Tafbrl ITGCTCCAAACCACAGAGTAGGC
CCCAGAACACTAAGCCCATTGC
Tafbr2 ATGAGCAACTGCAGCATCAC
IGGCAAACCGTCTCCAGAGTA
Tafbr3 GCCCAAAAGGAATATGGAGC
ACTCCGCAAGGTAATTGAGC
. GATGCTCCAGAGAGAGGAAGC
Vim TTCCGTTCAAGGTCAAGACG
b2 GCTAACCCAAGGAGCAGGTAAC
TGAACTGTAGGACCCAGAATGA
yor ATGAACGTGAACATGGCTGC

CTCCGGCTCGATCCATTTAC
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Figure 1. Screening of mesenchyme-associated transcriptional regulators that reduce the

reprogramming of MEFs

(A) Flowchart of the screening mesenchyme-associated transcriptional regulators.

(B) Changes in the mRNA expression level of the 10 mesenchyme-associated
transcriptional regulators during first 8 days of iPSC generation. MEFs were
reprogrammed by SeVdp(KOSM) and their mRNA levels were determined at days 0, 2, 4,
and 8. Data represent means = SEM of three independent experiments. *P < 0.05, **P <
0.01 versus MEF.

(C) Structure of a retroviral vector MCsAY Y 1.

(D) Growth of MEFs expressing mesenchyme-associated transcriptional regulators.
MEFs were transduced with the retroviral vector expressing each transcription factor. Cells
were observed at day 1 and day 4. Scalebar, 100 pm.

(E) The expression level of Osr2. MEFs were transduced with retroviral vector express
Osr2, followed by puromycin selection. mRNA level of Osr2 was determined 2 days after
transduction. Data represent means + SEM of three independent experiments. **P < 0.01,

versus MEF.
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Figure 2. Reduction of toxicity by mesenchyme-associated transcriptional regulator

overexpression to MEFs

(A) Experimental outline for testing the effect of expressed mesenchyme-associated
transcriptional regulators on reprogramming.

(B) Changes in protein and mRNA levels by insertion of uORF2. NIH3T3 cells were
transduced with standard (WORF2(-)) or uORF2-containing retroviral vector (WORF2(+))
that expresses each transcriptional regulator. Whole-cell extracts and total RNAs were
prepared from NIH3T3 cells 3 days after transduction. Data represent mean + SEM from
three independent experiments. *P < 0.05, ***P < (0.001 versus standard retroviral vector.
(C) Reduced cytotoxicity by lowered expression of mesenchyme-associated
transcriptional regulators. MEFs were transduced with uORF2-containing retroviral vector
expressing each transcriptional regulator for 2 days and selected by puromycin for 2 days.
Cells were photographed after 4 days of transduction. Scale bars, 100 pm.

(D) Proliferation of MEFs expressing each mesenchyme-associated transcriptional
regulator. Proliferation of cells prepared as (C) was quantified at the indicated days after
transduction. Data represent mean = SEM from three independent experiments. *P < (.05,

**P <0.01, ***P <0.001 versus Day 0.
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Figure 3. Inhibitory effect of exogenous mesenchyme-associated transcription regulator’s

expression on iPSC generation

(A) Experimental outline for testing the effect of expressed mesenchyme-associated
transcriptional regulators on reprogramming. \; Packaging signal. NP, P/C, and L; Sendai
virus-derived genes.

(B) AP(+) colonies generated from reprogrammed MEFs that express a mesenchyme-
associated transcriptional regulator. MEFs were transduced with uORF2-containing
retroviral vector expressing each transcriptional regulator and then reprogrammed by
SeVdp(KOSM), and iPSC colonies were stained for AP and counted at day 10 of
reprogramming. Data represent mean + SEM from three independent experiments. **P <
0.01, ***P < 0.001 versus control retroviral vector. Left panels; photos of iPSC colonies
after AP staining.

(C) Cell death of MEFs expressing Ebf1, Ebf3, or Osr2 upon reprogramming. MEFs
transduced as (B) were infected with or without SeVdp(KOSMaB) vector. Cells were
observed 5 days after SeVdp vector infection. Scale bars, 100 um.

(D) Proliferation of MEFs expressing Ebfl, Ebf3, or Osr2 upon reprogramming.
Proliferation of reprogrammed MEFs prepared as (C) was quantified before or 3 days after
reprogramming. Data represent mean = SEM from three independent experiments. ***P <

0.001 versus control retroviral vector.
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Figure 4. Osr2 regulation by reprogramming factors and effect of Osr2 isoforms on

reprogramming

(A) Osr2 regulation by different combinations of reprogramming factors. MEFs were
infected with SeVdp vector expressing indicated reprogramming factors. mRNA level of
Osr2 was determined 4 days after infection. K: KLF4, O: OCT4, S: SOX2, M: ¢c-MYC.
Data represent means + SEM of three independent experiments. **P < 0.01, ***P < 0.001
versus control MEF.

(B) Structure of OSR2 isoforms. NLS; nuclear localization signal.

(C) Induction of AP(+) colonies from MEFs expressing each OSR2 isoform. MEFs were
transduced with uORF2-containing retroviral vector that expresses either OSR2A or
OSR2B and then reprogrammed by SeVdp(KOSM). After 10 days of reprogramming,
colonies were stained for AP and counted. Data represent mean = SEM from three

independent experiments. *P < 0.05, **P < 0.01.
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Figure 5. Relationship between Osr2 expression level and pluripotency induction

(A) Expression of SSEA1. MEFs expressing Osr2 are reprogrammed by SeVdp(KOSM). SSEA1
was detected by immunofluorescence staining at day 12, and SSEA1-positive and -negative
colonies were counted. Scale bars, 100 um. Data represent mean + SEM from three independent
experiments. *P < 0.05, ***P < (0.001.

(B) Growth of iPSC colonies before and after passage. MEFs were reprogrammed as described
in (A), and the programmed cells were stained by crystal violet before (Day 22) or after (Day 27)
passage. Data represent mean + SEM from three independent experiments. **P < 0.01.

(C) Osr2 level after knocking down by shRNA. MEFs, transduced with retroviral vector
expressing shRNA for Osr2, were selected with puromycin for 2 days, Total RNA was collected
at day 4 after transduction. Data represent mean + SEM from three independent experiments. *P
<0.05.

(D) Reprogramming of cells expressing shRNA for Osr2. Cells prepared in (C) were
reprogrammed by SeVdp(KOSM), and AP(+) colonies were counted at day 10 of reprogramming.
Data represent mean + SEM from three independent experiments.

(E) Osr2 level after knocking down by siRNA. Total RNA from MEFs transfected with siRNA
for Osr2 was collected 4 days after transduction. Data represent mean £+ SEM from three
independent experiments. *P < 0.05.

(F) Reprogramming of MEFs whose Osr2 expression is knockdown by siRNA. Cells prepared
in (E) were reprogrammed by SeVdp(KOSM), and AP(+) colonies were counted at day 10 of
reprogramming. Data represent mean = SEM from three independent experiments. *P < 0.05, **P
< 0.01 versus control retroviral vector. Left panels; photos of iPSC colonies after AP staining.
(G) Increased number of SSEA1(+) and Nanog (+) colonies by knockdown of Osr2. MEFs
treated with siOsr2 were reprogrammed by SeVdp(KOSM). AP(+) or Nanog-GFP (+) iPSC
colonies were counted at day 10 or 23 of reprogramming, respectively. All of the data represent
mean = SEM from three independent experiments. * P<0.05, **P < 0.01 versus reprogramming
without Osr2 knockdown.

(H) Changes in the mRNA expression level of pluripotency-related genes. MEFs were
reprogrammed as described in (G), and then the mRNA levels of indicated genes were determined
at days 22 or 42 of reprogramming. Data represent mean + SEM from three independent

experiments. *P <0.05 versus control reprogramming in each date.
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Figure 6. Inhibitory effect of exogenous Osr2 expression on MET during reprogramming

(A) Experimental outline for investigating effects of expressing Osr2 on reprogramming.
Bs' Blasticidine S resistance gene, 2A: T2A peptide sequence.

(B) Morphology of reprogrammed cells expressing Osr2. Osr2-expressing MEFs were
reprogrammed by SeVdp(KOSMaB) with Blasticidin S. Cells were observed at day 5 of
reprogramming. Scale bars, 100 pm.

(C) SeV-NP expression in reprogrammed cells. Cells prepared as (B) were stained by anti-
SeV-NP antibody at day 5 of reprogramming. Scale bars, 100 pm.

(D) Changes in the mRNA expression level of EMT-related genes. MEFs were
reprogrammed as described in (B), and the mRNA levels of indicated genes were
determined at days 3 and 5 of reprogramming. Data represent mean £ SEM from three
independent experiments. *P < 0.05, **P <0.01, ***P <0.001 versus MEF or mouse iPSCs

(miPSCs). *P < 0.05, #P < 0.01 versus control reprogramming in each date.
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Figure 7. Induction of EMT in NMuMG cells by OSR2

(A) Experimental outline for analyzing the effects of exogenous Osr2 expression in
NMuMG cells.

(B) Morphology of NMuMG cells expressing Osr2. NMuMG cells were transduced with
Osr2-expressing retroviral vector or treated with 5 ng/mL TGF-B. Cell morphology was
observed at indicated days. Scale bars, 100 pm.

(C) Cell migration assay of NMuMG cells expressing Osr2. NMuMG cells treated as (B)
were cultured in a Transwell chamber 7 days after transduction of Osr2-expressing vector
or one day after TGF-f treatment. Migrating cells were stained by crystal violet. Scale bars,
100 pum.

(D) mRNA expression level of EMT-related genes. NMuMG cells were treated as
described in (B). mRNA levels were determined 10 days after infection or 2 days after TGF-
[ treatment. Data represent mean = SEM from three independent experiments. *P < 0.05,

**P <0.01, ***P < 0.001 versus control NMuMG cells.
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Figure 8. Global gene expression profiles of NMuMG cells expressing Osr2

(A)Hierarchical clustering of NMuMG cells expressing Osr2 or treated with TGF-J3,
based on expression profiles from RNA-seq.

(B) PCA of NMuMG cells expressing Osr2 or treated with TGF-B. The expression
profiles of DEGs among Control, Day3 or Day9, and TGF-p, samples (P < 0.05)
were used for the PCA.

(C) Hierarchical clustering of DEGs. DEGs among Control, Day3 or Day9, and TGF-f3
samples were clustered based on expression profiles. EMT-related genes induced
both by exogenous Osr2 expression and TGF-f3 treatment are shown on the right
side of each panel.

(D) Enriched pathways in the selected cluster. Highly enriched pathways (P < 0.05) in
clusters 3-1, 3-2, 3-5, 3-6, 9-1, 9-3, 9-4, or 9-5 in (C) are shown.
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Figure 9. EMT induced by exogenous Osr2 expression is mediated by TGF-f signaling

(A)Morphology of Osr2-expressing NMuMG cells treated with TGF- inhibitor.
NMuMG cells were transduced with the retroviral vector expressing Osr2 or treated
with 5 ng/mL TGF-B1. 10 pg/mL SB431542, or 10 pg/mL. RepSox was added to
the culture medium 5 days after retroviral transduction or on the same day in case of
TGF-B treatment. Cell morphology was observed 2 days after treatment with the
TGF-p inhibitor. Scale bars, 100 pm.

(B) Effect of TGF-f inhibitor on cell migration of Osr2-expressing cells. Cells prepared
as described in (A) were cultured in a Transwell chamber for 16 hours. Migrating
cells were stained with crystal violet and counted. Scale bars, 100 uM. Data
represent mean = SEM from three independent experiments. *P < 0.05 versus
control NMuMG cells. P < 0.05, #P < 0.01 versus cells without TGF- inhibitor
treatment.

(C) mRNA expression level of EMT-related genes. mRNA levels in the cells prepared
as described in (A) were determined 2 days after treatment with TGF-f inhibitor.
Data represent mean + SEM from three independent experiments. *P < 0.05, **P <
0.01 versus control NMuMG cells. *P < 0.05, #P < 0.01 versus cells without TGF-
[ inhibitor treatment.

(D)Morphology of NMuMG cells treated with TGF-f after Osr2 knockdown. NMuMG
cells were transduced with retroviral vector that expresses shRNA against Osr2 or
luciferase gene and selected by puromycin. The selected cells were then treated with
5 ng/mL TGF-B1. Cell morphology was observed 2 days after TGF-3 treatment.
Scale bars, 100 uM.

(E) Average of TPM values from RNA-seq data. mRNA levels of indicated genes were
extracted from RNA-seq data in Figure 8 and normalized to those in control

NMuMG cells. P-values versus control cells, calculated by DESeq2, are shown.
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Figure 10. Regulation of TGF-f signaling by OSR2 during reprogramming

(A)Changes in the mRNA expression level of genes related to TGF-f3 signaling. Osr2-
expressing MEFs were reprogrammed by SeVdp(KOSMaB), and, at days 3 and 5 of
reprogramming, mRNA levels of indicated genes were determined. Data represent
mean = SEM from three independent experiments. *P <0.05, **P <0.01 versus MEF.
#P<0.05, #P <0.01 versus control reprogramming at each day.

(B) Generation of iPSC colonies from MEFs expressing Osr2 in the presence of TGF-f3
inhibitor. Osr2-expressing MEFs were reprogrammed by SeVdp(KOSM). 10 pg/mL
SB431542 was added 3 days before reprogramming. iPSC colonies were stained for
AP and counted at day 10 of reprogramming. Insets; enlarged images of
representative colonies. Scale bars, 100 pM.

(C) AP staining of iPSC colonies with or without exogenous Osr2 expression and TGF-
[ inhibitor. MEFs expressing Osr2 were reprogrammed with or without SB431542
treatment (10 pg/mL) for indicated days. The iPSC colonies were stained for AP 10
days after reprogramming. Based on the AP staining, the number of the AP-positive
and AP-negative colonies were counted separately. Bottom graph; percentage of
AP(+) colonies. Data represent mean = SEM from three independent experiments.
*P <0.05, **P < 0.01.

(D)Smad or non-Smad pathway of TGF-f signaling pathway and their inhibitors.

(E) AP staining of iPSC colonies with or without exogenous Osr2 expression and non-
Smad TGF-B inhibitors. MEFs expressing Osr2 were treated with 10 pg/mL
SB431542, 5 uM SB203580, or 1 puM PDO0325901 from 3 days before
reprogramming by SeVdp(KOSM). At day 10 of reprogramming, the colonies were
stained for AP. Data represent mean + SEM from three independent experiments.

*P <0.05, **P < 0.01.
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Figure 11. Global gene expression profiles of reprogramming cells expressing Osr2

(A)Scheme of collecting 4 kinds of cells for RNA-seq. Osr2-expressing or control
MEFs were treated with or without 10 pg/mL SB431542 from 3 days before
reprogramming by SeVdp(KOSMaB). Total RNAs were collected at day 5 of
reprogramming.

(B)Highly enriched pathways in DEGs by exogenous Osr2 expression. The genes
whose TPM changed over 3-fold by exogenous Osr2 expression were selected as
DEGs. Common pathways found in both analyses are highlighted.

(C) Changes in the mRNA expression level of genes related to Wnt signaling. Osr2-
expressing MEFs were reprogrammed by SeVdp(KOSMaB), and, at days 3 and 5 of
reprogramming, mRNA levels of indicated genes were determined. Data represent
mean + SEM from three independent experiments. *P < 0.05 versus MEF. *P < 0.05

versus control reprogramming at each day.
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Figure 12. Functional relevance of OSR2 to Wnt signaling during reprogramming

(A) Generation of iPSC colonies from MEFs expressing Osr2 in the presence of TGF-f3
inhibitor and Wnt activator. Osr2-expressing MEFs were reprogrammed by
SeVdp(KOSM), followed by AP staining at day 10 of reprogramming. 10 pg/mL
SB431542 and/or 3 uM CHIR99021 was added from 3 days before reprogramming.
Data represent mean £ SEM from three independent experiments. *P < 0.05, **P <
0.01.

(B)and (C) Changes in the mRNA expression level of Wnt-related genes (B) and
pluripotent related gens (C). MEFs were reprogrammed as described in (A) using
SeVdp(KOSMaB), then the mRNA levels of indicated genes were determined at day
5 (B) and day 10 (C) of reprogramming. Data represent mean £ SEM from three
independent experiments. *P < 0.05, **P < 0.01, ***P < (0.001 versus control
reprogramming neither with SB431542 or CHIR99021. P < 0.05, #P < 0.01 versus
control reprogramming under each condition.

(D)mRNA levels of indicated genes were extracted from RNA-seq data in Figure 11

and normalized to those in control reprogramming without treatment of SB431542.
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Fig. 13

Thesis’s Graphical Abstract
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Figure 13. Thesis’s graphical abstract
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