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1. Introduction

1.1 Mammalian development

Mammalian development begins with the fertilization of the oocyte by the sperm
resulting in the formation of the diploid zygote. Following cleavage divisions the
blastocyst forms after 3 days post fertilization (dpf) in mice and 5 dpf in humans.
The blastocyst consists of the inner cell mass (ICM) cells and an outer layer of

cells, the trophoblast (Figure 1).

blastocyst
SO

"o,

o

Rase,

“+ AOON

Yoght

@0 O

Endoderm Mesoderm Ectoderm
Liver, Lung, Blood, Heart CNS, Skin
Pancreas Skeletal Muscle

Figure 1: The blastocyst and its developmental potential.
The inner cell mass (ICM) cells of the blastocyst can give rise to all three germ layers
(endoderm, mesoderm, ectoderm) and generate an embryo in vivo.

Trophoblast cells are the first committed cells of the early embryo and
mediate the implantation of the blastocyst into the endometrium of the uterus.

They later develop into extra-embryonic tissues such as the placenta, but never



contribute to the developing embryo (Winkel and Pedersen, 1988). In contrast,
ICM cells, which lie within the blastocyst cavity, will form the epiblast and have
the ability to differentiate into the three germ layers during gastrulation (Figure 1).

The ectoderm develops in such tissues as: the epidermis, sensory
organs, hair, teeth, nails, and the nervous system.

The endoderm develops into the inner linings of the gastrointestinal tract,
the liver, pancreas and respiratory tract and associated structures.

The mesoderm gives rise to muscles, connective tissue, bone, and the

urogenital and circulatory systems.

1.2 Classification of cells and their developmental potential

During mammalian development, cells become increasingly specialized and
restricted in their developmental potential. Development begins with the
formation of the zygote and ends with the establishment of hundreds of
specialized cell types. It is common to classify individual cell populations
according to their specific developmental potential:

Totipotent cells have the capacity to differentiate into all embryonic and
extra-embryonic cell types and thus can construct a complete, viable organism.
In mammals, only the zygote and the first cleavage stage blastomeres are
totipotent (Amabile and Meissner, 2009; Hochedlinger and Plath, 2009).

Pluripotent cells have the potential to form all cell types of the embryo,
but lack the ability to form extra-embryonic tissues such as the placenta. They
exist in vivo only for a short period of time that includes later blastomeres, ICM
cells of the blastocyst and the ICM derived epiblast. Under appropriate culture

conditions explanted ICM cells give rise to pluripotent embryonic stem (ES) cells.



Additional pluripotent cell types can however be derived from various stages of
development and propagated in vitro. Examples are embryonic carcinoma (EC)
cells, embryonic germ (EG) cells, epiblast stem (EpiS) cells, ES-like cells and
induced pluripotent stem (iPS) cells (Hochedlinger and Plath, 2009) (see also
Chapter 1.3.3, 1.5.3 and 1.5.5).

Multipotent cells are more restricted in their developmental potential
compared to pluripotent cells; however, they retain the potential to form multiple
different cell types within one lineage (Godin and Cumano, 2002; Orkin, 2000Db).
This group includes most adult stem cells such as intestinal stem cells, skin stem
cells, neural stem cells and hematopoietic stem cells (HSCs) (Orkin, 2000a;
Orkin and Zon, 2008a, b; van der Flier and Clevers, 2009). For example, HSCs in
the bone marrow can give rise to all cell types of the hematopoietic lineage, and
continue in their ability to self-renew and differentiate long after the embryo has
developed into an adult (Morrison et al., 1995; Morrison and Weissman, 1995).
However, HSCs do not contribute to other lineages (Wagers and Weissman,
2004).

Multipotent stem cells act as a repair system for the body by replacing lost
or damaged cells, and thereby maintaining the normal turnover of regenerative
organs by generating precursors and restocking specialized cells. An approach,
which is becoming increasingly used in practice, is to replace damaged cells with
healthy cells of patients still possessing healthy stem cells (autologous cells) in
an undamaged part of the body. The autologous stem cells residing in the limbus
of the eye have been successfully used to replace damaged or injured corneas
(Homma et al., 2004; Ueno et al., 2007). Also, skin stem cells are utilized for
regenerating skin epidermis in burn victims (Fuchs et al., 2004; Sekhon et al.,
2004; Tumbar et al., 2004). Further, HSCs are taken from the bone marrow of
patients before chemotherapy or radiation treatment. When chemotherapy or



radiation is done, the patient gets their stem cells back in a so-called "rescue"
transplant (Pavletic et al., 2005).

Where no autologous stem cells are available or exist, alternative
approaches for cell replacement therapy may provide an alternative solution in
the future (Chapter 1.5).

Unipotent cells are capable of sustaining only one cell type or cell
lineage. Examples include differentiated cells such as hepatocytes (Sekhon et
al., 2004), committed progenitors like common lymphoid progenitors (CLPs)
(Kondo et al., 1997) and certain adult stem cells such as spermatogonial stem
cells, which exclusively differentiate into sperm (Guan et al., 2006).

1.3 Pluripotent stem cells

1.3.1 ES cells and pluripotency

Because of the potential of ES cells to develop into any cell type of the body and
thus their possible utility for medical applications, a lot of emphasis has been
placed on understanding their fundamental biology. ES cells represent an
extremely attractive model system for studying gene function during development
and disease. In particular, the use of homologous recombination, including
conditional and inducible gene targeting technologies such as the Cre/lox and
FLPe/frt systems in combination with other genetic tools (drug inducible systems,
shRNA mediated gene silencing, fluorescent reporter proteins) make them useful
instruments to induce precise mutations in a spatio-temporal manner (Nagy,
2000; Novak et al., 2000; Sauer and Henderson, 1988a, b; Sternberg and
Hamilton, 1981; Zhu et al., 1995). Subsequently, the genetically altered ES cells



can be used to derive mouse lines, where the exact genomic manipulation is
perpetuated allowing for the analysis of their function in vivo. Pluripotent cell lines
remain an essential tool in molecular and developmental biology to this day.

In 1981 the first mouse ES cells were derived by explanting the ICM cells
of a blastocyst, (Evans and Kaufman, 1981; Martin, 1981) (Figure 2). In 1998 ES
cells lines were generated from human blastocysts (Thomson et al., 1998).
Furthermore, human and mouse ES cells can also be derived from morula stage
embryos and, although less efficiently, from 8-cell stage blastomeres (Chung et
al., 2006).

ES cells can only be maintained in an undifferentiated proliferative state
by precise and defined culture conditions. In order to maintain mouse ES cell
identity in vitro the presence of the cytokine Leukemia Inhibitory Factor (LIF) is
required, whereas human ES cells require the presence of the basic Fibroblast
Growth Factor (bFGF) (Amit et al., 2000; Smith et al., 1988; Williams et al.,
1988). Upon withdrawal of LIF or bFGF, ES cells can differentiate into complex
structures called embryoid bodies (EBs) that contain cells from each of the three
germ layers. Additional support for mouse and human ES cell culture is normally
provided by so-called feeder cells (irradiated or mitomycin C treated mouse
embryonic fibroblasts (MEFs) or human fibroblasts). The exact factors that feeder

cells produce that prevent the differentiation of ES cells are unknown.
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Figure 2: ICM and ES cells are pluripotent.

The inner cell mass (ICM) of the blastocyst can give rise to all three germ layers and
generate an embryo in vivo, or when explanted into culture, can give rise to ES cells,
which can self-renew and retain the potential to differentiate into all somatic cell types.

ES cells have three defining properties: Self-renewal, pluripotency and formation
of germline-competent chimeras.

Self-renewal by mitotic cell divisions is a feature of stem cells and
enables ES cells to indefinitely expand in vitro, while maintaining their pluripotent
state.

Pluripotency as described above is the potential to differentiate into all
three germ layers (Figure 1 and 2). Various tests can be used to demonstrate
pluripotency of human and mouse ES cells. These include with increasing
stringency immunostaining for essential pluripotency markers, teratoma
formation and germline-competent chimera formation and tetraploid embryo
complementation assays.

The subcutaneous injection of ES cells into immunodeficient mice causes

the development of teratomas after several weeks. These ES cell derived



tumours produce a wide variety of differentiated cell types representing all three
germ layers. Although teratoma formation is considered the minimal requirement
in mouse pluripotent cells, it is to date the most stringent in vivo test that can be
used for pluripotent human cells.

A more stringent test for pluripotency in the mouse is the formation of a
germline-competent adult chimera achieved through blastocyst injection
(Gardner, 1978; Rossant et al., 1978). Specifically, after donor ES cells are
injected into a diploid blastocyst, some of these cells will be incorporated into the
host ICM. By implanting the blastocyst into a surrogate mother, the injected ES
cells will contribute to normal development and all lineages of the developing
mouse (chimera). Because host-derived cells in the chimera may complement for
cell autonomous defects, testing for germline contribution will determine if the
injected donor ES cells can generate functional germ cells and thus normal
offspring (Bradley et al., 1984; Solter, 2006) (Figure 3).
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Figure 3: Generation of germline-competent chimeras.

Injection of ES cells into mouse blastocysts and generation of a chimeric mouse (black
coat color originating from donor ES cells). Mating of a chimeric mouse with a wild type
mouse results partly in germline transmission of the injected donor ES cells (indicated by
black coat color).



The most stringent test for pluripotency is tetraploid embryo
complementation, where ES cells are injected into a tetraploid (4n) host
blastocyst, generated by fusing a diploid 2-cell embryo. Tetraploid cells cannot
contribute to somatic lineages of the embryo and therefore the embryo has to be
exclusively derived from the injected ES cells (Eggan et al., 2001; Nagy et al.,
1990).

1.3.2 Pluripotency factors

The pluripotency of ES cells is regulated by a set of core transcription factors
including Oct-4, Sox2 and Nanog (Figure 4). These essential genes activate self-

renewal and pluripotency networks and block differentiation into specialized cells.
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Figure 4: The key regulators of pluripotency.

The three transcriptions factors Nanog, Sox2 and Oct4 are essential for maintaining the
pluripotent state of ES cells by inhibiting differentiation and maintaining their self-
renewal.

Oct-4 or Poubf1 (Octamer-binding transcription factor-4 or POU class 5
homeobox 1) is expressed in unfertilized oocytes, ES cells and primordial germ
cells (PGCs) (Nichols et al., 1998; Okamoto et al., 1990; Scholer et al., 1989a;
Scholer et al., 1989b), whereas Nanog (‘Tir nan Og’-celtic for land of the ever



young) is specific for pluripotent cells such as the ICM and ES cells (Chambers
et al.,, 2003; Mitsui et al., 2003). The transcription factor Sox2 (sex-determing
region Y-box2) is expressed in ES cells, trophoblast stem cells as well as in
neural stem and progenitor cells (Avilion et al., 2003; Masui et al., 2007; Pevny et
al., 1998).

Gene disruption of any of the individual transcription factors in ES cells
causes loss of pluripotency and is followed by an improper differentiation into
trophectoderm (loss of Oct-4 and Sox2) or extra-embryonic endoderm (loss of
Nanog) resulting in embryonic lethality in vivo (Avilion et al., 2003; Mitsui et al.,
2003; Nichols et al., 1998; Ying et al., 2002). Although, inactivation of Sox2 leads
to ES cell differentiation, forced overexpression of Oct4 can rescue this
phenotype (Masui et al., 2007). Also overexpression of Nanog can maintain ES
cells in an undifferentiated state independently of the cytokine LIF when Oct4
and Sox2 expression is sustained (Mitsui et al., 2003). These rescue
experiments can be explained by the notion that the transcription factors Oct4,
Sox2 and Nanog can bind to their own promoters as well as to the promoters of
each of the two other transcription factors. For example, Oct4 and Sox2 co-
occupy and activate Oct4 and Nanog expression (Boyer et al., 2005; Kuroda et
al., 2005; Loh et al., 2006; Okumura-Nakanishi et al., 2005).

In addition to this auto regulatory circuit, Oct4, Sox2 and Nanog co-bind
many of the same target genes, which fall into two classes of genes: The first are
actively expressed genes important for pluripotency and the second are silent
developmental and lineage specification genes that are activated later during
development (Boyer et al., 2005; Chambers et al., 2003; Jaenisch and Young,
2008; Loh et al., 2006; Masui et al., 2007; Mitsui et al., 2003; Nichols et al., 1998;
Niwa et al., 2005). Thus, Oct4, Sox2 and Nanog are essential regulators of early
development and ES cell identity.



1.3.3 Other types of pluripotent cells - EC, EG, EpiSC and ES-like cells

In addition to ES cells, which originate from the ICM, pluripotent cells can be
derived from other sources and stages of development. For example, EC cells
can be isolated from teratocarcinomas, a tumor that occasionally occurs in the
gonads of fetuses and originates from PGCs (Andrews, 2002; Kleinsmith and
Pierce, 1964). EG cells can be isolated from PGCs explanted in culture (Matsui
1992). Later stage epiblast cells (5.5 dpf in mouse) can give rise to pluripotent
EpiSC in vitro (Brons et al., 2007; Tesar et al., 2007). Finally, it is possible to
isolate ES-like cells from neonatal and adult mouse testis (Guan et al., 2006;
Kanatsu-Shinohara et al., 2004).

Like ES cells, EG, EC, EpiSC, and ES-like cells can give rise to teratomas
and chimeras. Despite the phenotypic similarities of these cells, functional and
molecular differences exist that might reflect their different cellular origin (details
in Chapter 1.5.3).

1.4 Epigenetic requlation in pluripotent cells

Mammalian development is a unidirectional process from the totipotent zygote
over the pluripotent ICM cells to more restricted progenitors, and eventually fully
differentiated cells (Surani et al., 2007). The outcome is that all cells of an
organism are genetically homogeneous but functionally heterogeneous due to
the differential expression of genes, which is the result of reversible epigenetic
changes that are gradually imposed on the genome during development
(Amabile and Meissner, 2009; Hochedlinger and Plath, 2009; Wakayama et al.,
1998; Wilmut et al., 1997; Wilmut et al., 1998).



Epigenetic explains how the gene expression state of a cell is changed without
altering the DNA sequence (by applying modifications that affect DNA
transcription). Therefore, an adult stem cell and a differentiated cell within one
organism have the same genome but a different epigenome. The two best-
studied epigenetic components are DNA methylation and histone
modifications.

Most of the genome is highly DNA methylated with the exception of CpG
islands. CpG islands are areas of the genome rich in cytosine and guanine
dinucleotides and are typically localized close to promoter regions of most human
and mouse genes. The addition of methyl groups to the DNA converts cytosine to
5-methylcytosine, which is read as a repressive mark directly by the
transcriptional machinery or indirectly through Methyl-Binding-Domain (MBD)
containing factors (Dodge et al., 2002).

Histone modification provides another way of transcriptional regulation:
The DNA itself is wrapped around so-called histone proteins. Chromatin refers to
the structure formed by both DNA and the four different core histones (two each
forming an octamer). The level of chromatin compaction affects gene
transcription. Histone modifications of the amino terminal tails include
methylation, acetylation, phosphorylation and ubiquitation (Goldberg et al., 2007).

Regarding the epigenetic of pluripotency the methylation status of the 4"
and the 27" lysine (K) residue on histone 3 (H3), H3K4 and H3K27, respectively,
is of particular interest. Methylation (mono, di and tri, abbreviated: me1, me2,
me3) at H3K4 correlates with gene activation and accessible chromatin, whereas
methylation at H3K27me3 correlates with gene silencing (Bernstein et al., 2006).
In ES cells, most developmental genes are inactive and methylated on both
H3K4 and H3K27, which have been termed “bivalent domains”. Although not
unique to ES cells, they contain the largest number of bivalent domains and often



resolve these upon differentiation. In somatic cells bivalent domains frequently
change into H3K4me3 only, H3K27me3 only or no modification at all. This
bivalent structure indicates that ES cells are poised to alter the gene expression
status rapidly to induce cellular differentiation processes.

Interestingly, many of the transcriptionally silenced developmental genes
in ES cells are co-occupied by the pluripotency factors Oct4, Nanog and Sox2
and regulatory proteins such as the polycomb repressive complexes (PRCs). The
two regulatory factors, the PRC and the trithorax-group (trxG) proteins act
antagonistically. TrxG proteins maintain the active state of gene expression,
while PcG proteins counteract this activation with a repressive function by
catalyzing methylation of H3K27me3 for example in bivalent domains. This
suggests that silencing seems to be the default state (Beisel et al., 2007;
Sauvageau and Sauvageau, 2008; Schmitt et al., 2005; Schuettengruber et al.,
2007).

1.5 Different strateqgies to reprogram somatic cells

The generation of viable cloned animals such as Dolly the sheep demonstrated
for the first time that the developmental state of somatic cells is not irreversibly
fixed. This reversal of the differentiated state of a somatic cell to one that is
characteristic of the undifferentiated, embryonic state is defined as “nuclear
reprogramming” (Figure 5).
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Figure 5: Developmental programming is a reversible process.
The differentiation process of a pluripotent cell into a more restricted mature cell is
reversible as shown by nuclear transfer experiments.

In the following sections, a brief review of the current literature for the
various approaches to achieve nuclear reprogramming will be described. There
are four different recognized approaches to achieve nuclear reprogramming:
nuclear transfer (NT) (Chapter 1.5.1), cell fusion (Chapter 1.5.2), culture-induced
reprogramming (Chapter 1.5.3) and direct reprogramming (Chapter 1.5.5) (Figure
6).

1.5.1 Reprogramming by nuclear transfer

Reprogramming by NT describes a procedure whereby the donor somatic cell
is transferred into an enucleated unfertiized oocyte, resulting in
reprogramming of the somatic cell nucleus. Upon transfer into a surrogate
mother, a cloned animal such as Dolly can be generated (Wilmut et al., 1997;
Wilmut et al.,, 1998). The factors required for either reprogramming or
embryonic development are unknown, but present in the cytoplasm of the
unfertilized occyte (Egli et al., 2007).



Nuclear transfer is also referred to as ‘reproductive cloning’ in distinction to
‘therapeutic cloning’ where the reconstructed embryo is explanted into culture
and can give rise to nuclear transfer derived embryonic stem (NT-ES) cells
(Figure 6A).
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Figure 6: Different approaches to induce nuclear reprogramming

lllustration of the four major strategies used for studying nuclear reprogramming (A)
Nuclear transfer (NT) involves the injection of a somatic nucleus into an enucleated
oocyte which, upon transfer into a surrogate mother, can give rise to a cloned animal
(reproductive cloning) or, upon explantation in culture, can give rise to NT-ES cells
(therapeutic cloning). (B) Cell fusion of a somatic cell with pluripotent ES cells results in
the generation of tetraploid hybrids that show all features of pluripotent ES cells. (C)
Explantation of germ cells in culture selects for immortal cell lines like embryonic germ
cells (EG) or ES-like cells that have regained pluripotency. (D) Introduction of a defined
set of genes into somatic cells yields induced pluripotent stem (iPS) cells (Figure taken
and modified from (Eminli et al., 2006 review)).

Generally, the process of ES cell derivation seems to select for cells that
have undergone complete reprogramming to pluripotency or may assist the

completion through extended time in culture. Based on molecular



characterization one can conclude that ES cell lines derived by NT are expected
to have the same therapeutic potential as ES cell lines derived from fertilized
embryos (Brambrink et al., 2006; Hochedlinger and Jaenisch, 2002b, 2003,
2006).

The possibility of generating patient-specific (genetically matched) stem
cells through nuclear reprogramming is of great therapeutic potential. These cells
could produce new populations of functional cells to replace the lost or non-
functional cells in many diseases without immune-rejection. Indeed, by
combining therapeutic cloning with gene therapy, genetic disorders have already
been successfully treated in murine proof of principal experiments (Rideout et al.,
2002).

Most adult tissues represent a heterogeneous population of cells
containing multipotent stem cells, progenitor cells and terminally differentiated
cells. When Dolly and other mammals were initially cloned from adult cells, there
were no genetic markers available that could unambiguously prove the
differentiation state of the donor cell. The derivation of monoclonal mice from
mature B and T cells by NT used the genetic rearrangements of the
differentiation-associated immunoglobulin and T cell receptor genes as genetic
markers to retrospectively verify the differentiation state of the donor nucleus
(Hochedlinger and Jaenisch, 2002a). Similarly, the cloning of mice from
genetically labeled postmitotic olfactory neurons demonstrated that terminal
differentiation does not restrict the potential of a nucleus to support the
development of an animal (Eggan et al., 2004; Li et al., 2004).

Interestingly, terminally differentiated cells seem to be less efficiently
reprogrammed than immature cells. It was demonstrated that cloning of mice
from pluripotent ES cells and blastomeres was more efficient in creating cloned
animals compared to cloning from adult cells such as fibroblasts (Eggan et al.,
2001; Rideout et al., 2001; Rideout et al., 2000; Wakayama et al., 1999).
Moreover, the generation of NT-ES cells is more efficient from neural stem cells



than from neurons (Blelloch et al., 2006; Inoue et al., 2006).

In line with these results, direct cloning of mice from skin stem cells
yielded higher number of cloned animals than from differentiated keratinocytes
(Li et al., 2007). Together, these observations suggested that the state of
differentiation, possibly through differences in the epigenetic state of the donor
cell, might affect the reprogramming efficiency of cloned animals. Therefore, the
genome of adult stem and progenitor cells seems to be more amenable to
reprogramming by NT than that of differentiated cells. This important fact will be
later discussed in the context of direct reprogramming by defined factors
(Chapter 1.5.5).

NT has been a unique tool for functionally testing nuclear potency and for
distinguishing between genetic and epigenetic alterations of various donor cells
(Hochedlinger and Jaenisch, 2002a, b; Hochedlinger et al., 2004; Li et al., 2004;
Li et al., 2003a). However, any medical applications are constrained by the
inefficiency of the cloning process, the failure to generate human NT-ES cells to
date, and ethical concerns surrounding the use of human embryos.

Therefore, more tractable approaches are needed for generating patient-
specific pluripotent cells and for dissecting reprogramming at the cellular,

molecular and biochemical level.

1.5.2 Reprogramming by cell fusion

Epigenetic reprogramming of murine somatic nuclei back to an undifferentiated
state can also be achieved by fusing the membranes of a pluripotent cell for
example an EC, EG or ES cell, with a differentiated somatic cell by using a
fusogen, such as polyethylene glycol (PEG) or by a short electric pulse (electro
fusion) (Matveeva et al., 1998; Miller and Ruddle, 1976; Tada et al., 1997)
(Figure 6B). The resulting pluripotent hybrid cells share many features with the



parental cell, indicating that the pluripotent phenotype is dominant over that of
the differentiated cell (Tada et al., 2001). This reprogramming potential seems
also to be conserved in human ES cells (Cowan et al., 2005; Yu et al., 20006).
Therefore, cell fusion experiments indicated that ES cells, like oocytes or zygotes
used for NT experiments, must contain the necessary reprogramming factors.

An important question arising from fusion experiments is, whether the ES
cell nucleus or cytoplasm is required for the reprogramming process. Fusion
experiments between neuronal cells and the nuclear compartment (karyoblast) or
the cytoplasmic compartment (cytoblast) from ES cells indicated that nuclear
factors are essential for molecular reprogramming (Byrne et al., 2003; Do and
Scholer, 2004).

The key pluripotency regulators Nanog, Oct4 and Sox2 seem to be crucial
for reprogramming. Indeed, overexpression of the Nanog gene in ES cells
increased the reprogramming efficiency in hybrids up to 200 fold (number of
hybrid colonies) when fused with neural stem cells (Silva et al., 2006).
Interestingly, there was hardly any effect when fibroblasts were used as fusion
partners, or when Nanog was ectopically expressed in the somatic cell partner
prior to fusion. This suggests that the differentiation state and the cellular context
are critical for Nanog’s effect on reprogramming.

In experiments where some of the ES-cell derived chromosomes were
selectively eliminated, hybrid cells remained pluripotent and demonstrating that
the ES cell genome is not continuously required for maintaining pluripotency of
the hybrids (Matsumura et al., 2007). While these experiments have shown that
proteins present in a pluripotent cell are effectors of reprogramming, the resulting
tetraploidy of the hybrid cell is a major limitation for potential clinical applications
(Cowan et al., 2005; Silva et al., 2006).



1.5.3 Culture-induced reprogramming

EC cells, pluripotent cells derived from teratocarcinomas, were the first such cells
discovered in adult mammals (Kleinsmith and Pierce, 1964). The stem cells of
these tumors arise spontaneously from PGCs during gonad formation. In normal
development PGCs reside in the embryonic genital ridge and normally
differentiate into oocytes or sperm (Andrews, 2002; Stevens and Little, 1954)
(Figure 7A and B).

Under special in vitro culture conditions PGCs can reprogram into
pluripotent EG cells and acquire properties similar to those of ES cells (Figure 6C
and 7A). When PGCs were isolated from the genital ridge and injected into host
blastocysts, they did not contribute to any tissue in the animal (Durcova-Hills et
al., 2006b). In contrast, EG cells derived from explanted PGCs and EC cells
isolated from teratocarcinomas contributed to chimeric animals (Durcova-Hills et
al., 2006a, b; Labosky et al., 1994a, b; Stewart et al., 1994; Stewart and Mintz,
1982).

PGCs represent embryonic unipotent germ cells. This raised the question
of whether pluripotent cells can also be derived from adult germ cells such as
spermatogonial stem cells. Indeed, spermatogonial stem cells from neonatal
(Kanatsu-Shinohara et al., 2004) and adult (Guan et al., 2006) testis cells were
shown to give rise to ES-like cells when exposed to a specific combination of
growth factors albeit at an extremely low frequency (1 in 1.5 x10” neonatal and 1
in 7.5 x 10" adult testis cells) (Figure 6C and 7C). ES-like cells derived from
neonatal and adult testis expressed all markers of pluripotent cells and gave rise

to germline-competent chimeric animals.
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Figure 7: Culture induced reprogramming

(A) PGCs (primordial germ cells) of the genital ridge give rise to oocytes and
spermatozoa in vivo and can give rise to embryonic germ (EG) cells in vitro. (B) In
teratocarcinomas derived from PGCs of the genital ridge, pluripotent embryonic
carcinoma (EC) cells are found that resemble EG cells. (C) Spermatogonial stem cells
from newborn and adult testes normally differentiate into spermatozoa in vivo but
occasionally give rise to pluripotent ES-like cells in culture (Figure taken and modified
from (Eminli et al., 2006 review)).

In PGCs, the parental imprints are erased and sequentially re-established
in a male or female specific pattern during subsequent gametogenesis (Hajkova
et al., 2002; Lee et al., 2002; Yamazaki et al., 2005). Thus, ES-like cells derived
from testis cells and EG cells derived from PGCs have an unbalanced imprinting
status. Therefore these types of pluripotent cells are more limited in their
application potential compared to ES cells. For example, it has been shown that
loss of imprinting by genetic manipulation of DNA methylation results in
tumorigenesis in mice (Holm et al.,, 2005) and consequently, therapeutic
applications of pluripotent cells derived from adult testis may be problematic.



It is possible that the major epigenetic changes that occur during gametogenesis
make embryonic and adult germ cells more amenable to epigenetic
reprogramming in contrast to somatic cells. In addition, germ cells already
express Oct4 and other proteins important for maintaining ES cell identity
(Kanatsu-Shinohara et al., 2004), which may facilitate the reprogramming
process and suggests that multipotent adult stem cells may also have a

broadened potency to convert into cell types of other lineages.

1.5.4 “Trans-differentiation” / “Lineage-conversion”

Lineage-conversion or trans-differentiation describes the direct conversion of one
somatic cell type into another by overexpression or deletion of individual
transcription factors; a transition that normally does not occur in vivo. The first
study on transcription factor mediated direct reprogramming demonstrated that
overexpression of the myogenic transcription factor MyoD was sufficient to
convert fibroblasts into myoblasts (Davis et al., 1987). Pax5 deletion from mouse
B cells results in their de-differentiation into progenitors, which are then able to
give rise to multiple hematopoietic cell types (Cobaleda et al., 2007b). The
overexpression of transcription factor CEBPa (CCAAT enhancer binding protein
alpha) can reprogram B and T cells into macrophages in vitro (Laiosa et al.,
2006; Xie et al., 2004). The stable direct conversion (without passing through a
pluripotent state) of one differentiated cell type into another has also been shown
in vivo by overexpressing three defined transcription factors in adult pancreatic
exocrine cells thereby converting them into insulin producing § cells (Zhou et al.,
2008). It remains unclear, however, if transdifferentiation involves an initial de-
differentiation stage of cells for example into less-differentiated progenitor cells

as it occurs during reprogramming of adult cells into pluripotent cells.



1.5.5 Direct reprogramming by defined transcription factors into induced

pluripotent stem (iPS) cells

In 2006, Takahashi and Yamanaka converted somatic cells into pluripotent stem
cells by the introduction of defined transcription factors (Figure 6D). Based on the
results from cell fusion experiments that ES cells must contain reprogramming
factors, they exposed mouse fibroblasts to a pool of 24 retrovirally-expressed
genes (selected based on high expression in ES cells or the early embryo) to
screen for emerging colonies with ES cell characteristics (Takahashi and
Yamanaka, 2006). Some of these genes were previously identified as ES cell-
specific and were combined with a selected set of other candidate genes, known
to contribute to long-term maintenance of the ES cell phenotype and their rapid
proliferation in culture (Mitsui et al., 2003). In order to distinguish merely
transformed fibroblast colonies from truly “reprogrammed” ES cell-like colonies,
thereafter called induced pluripotent stem cells (iPS), the authors selected for
cells that had reactivated the ES cell specific, but not essential, gene Fbx15
driving a neomycin-resistance cassette (neo®), and obtained iPS colonies in
0.02% of infected fibroblasts. After selectively omitting individual viruses from the
initial set of 24, the authors were able to narrow down the minimal set of genes
required for the induction of pluripotency to the four transcription factors Oct4,
Sox2, c-Myc and KIf4 (Takahashi and Yamanaka, 2006) (Figure 8).
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Figure 8: Steps involved in direct reprogramming to pluripotency.

Viral introduction of the four transcription factors Oct4, Sox2, KIf4 and optionally c-Myc
into somatic cells, followed by selection for reactivated pluripotency reporter genes and
subsequent iPS cell formation.

Oct4 and Sox2 are both master regulators of ES cell pluripotency (see
Chapter 1.3.2) and c-Myc and Klif4 has been implicated in promoting the
pluripotent state of ES cells (Cartwright et al., 2005; Jiang et al., 2008). c-Myc is
ubiquitously expressed and plays a role in cell cycle regulation, proliferation and
differentiation and is generally low or absent in quiescent cells (Kastan et al.,
1989a; Kastan et al., 1989b; Laurenti et al., 2008; Murphy et al., 2005; Schmidt,
1999; Wilson et al.,, 2008). Another function of c-Myc is that it regulates
chromatin modifications that may allow the reprogramming factors increased
access to genes necessary for reprogramming (Fernandez et al., 2003; Frank et
al., 2003; Li et al., 2003b). Krueppel-like factor (KIf4) is a transcription factor
expressed in a variety of tissues including the epithelium of the intestine, kidney
and skin (Garrett-Sinha et al., 1996; Segre et al., 1999; Shields et al., 1996). In
addition, forced expression of KIf4 in ES cells can block differentiation and
promote self-renewal (Jiang et al., 2008; Li et al., 2005). Its role in direct



reprogramming is still unclear but depending on the target genes it can both
silence and activate transcription (Rowland and Peeper, 2006). Thus, c-Myc
together with Kif4 possibly allows for an immortal growth potential phenotype
associated with ES cells (Takahashi et al., 2007).

The first generation iPS cells generated by Takahashi and Yamanaka
were selected for the reactivation of the Fbx15 gene (Figure 8). These Fbx15"
iPS cell colonies formed differentiated teratomas, but did not support
development of the viable term chimeras. And were therefore not fully
reprogrammed. Similarly, gene expression analyses revealed that only part of the
ES cell transcriptome was reactivated and expressed. Methylation analyses of
promoters including the pluripotency genes Nanog and Oct4 demonstrated an
epigenetic pattern that was intermediate between that of fibroblasts and ES cells
(Takahashi and Yamanaka, 2006). It is crucial that cells are fully reprogrammed,
because aberrantly reprogrammed cells may result in an impaired ability to
differentiate and may therefore increase the risk of teratoma formation after
directed differentiation.

In subsequent experiments, iPS cells were produced by selecting for
reactivation of the essential pluripotency genes Nanog or Oct4. This resulted in
iPS cells, which were functionally and molecularly indistinguishable from ES cells
(Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007b) (Figure 8). Those
established iPS cell lines showed silencing of the introduced retroviral genes
when the reprogramming process was completed (moloney viruses are rapidly
silenced in ES cells due to the de novo methyltransferases Dnmt3a/b) (Okano et
al., 1998), reactivation of the silent X chromosome in female cells, the re-
establishment of DNA and histone methylation pattern characteristic of ES cells
(Maherali et al., 2007; Wernig et al., 2007b) and the ability to autonomously
generate a whole adult mouse by tetraploid embryo complementation — the most
stringent test for pluripotency (see also Chapter 1.3.1) (Kang et al., 2009; Zhao et
al., 2009).



In parallel over the last years human somatic cells have been reprogrammed into
iPS cells with the same four factors (Lowry et al., 2008; Takahashi et al., 2007) or
a different combination that substitutes c-Myc and Klf4 with Nanog and Lin28 (Yu
et al., 2007) (Figure 8).

Mice lacking either c-Myc or KiIf4 still survive until birth, indicating that
other factors compensate their function during normal development to maintain
pluripotency (Ghaleb et al., 2007; Malynn et al., 2000; McConnell et al., 2007).
Indeed, recent evidence indicated that omission of c-Myc from the
reprogramming cocktail gives rise to iPS cells from fibroblasts, albeit at extremely
low frequencies and with delayed kinetics (Nakagawa et al., 2008; Wernig et al.,
2007a). Recently, it has been shown that the orphan nuclear receptor Esrrb
(Estrogen-related receptor beta) functions in conjunction with Oct4 and Sox2 to
mediate reprogramming in mouse MEFs without exogenous Kif4 and c-Myc
(Figure 8). In ES cells, Essrb targets many genes involved in self-renewal and
pluripotency, and therefore could act as a general activator-enhancing
transcription of common target genes of Oct4 and Sox2 during reprogramming
(Feng et al., 2009).

It seems that different combinations of transcription factors are possible to
convert a somatic cell into a functional iPS cell and that Oct4 and Sox2 are

essential for reprogramming while c-Myc and Klf4 may enhance the process.

1.5.6 Potential clinical and pharmaceutical applications of iPS cells

At least some iPS cells seem to have the same developmental potential as ES
cells (Maherali et al., 2007; Okita et al., 2007; Takahashi and Yamanaka, 2006;
Wernig et al., 2007b). The possibility that customized patient derived iPS cell
might one day be used as autologous transplantable sources to cure genetic and
degenerative diseases without the complication of immune rejection, make them

a promising tool. Recently it has been demonstrated in the mouse that iPS cells



derived from skin cells of sickle cell mice were able to restore normal blood
function upon repair of the underlying genetic defect and transplantation into
diseased mice (Hanna et al., 2007).

In human, neurodegenerative diseases such as Alzheimer's and
Parkinson’s, where acetylcholine- or dopamine-secreting cells of the brain are
destroyed, respectively or other diseases such as diabetes, which results in the
destruction of insulin-producing beta cells would greatly benefit from patient-
specific stem cells that could provide an inexhaustible source of the lost cells.

Different groups have already generated iPS cells from various human
degenerative diseases such as ALS (amyotrophic lateral sclerosis) (Figure 9),
SMA (spinal muscular atrophy) and Parkinson disease (Dimos et al., 2008; Ebert
et al., 2009; Park et al., 2008a; Soldner et al., 2009). Similarly, disease-corrected
human iPS cells from patients with Fanconi anemia could be differentiated into
blood progenitors, which are disease-free in short-term repopulation assays in
mice (Raya et al., 2009).

The ability to produce pluripotent cells from patients with genetic diseases,
and then differentiate those patient-specific iPS into the actual cell type affected
by the disease is useful for drug screening but also to solve the underlying
mechanisms of disease pathogenesis (Figure 9). For example, in patients with
familial dysautonomia (FD) the mechanism of neuron loss was not understood
owing to the lack of an appropriate model system. Patient-specific FD-iPS cell
lines were recently used to identify neurogenic differentiation and migration
phenotypes in vitro. These studies demonstrated that a tissue specific splicing
defect of the transcription regulator IKBKAP (transcriptional elongation) caused
this condition and could be corrected with the candidate compound kinetin (Lee
et al., 2009).
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Figure 9: Generation of patient-specific iPS cells for potential medical applications.
iPS cells from epidermal fibroblast of ALS (amyotrophic lateral sclerosis) patient were
generated and differentiated into motor neurons. This provided an inexhaustible in vitro
supply for elucidating why motor neurons degenerate in ALS patients (Figure adopted
from Dimos et al. 2008).

1.5.7 Development of a “secondary” iPS system

A major bottleneck of direct reprogramming is its very low efficiency ranging from
0.001% and 0.1% (Amabile and Meissner, 2009; Hochedlinger and Plath, 2009).
This could be the result of the low rate of quadruple (Oct4, Sox2, KIf4 and c-Myc)
infected cells and further the possible need for multiple infections per factor
and/or the need for a specific stoichiometry. The infection of somatic cells results



in a heterogeneous population of cells, where some cells receive none, others
one or two copies and some multiple copies of the viral vectors. Only a few
somatic cells receive the right quantity of transgenes with functional integration,

allowing full reprogramming into iPS cells (Figure 10).

somatic cells carrying no,
1,2,3 or 4 viral transgenes

somatic cells

iPS cells

Figure 10: Direct infection results in a heterogenous transgene expression
After direct infection of somatic cells only a small number of cells take up all four viruses
at the correct stoichiometry and will reprogram into iPS cells.

To evaluate the reprogramming efficiency more accurately, a cell population with
homogenous expression of viral transgenes would be required. The development
of so-called “secondary systems” has enabled the generation of iPS cells without
the need for direct infection and overcomes these limitations. In this approach,
somatic cells are first infected with doxycycline-inducible versions of the

reprogramming factors (Figure 11 and 12).
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Figure 11: Doxycyline-inducible lentiviral system

Schematic drawing of the lentiviral vector constitutively expressing the reverse
tetracycline-controlled transactivator (M2-rtTA) and an inducible lentivirus containing a
doxycycline-controllable promoter (TetOP) and a unique EcoRI restriction site to insert
separately the cDNAs for c-Myc, KIf4, Oct4 and Sox2. The lentiviral vector is flanked by
LTRs (long terminal repeats). The transactivator M2-rtTA is under the control of an
ubiquitin promotor (Ubc pm).

Adding doxycycline to this mixed population of infected (primary) cells
enables the generation of “primary” iPS cells. Subsequent injection of these iPS
cells into blastocysts generates chimeras or “reprogrammable mice”, in which
every cell derived from the injected iPS cell clone has the same functional viral
integrations. Finally, isolation of transgenic cells and re-exposure of these cells to
doxycycline then results in homogeneous re-expression of the factors and the



generation of “secondary” iPS cells (Stadtfeld et al., 2008b; Wernig et al., 2008)
(Figure 12).
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Figure 12: The secondary system.

Direct infection of somatic cells such as mouse fibroblasts with doxycycline inducible
lentiviruses results in 0.1% primary iPS cells. Subsequent generation of chimeras
(“reprogrammable mice”), isolation of fibroblasts and exposing those to doxycycline in
vitro results in the formation of secondary iPS cells showing a higher reprogramming
efficiency between 2-4%.

Although secondary iPS cells derived from mouse fibroblasts showed a
substantial (20-40-fold) increase in their reprogramming efficiency, the overall
efficiency is still far from the expected 100% in a population where every cell has
the right functional combination of factors (Wernig et al., 2008). Therefore, the
technical difficulties resulting from direct infection cannot alone explain the low
reprogramming efficiency. Other factors must influence the efficiency of
reprogramming by providing a barrier for efficient conversion of adult cells into

pluripotent iPS cells.



2. Aims of this thesis

When | began working on reprogramming only Yamanaka’s original study had
been published on the generation of iIPS cells from mouse fibroblasts
(mesodermal lineage). The next three studies, including one from our lab, also
used mouse fibroblast cells (Maherali et al., 2007; Okita et al., 2007; Wernig et
al., 2007b). It was therefore unclear whether cells originating from other germ
layers (ectoderm and endoderm) could be reprogrammed into pluripotent cells.

Aim 1 of this thesis investigated (i) if somatic cells of the ectodermal
lineage are equally amenable to reprogramming into iPS cells as the previously
used mesodermal cells by isolating cells of the well-defined neuroectodermal
lineage; (ii) if cells such as Neural Progenitor Cells (NPCs), which already
express the reprogramming factor Sox2 endogenously, can be reprogrammed
with fewer factors (minus Sox2) and thus with less genetic manipulation.

The results from the secondary system described above have shown that the low
infection efficiency of somatic cells (with the right combination of factors) does
not explain the overall low reprogramming efficiency. One possible barrier to
reprogramming is the differentiation state of the starting cell population. This has
been already shown to affect the reprogramming efficiency in the context of
alternative reprogramming strategies including NT and cell fusion.

Therefore, Aim 2 of this thesis investigated if the differentiation stage of a
somatic cell influences its reprogramming potential into iPS cells. To address this
question, cells from various differentiation stages in the well-defined
hematopoietic lineage were isolated and compared for their ability and efficiency
to generate iPS cells.
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3.3 Additional data for Nature Genetics manuscript
Eminli et al. 2009

We wanted to further substantiate the conclusion that hematopoietic stem and
progenitor cells reprogram more efficiently than their differentiated progeny (Aim
2). We therefore repeated the relevant experiments with another, recently
developed reprogramming system (Stadtfeld et al., 2010). This viral free system
was generated by placing a doxycycline-inducible polycistronic cassette encoding
the four reprogramming factors Oct4, Sox2, Klf4 and c-Myc (Figure 13) (Sommer
et al., 2009) into the collagene locus of ES cells (Figure 14). The ES cells also
express the tetracycline-dependent transactivator (M2-rtTA) from the ROSA26

locus (see also Figure 11 in the introduction part).
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Figure 13: The polycistronic expression cassette (STEMCCA)

The doxycyline-inducible (TetO) polycistronic cassette encodes the four reprogramming
factors (Oct4, Klf4, Sox2 and c-Myc) (Figure adopted from Sommer 2008).
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Figure 14: Targeting of the doxycycline-inducible-STEMCCA plasmid into the
collagen locus of M2rtTA-ES cells.

The generation of a reprogrammable mouse carrying this inducible
construct in all its tissues allowed us to isolate the same hematopoietic cell
populations as used before, which could be converted into iPS cells upon
addition of doxycycline. The resulting reprogramming efficiencies showed that all
immature hematopoietic cell types reprogrammed at high efficiency whereas all
mature hematopoietic cells reprogrammed at low efficiency (Figure 15 and Figure
16).
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LT-HSCs KL,T,FL,3,6 120 41 31.4% 91%
ST-HSCs KL,T,FL,3,6 180 45 25% 68.5%
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Figure 15: Reprogramming potential of different hematopoietic cell types into iPS
cells with the ES cell based reprogramming system determined by single-cell per
well assay.

Reprogramming efficiencies of different cell types after single cell sorting into 96-well
plates. Reprogramming efficiencies were determined by counting Oct4 GFP" colonies at
day 18, 3 days after doxycycline withdrawal. Cell viabilities of individual populations were
determined by scoring uninduced cells sorted in 96-well or terasaki plates. “LT-HSC”
denotes CD34" long-term HSCs, “ST-HSCs” denotes CD34" short-term HSC,
“Macrophage II” denotes macrophages arising from total BM cultures for 5 days in ES
medium with M-CSF. KL, Kit-ligand; T, TPO; FL, Flt3-ligand; E, EPO; GM, GM-CSF; G,
G-CSF; M, M-CSF,; C, CpG; L, LPS; 3, IL-3; 6, IL-6; 7, IL-7; 11, IL-11.

Therefore, our results have been verified with an ES cell-derived mouse
model, which is free of viral integrations and independent from the origin of the
primary somatic cell. Thus, these data corroborated our previous findings that the
reprogramming potential inversely correlates with differentiation stage (Eminli et

al 2009) (Figure 15 and 16 and also compare to Figure 4B in manuscript).
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Figure 16: Resulting reprogramming efficiencies of different hematopoietic cell
types into iPS cells with the ES cell (ESC) based reprogramming system and the
viral-based system.

Reprogramming efficiencies of different cell types were determined by counting Oct4-
GFP* colonies. LT-HSCs, ST-HSCs, CLPs, pro-B cells, GMPs and macrophages were
sorted as single cells into 96-wells, whereas CD3" T cells, IgD" B cells and granulocytes
were plated on 10cm dishes. Granulocytes (1.5x1073 cells per 10cm dish), spleen IgD*
mature B cells and spleen mature CD3" T cells (1x10%6 cells per 10cm dish).



4. Erklarung uber Eigenanteil an den Publikationen

Die vorliegende Doktorarbeit besteht aus zwei wissenschaftlichen
Veroffentlichungen. In Zusammenarbeit mit meinem Betreuer Prof. Dr. Konrad
Hochedlinger entwickelte ich die Grundkonzepte und die initialen Grundideen der
Experimente.

Die Planung und die Etablierung des experimentellen Aufbaus, sowie die
Auswertung der Ergebnisse und die Verfassung der Manuskripte erfolgte durch
meine Person, mit Unterstutzung von Prof. Dr. Konrad Hochedlinger. Er betreute
die Arbeit und half durch kritische Uberarbeitung der Manuskripte.

Ich war an allen experimentellen Aspekten dieser zwei Projekte beteiligt
und wurde teilweise von anderen Wissenschaftlern in neuen Techniken angelernt
oder unterstutzt. Der von mir zu diesen zwei Manuskripten beigetragene

experimentelle Eigenanteil wird im Folgenden dargelegt.

. Publikation:

Reprogramming of neural progenitor cells into induced pluripotent stem
cells in the absence of exogenous Sox2 expression.
Eminli S, Utikal J, Arnold K, Jaenisch R, Hochedlinger K. Stem Cells. 2008

Mein experimenteller Eigenanteil beinhaltet im Einzelnen die Bereitstellung von
Studienmaterial, u.a. Virusproduktion und Virusinfektionen, sowie zu einem
Grossteil die Extraktion und Kultivierung von primaren neuralen Vorlauferzellen
aus Maushirnen und deren Umwandlung in induzierten pluripotente Stammzellen
(iPS Zellen) sowie darauffolgende Kultivierung. Die Weiteranalyse
(Teratomainduktion, Produktion von Chimaren via Blastozyteninjektion, u.a.)

wurde von mir alleine durchgefuhrt.

Jochen Utikal unterstutzte mich bei der Kultivierung von neuralen Vorlauferzellen



und der Weiterkultivierung von iPS Zellen, sowie mit der molekularen Analyse

dieser Zellen.

2.Publikation

Differentiation stage determines potential of hematopoietic cells for
reprogramming into induced pluripotent stem cells.

Eminli S, Foudi A, Stadtfeld M, Maherali N, Ahfeldt T, Mostoslavsky G, Hock H,
Hochedlinger K. Nat Genet. 2009

Mein  experimenteller Eigenanteil beinhaltet die Bereitstellung von
Studienmaterial wie u.a. die Extraktion und Kultivierung von verschiedenen
hematopoetischen Zellen. Ich habe die Virusproduktion und Virusinfektionen,
sowie deren Umwandlung in induzierte pluripotente Stammzellen (iPS Zellen)
und deren darauffolgende Kultivierung zu einem Grossteil ubernommen (90%).
Die Weiteranalyse wie u.a. Teratomainduktion und die Produktion von Chimaren
(“reprogrammierbare Mause”/sekundare Mause und tertidare Mause) via
Blastozysteninjektion wurde komplett von mir durchgeflhrt. Die zusatzliche
Datengeneration, Datenanalyse und -interpretation (beschrieben im Chapter 3.3)

wurden ebenfalls von mir alleine durchgefuhrt.

Adlen Foudi aus dem Hock Labor hat mich unterstutzt und angelernt in der
Extraktion von primaren hematopoietischen Zellen aus den spezifischen
Mausorganen (Knochenmark, Blut, Lymphknoten, Thymus sowie Milz).
Zusatzlich wurde mir von ihm die Isolation durch fluorescence activated cell
sorting (FACS) beigebracht, so dass ich die weiteren Experimente selbststandig

durchfiihren konnte.



5. Discussion

Takahashi and Yamanaka were the first who generated iPS cells in 2006, by
ectopic expression of the four transcription factors Oct4, Sox2, c-Myc and Kilf4 in
murine fibroblasts (Takahashi and Yamanaka, 2006). Since then, iPS cells
proved to be highly similar to ES cells (Maherali et al., 2007; Okita et al., 2007;
Wernig et al., 2007b). Like ES cells, iPS cells can differentiate into virtually all cell
types making them very attractive for basic research and clinical applications. In
addition, iPS cells circumvent two of the major obstacles that limit the use of
human ES cells: (i) the ethical concern over the use of embryos to isolate ES
cells and (ii) the generation of patient-specific stem cells without the risk of
immune rejection.

Transcription factor-mediated reprogramming is therefore likely to have a
tremendous impact on regenerative medicine and will enable essential studies
eventually leading to the treatment of many diseases. However, before safe
therapeutic interventions based on iPS cell technology can be devised, the
biological mechanisms underlying reprogramming have to be better understood.

This thesis makes several relevant contributions towards this goal and
addresses among others the following key questions in the reprogramming field:
Are all cell types equally amenable to reprogramming? Which cell type can be
reprogrammed with fewer factors and thus with less genetic manipulations? Does
the differentiation state of the donor cell directly influence the reprogramming
efficiency? What is the ideal starting cell type for efficient and safe

reprogramming?



5.1 Somatic cells from all three germ layers can be reprogrammed
into iPS cells (Aim 1.1 published in Eminli et al. 2008)

Initial studies used mouse fibroblasts, which originate from the mesodermal
lineage, as the starting population for reprogramming into iPS cells. It remained
unclear whether cells from the ectodermal and endodermal lineage could also be
reprogrammed by the four factors.

Mouse fibroblast cultures represent a heterogeneous population of cells,
possibly including muscle cells, hematopoietic cells, endothelial cells and
probably even mesenchymal stem cells. All of these can be propagated under
the same culture conditions used for reprogramming (S.E. unpublished data).
Consequently, the exact cell type that gave rise to the initial iPS cell lines across
all previous experiments was unknown.

Subsequent experiments showed that iPS cells can be generated from
explanted liver and stomach tissues, which belong to the endodermal lineage
(Aoi et al., 2008). However, these cultures very likely contained non-epithelial cell
types such as mesenchymal and hematopoietic cells, which may have been the
selective donors for reprogrammed cells.

Given that mesodermal (fibroblasts) and endodermal (liver) cells had been
reported to be reprogrammed into iPS cells in previous experiments, we set out
using a more defined system to test the questions: (i) whether cells of the third
germ layer (ectoderm) are equally amenable to reprogramming into iPS cells and
(i) whether ectodermal cells require the same combination of factors as
mesodermal and endodermal cells. Addressing these questions is important for
drawing conclusions about the generality of factor-induced reprogramming
across cell types from all three germ layers and for identifying cell types that may
require fewer factors.

Thus, we isolated a well-defined ectodermal cell type, namely Neural
Progenitor Cells (NPCs). NPCs are characterized by high expression of the



specific neural progenitor marker Nestin and high levels of the transcription factor
Sox2 (Lendahl et al., 1990; Pevny and Placzek, 2005; Pevny et al., 1998;
Yaworsky and Kappen, 1999). Another experimental advantage of using NPCs is
that they require culture in serum-free conditions, which selects against many
non-neuronal cell types. Across experiments the purity of the starting NPC
population was confirmed by isolating NPCs from mice carrying two different
reporter constructs: (i) a Sox2-GFP reporter and (ii) a Nestin-Cre/R26-EYFP
lineage-tracing system, which genetically marks NPCs. We isolated NPCs from
neonatal mice, expanded them in serum-free medium and infected them with the
four reprogramming factors.

Indeed, as shown in Figure 1A-D of our Stem Cells publication (Eminli et
al. 2008), we could generate stable NPC-derived four factor iPS cells, which re-
expressed specific pluripotency markers and showed demethylation of the
promoters of essential pluripotency genes. Both confirming the successful
reprogramming and re-establishment of an embryonic like phenotype.

The data of this first part of aim 1 unequivocally demonstrated that in
addition to mesoderm- and endoderm-derived iPS cells, cells of the ectodermal
lineage are equally amenable to reprogramming into iPS cells with the same four
factor-combination.

Since our publication, transcription factor-induced reprogramming of
somatic cells into iPS cells has further evolved and also been achieved in several
other cell types from all three germ layers (Eminli et al., 2009; Stadtfeld et al.,
2008a; Takahashi and Yamanaka, 2006; Utikal et al., 2009). In addition iPS cells
were generated from different species such as rat (Li et al., 2009; Liao et al.,
2009), monkey (Liu et al., 2008) and human (Lowry et al., 2008; Park et al.,
2008b; Park et al., 2008c; Takahashi et al., 2007) with the same four factors. So
far, these results confirmed that direct reprogramming into iPS cells seems to be

a universal process.



5.2 Sox2 is dispensable for the reprogramming of NPCs into iPS
cells (Aim 1.2 published in Eminli et al. 2008)

The second part of aim 1 was to determine if the factor requirement is depended
on the cellular context of a cell. More specifically we asked, if cells that
endogenously express a subset of the four factors no longer require these to be
exogenously expressed in order to reprogram them into iPS cells. For instance,
as described above, NPCs express high levels of the transcription factor Sox2,
one of the four reprogramming and essential pluripotency genes (Pevny and
Placzek, 2005; Pevny et al., 1998; Takahashi and Yamanaka, 2006).

We therefore hypothesized that these cells might not require exogenous
Sox2 for reprogramming into iPS cells and thus represent a “primed” starting
population.

To confirm the purity of the starting NPC population, NPCs were again
isolated from mice carrying either the Sox2-GFP reporter or the Nestin-Cre/R26-
EYFP lineage-tracing system.

As shown in Figure 2C and 4B in our Stem Cells publication (Eminli et al.
2008), exogenous expression of Sox2 is not required to reprogram NPCs into
stable pluripotent cell lines. These three-factor iPS cells expressed markers of
ES cells and contributed to high degree adult chimeras. In contrast, infection of
tail-tip fibroblasts with just three factors in the absence of Sox2 was insufficient to
produce iPS cells.

Interestingly, the attempt to generate iPS cells with the complete set of
four factors resulted in a substantially lower number of iPS cells. This suggests
that elevated levels of Sox2 might be detrimental and that the specific
stochiometric balance of the four reprogramming factors is critical during
reprogramming.

All of the established iPS cell lines produced until 2008 contained multiple

viral integration sites in their genome. Lenti- and retroviral vectors often randomly



integrate into endogenous genes and can result in improper gene activation and
tumor formation (Hochedlinger et al.,, 2005; Okita et al., 2007). If fewer
exogenous factors (in the case of reprogramming NPCs) and consequently less
genetic manipulations are required to generate a pluripotent cell from a somatic
cell, direct reprogramming would become immediately safer and therefore closer
to eventual clinical applications.

More recently, it has been shown that it is feasible to generate transgene-
free iPS cells (Kaji et al., 2009; Okita et al., 2008; Soldner et al., 2009; Stadtfeld
et al., 2008c; Woltjen et al., 2009). iPS cell formation through the repeated
infection with adenoviruses (Stadtfeld et al., 2008c) or transfection with plasmids
carrying the four factors (Okita et al., 2008) into mouse hepatocytes and MEFs,
respectively, produced several iPS cell lines with no integrations into the host
genome. Other recent approaches successfully used excisable lentiviruses
(Soldner et al., 2009) or transposons followed by transgene removal using Cre-
mediated excision or re-expression of transposase, respectively (Kaji et al., 2009;
Woltjen et al., 2009).

Recent advances of using small molecules, which partially act by altering
chromatin modifications and DNA methylation or by inhibiting key signaling
pathways, were able to replace individual reprogramming factors (Huangfu et al.,
2008a; Huangfu et al., 2008b; Ichida et al., 2009; Mikkelsen et al., 2008; Shi et
al., 2008; Silva et al., 2009). It seems that some of the small molecules, which
are able to replace individual reprogramming factors such as Sox2 act by
indirectly inducing other important pluripotency genes like Nanog, suggesting that
multiple routes can lead to reprogrammed cells (Ichida et al., 2009).

In summary, the findings of aim 1 suggest that less genetic manipulations
are required to reprogram NPCs into a pluripotent state compared to fibroblasts
or other mature cell types. This finding is an important step forward for the use of
iPS cells and its eventual translation into regenerative medicine.

Consistent with the murine results in my study and further extending the



question of factor requirement, it has been shown that human and mouse NPCs
can give rise to iPS cells when only exogenous Oct4 is expressed (Kim et al.,
2009a; Kim et al., 2009b). Moreover, even skin-derived neural crest derivatives
from adult skin, were recently reprogrammed into iPS cells with just Oct4 and
Sox2 (Hunt et al., 2009; Tsai et al.). This sets the stage for identifying small
molecule compounds that regulate Oct4 in the context of reprogramming NPCs.
In addition it might be used to identify general mechanisms that can be
translated, to other easy obtainable cell types. This could avoid the requirement
for ectopic expression of Oct4 and therefore eliminate the necessity of using viral
transgenes all together.

5.3 Differentiation state determines reprogramming potential of

hematopoietic cells into iPS cells (Aim 2 published in Eminli et al. 2009)

Based on the current literature it can be assumed that most, if not all, murine cell
types can be reprogrammed into iPS cells by introducing the factor combination
KIf4, Oct4, c-Myc and Sox2.

However, a recent manuscript suggested that these four factors were insufficient
to reprogram terminally differentiated B cells; whereas immature progenitor B
cells could readily give rise iPS cells (Hanna et al., 2008). The authors found that
a fifth transcription factor, CEBPalpha, had to be overexpressed for
reprogramming the mature B cells into a pluripotent state. This work suggested
that terminally differentiated lymphocytes might be refractory to reprogramming
by just four factors.

Interestingly, previous nuclear transfer (NT) and cell fusion experiments
suggested that less differentiated cells generally reprogram more easily and

more efficiently than fully differentiated cells. For example, the cloning of mice



from neural stem cells and skin stem cells was found to be more efficient than
that from mature neurons and keratinocytes, respectively (Blelloch et al., 2006; Li
et al., 2007).

Contradictory results have been reported in other NT experiments using
hematopoietic cells (Inoue et al., 2006; Sung et al., 2006). The study by Sung et
al. suggested in contrast to what would be expected that cloning efficiency
increased with more advanced differentiation state. Specifically, mature
granulocytes were found to be more amenable to reprogramming than
hematopoietic progenitor and stem cells. Notably, the efficiency was only
measured in terms of blastocyst formation and not development of the cloned
embryos beyond this stage. This question was never settled in NT experiments.
Using the advance of iPS technology it was now possible to revisit this and ask,
how does the differentiation stage of the starting cell influence the efficiency of
reprogramming into iPS cells?

The second aim of my thesis therefore focused on the question of whether
the differentiation state of the somatic donor cell directly influences the
reprogramming potential. Specifically, | hypothesized that immature cells are
more amenable to reprogramming than mature cells, because they are
developmentally, and therefore possibly also epigenetically, closer to pluripotent
cells and may as a result reprogram more efficiently.

To test the hypothesis that an adult progenitor cells is indeed easier to
reprogram than a differentiated cell, we used the well-defined hematopoietic
system. On top of this differentiation hierarchy is the quiescent, most
undifferentiated multipotent HSCs, which gives rise to various progenitor cells
and ultimately all the terminally differentiated cells of the myeloid and lymphoid
lineage. All cell types in the hematopoietic system are well defined by their
surface markers, allowing for their prospective isolation by fluorescence-activated
cell sorting (FACS), making this lineage ideally suited for the purposes of Aim 2.
This made it feasible to compare and interpret reprogramming potentials from



various differentiation stages within the same lineage. We initially used a virus
based system secondary system to reprogram hematopoietic cells into iPS cells
(see introduction part Chapter 1.5.7).

In order to determine the reprogramming potential of different blood cells,
nine different primitive hematopoietic cell populations including HSCs, a mixed
cell population consisting of HSC and progenitors (HSC/Ps), myeloid progenitors
(consisting of common myeloid progenitors (CMP), megakaryocyte/erythrocyte
progenitors (MEPs) and granulocyte/macrophage progenitors (GMPs)), common
lymphoid progenitors (CLPs), immature pro-B cells and pro-T cells as well as
their differentiated progenies, B cells, T cells, macrophages and granulocytes
were included in this study.

Our studies demonstrated that immature cells of the hematopoietic lineage
are more amenable to reprogramming than differentiated cell types, providing the
first direct link between differentiation state and reprogramming efficiency into
iPS cells. The efficiencies at which progenitors converted into iPS cells was up to
2 orders of magnitude higher (7-28%) than that of differentiated blood cell types
(0.02-0.6%) and also constitutes the highest reprogramming efficiencies reported
thus far.

Importantly, we can conclude from our results that all isolated
hematopoietic cell types, including terminally differentiated B an T cells, could be
reprogrammed with the same four factors and do not require manipulation of
additional genes as suggested by Hanna and colleagues (Hanna et al., 2008).
Our observation that C/EBPa expression enhances but is not required for the
successful reprogramming of mature B cells into iPS cells may provide an
explanation for the previously reported failure to generate iPS cells from mature
B cells. Moreover, clone-to-clone variation and the resulting differences in
expression levels of the four factors might explain these results (Stadtfeld et al.,
2010).



Interestingly we could show that the differentiation state of a cell not only
influenced the reprogramming efficiency but also the kinetics of the process. Our
experiments indicate that progenitors reprogram twice as fast as differentiated
cells. For example, myeloid progenitors reprogrammed after only 6 days of
transgene expression in contrast to mature granulocytes, which required at least
12 days of transgene expression. Importantly, reprogramming was independent
of the proliferation rate of cells. That is, quiescent (9% cells cycling) and
cytokine-activated (41% cells cycling) HSCs reprogrammed equally efficient,
whereas mature B and T cells reprogrammed least efficiently irrespective of their
proliferation rate.

Consistently, we found that immature cells such as skeletal muscle
precursor (SMP) cells, which have a very low cell cycling rate (4%) (Cerletti et al.,
2008) reprogrammed more efficiently (28%) compared to differentiated
myoblasts (60% cycling rate) (Tan and Eminli et al. in preparation).

Integration site and cell type dependent viral silencing may limit the
secondary system, we therefore wished to confirm our results with an
independent system. Specifically, we used a transgenic mouse line generated
from ES cells carrying the four reprogramming factors in a defined locus under
doxycycline control (Stadtfeld et al., 2010). The generation of a “reprogrammable
mouse” allowed us to isolate the same hematopoietic cell populations as used
with the virus-based system (Eminli et al., 2009). The resulting reprogramming
efficiencies of immature and mature hematopoietic cells were consistent with the
ones obtained from the iPS cell derived secondary system chimeras (Eminli et
al., 2009). Immature cells showed a very high reprogramming efficiency in
contrast to more mature cell types (these additional data are presented in
Chapter 3.3).



In summary, the ES cell-derived mouse model, which is free of viral integrations
and should be less variable, supported the notion that the differentiation state of
somatic cells influences their reprogramming potential into iPS cells.

Various groups have recently derived iPS cells from mature skin cells of
patients with different neurodegenerative diseases for therapeutic applications
and disease modeling (Dimos et al., 2008; Ebert et al., 2009; Soldner et al.,
2009) (see also Chapter 1.5.6 in the introduction). Although it has been shown
that epigenetic changes and the loss of telomerase activity is reversed in adult
mouse and human iPS cells (Marion et al., 2009; Stadtfeld et al., 2008b;
Takahashi et al., 2007), pre-existing mutations cannot be corrected during the
reprogramming process. Progenitor cells have likely accrued fewer genetic
changes than differentiated cells and may thus be safer source to produce high
quality patient-specific iPS cells (Trifunovic, 2006; Trifunovic et al., 2004).

We therefore, as a proof-of-principle experiment, wanted to extend our
prior murine results and reprogram human CD34" umbilical cord blood (UCB)
cells into iPS cells. UCB is blood that remains in the placenta and in the attached
umbilical cord after childbirth. It is often collected and stored in UCB banks
because it contains CD34+ progenitor cells. The use of these cells for therapeutic
applications could represent an alternative and readily accessible source of stem
cells. Moreover, if UCB iPS cells could be established from existing UCB
samples, it would represent a wide panel of HLA (Human Leukocyte Antigen)
haplotypes. Thus, selecting donors homozygous for common haplotypes would
provide a perfect match for successful transplantation for a large percentage of
the population.

As we have shown in Supplementary Figure 6 in Eminli et al 2009, human
iPS derived from UCB cells emerged unusually fast and were already transgene-
independent on day 12 compared to 30 days in previously used human cell types
(Huangfu et al., 2008b; Maherali et al., 2008; Takahashi et al., 2007). This is also
consistent with the accelerated reprogramming kinetics that we observed in the



hematopoietic mouse stem and progenitor cells. These data therefore suggest,
that an increased efficiency to reprogramming may be a common attribute of
human and mouse hematopoietic stem and progenitor cells. As demonstrated by
our work of reprogramming NPCs, progenitor cells need less exogenous
manipulation because they share some features with ES cells, such as the
capacity to differentiate into different cell types and certain transcriptional
regulators like Sox2 (Eminli et al., 2008; Galan-Caridad et al., 2007). Therefore,
identifying the molecular differences between immature and mature cell
populations could further teach us about the epigenetic and transcriptional
barriers that seem inherent to the nuclear reprogramming process and could lead
to human iPS cells which require less genetic manipulations.

Indeed, shortly after our initial publication (Eminli et al., 2009) it was
reported that human UCB cells could be reprogrammed into iPS cells by just
introducing Oct4 and Sox2. The authors showed that human hematopoietic stem
and progenitor cells express a set of pluripotency-associated genes, Oct4 and
Nanog, albeit at much lower levels than human ES, and their promoters seem to
have much lower levels of the repressive histone marks H3K27 and H3K9
compared to fibroblasts cells (Giorgetti et al., 2009). Thus, the inherent
epigenetic state of theses important pluripotency genes in stem and progenitor
cells may facilitate the required epigenetic changes to pluripotency.

In addition, both human immature hematopoietic cells and juvenile
keratinocytes, seem to express high levels of c-Myc and Klf4 compared to
mature fibroblasts (Aasen et al., 2008; Feinberg et al., 2007; Giorgetti et al.,
2009). These high endogenous levels of reprogramming factors in immature cell
types may allow them to reprogram faster, more efficiently and with less
exogenous factors compared to human mature fibroblast cells. These recent
observations are consistent with our initial finding that factor requirement is

dependent on the cellular context (Eminli et al., 2009).



High levels of endogenous KiIf4 could favor the reprogramming process in these
cell types. Overexpression of KIf4 in ES cells has been shown to prevent their
differentiation and this may in part be through its role of regulating the
pluripotency factor Nanog (Jiang et al., 2008).

Similarly, the transcription factor c-Myc has been implicated in promoting
the self-renewal of ES cells (Cartwright et al., 2005). Because human and mouse
stem and progenitor cells express high c-Myc levels it could partly explain the
increased reprogramming potential in these cells (Feinberg et al., 2007; Giorgetti
et al., 2009; Kastan et al., 1989a; Kastan et al., 1989b). Specifically, it is known
that loss of c-Myc in HSCs prevents their differentiation into progenitors but their
proliferation capacity is not affected. Therefore, c-Myc seems to control the
balance between stem cell self-renewal and differentiation by regulating the
interaction between HSCs and their niche (Wilson et al., 2008). If forced c-Myc
expression induces HSC differentiation, it may explain why we observed that the
reprogramming efficiency of dormant HSCs was lower than that of certain
progenitor cells, although HSCs are on top of the differentiation hierarchy (see
Figure 4 in Eminli et. al 2009).

In summary, our data provided several new insights into the process of direct
reprogramming. In particular, we showed that cells that already endogenously
express a subset of the four factors can be reprogrammed with fewer factors and
thus with less exogenous manipulation. Furthermore, the reprogramming of
NPCs was the first demonstration that cells from the ectodermal lineage can also
be reprogrammed to iPS cells, indicating that cells from all three germ layers are
equally amenable to reprogramming into iPS cells. Finally, we established the
first direct link between the differentiation state of cells and their reprogramming
potential using cells of the hematopoietic system.



5.4 Perspectives

Global gene expression profiles of NT ES cell lines derived from different donor
cell types are indistinguishable from those of fertilization-derived ES cell lines,
indicating that the reprogrammed NT ES cells might be as useful for therapeutic
applications as fertilization-derived ES cells (Brambrink et al., 2006). It will be
important to determine in the future whether transcription factor induced
reprogramming is as faithful as reprogramming by NT, which could affect their
therapeutic utility.

The use of iPS cells generated with the different techniques discussed so
far still comprises major safety concerns for potential clinical applications such as
custom-tailored cell therapy and might complicate disease modeling. Therefore,
several questions need to be resolved before applying iPS cells in a clinical
setting becomes feasible.

First, iPS cells need to be generated without integrating transgenes,
especially considering the oncogenes c-Myc and Kilf4, since the reactivation of
these genes causes tumors in mice (Markoulaki et al., 2009; Okita et al., 2007).
Therefore, transplanting patient-specific iPS cells after their directed
differentiation into the desired cell type maybe harmful (leading to tumor
formation in the patient), possibly due to remnant undifferentiated cell, the
residual activity or reactivation of the transgenes.

Second, iPS cells made from different cell types may have varying
propensities to differentiate into mature cell types. Consistent with this idea is the
observation that iPS cell lines derived from mouse adult fibroblasts differentiate
less efficiently in vitro and are more prone to develop tumors upon
transplantation compared to immature mouse embryonic fibroblasts (Miura et al.,
2009). However, the underlying molecular mechanism for this observation
remains elusive. Another unresolved question is whether iPS cells derived from

different cell types retain an epigenetic memory of the cell they were derived



from. For example, is there a trend of iPS cells to preferentially differentiate into
cell lineages of their origin? This needs to be addressed before patient-specific
iPS cells can be faithfully used for disease modeling and thus for investigating
the underlying mechanism of disease pathogenesis. Further it is crucial to
investigate if iPS cells derived from different cell types are molecularly and
functional equivalent or not. However, one could also take advantage of any
differentiation bias and produce somatic cells that have thus far been difficult to
obtain from ES cells, such as pancreatic beta cells or skeletal muscle cells.

Third, a quantitative and qualitative readout for the grade of iPS cells
would be crucial. There has been significant progress in identifying cell types that
are efficiently reprogrammed and easy to obtain, but currently the most stringent
test to measure pluripotency in the human system is teratoma formation. This
assay is time-consuming and difficult to interpret, since it could be shown in
mouse that incompletely reprogrammed iPS cells are still able to form teratomas
but cannot generate germline-competent mice (Takahashi and Yamanaka,
2006). Hence, it will be important to identify markers that allow researchers to
prospectively isolate the highest quality iPS cells.

Fourth, another challenge in the iPS cell field is to develop improved
differentiation protocols into all functional cell types in vitro, which are
comparable to and function as well as their counterparts in vivo.

Lastly, it remains to be seen if reprogramming by “lineage conversion”,
also called trans-differentiation, may be another way to produce patient-specific
cells without the need of a pluripotent intermediate or immature cell state. While
this approach is quite appealing for generating certain cell types, which are
difficult to obtain from iPS and ES cells such as pancreatic beta cells, this
approach has its limitation. For example, only closely related cell types within the
same tissues have been amenable to trans-differentiation so far (Cobaleda et al.,
2007a; Cobaleda et al., 2007b; Davis et al., 1987; Laiosa et al., 2006; Xie et al.,
2004; Zhou et al., 2008) (see also introduction part Chapter 5.4). Also, only a



handful of cell type switches have been achieved to date and lastly, it remains

unclear if the switched cells are as functional as their in vivo counterparts.

Despite rapid progress in the field of direct reprogramming over the last three
years and the promise of iPS cells for therapeutic purposes, the molecular and
functional properties of these cells are not yet fully understood. It will thus be
essential to verify to what extent iPS cells are indistinguishable from ES cells.
Until these questions have been resolved, ES cells will remain an important

reference and gold standard for pluripotent cells.



6. Summary

Direct reprogramming of somatic cells into induced pluripotent stem (iPS) cells
has been achieved by overexpression of defined transcription factor
combinations such as c-Myc, Kif4, Oct4 and Sox2. iPS cells are molecularly
highly similar to ES cells and can differentiate into virtually any cell type of the
body including germ cells. This observation makes iPS cells very attractive for

basic research and potential clinical applications.

This PhD thesis consists of two parts; the first part was aimed at studying
the role of the somatic cell-of-origin in factor-mediated reprogramming while the
second part is aimed at determining whether the differentiation stage of the
starting cell affects the efficiency of reprogramming. In the first part, | showed
that a defined ectodermal cell type, specifically Neural Progenitor Cells (NPCs),
can be reprogrammed into iPS cells, thus demonstrating that cells from all three
germ layers are equally amenable to reprogramming into iPS cells by the four
factors. Another main conclusion of this part is the observation that cells, which
already express one of the four reprogramming factors endogenously, can be
reprogrammed with fewer exogenous factors. In particular, NPCs, which express
high levels of Sox2, could be reprogrammed into iPS cells in the absence of
exogenous Sox2.

The second part of this thesis provided the first direct link between the
differentiation stage of cells and their reprogramming potential into iPS cells. By
using nine different immature hematopoietic cell populations and their
differentiated progenies, | showed that immature cells are more amenable to
reprogramming than differentiated cell types. For example, adult hematopoietic
stem and progenitor cells converted 300 times more efficiently and twice as fast
as terminally differentiated cells into iPS cells. Moreover, | was able to translate



these observations into a human setting by generating the first human umbilical
cord blood-derived iPS cells.

In summary, this thesis provides novel biological insights into the role of
the somatic cell-of-origin in direct reprogramming and may ultimately facilitate a

more efficient and safer generation of patient specific iPS cells.



7. Zusammenfassung

Somatische Zellen kénnen durch die Uberexpression von vier verschiedenen
Transkriptionsfaktoren, c-Myc, Klif4, Oct4 and Sox2, in sogenannte induzierte
pluripotente Stammzellen (iPS Zellen) reprogrammiert werden. Es scheint, dass
iPS Zellen und embryonale Stammzellen (ES Zellen) sich in ihren Eigenschaften
sehr ahnlich sind. ES Zellen wie auch iPS Zellen haben das Potential, sich in
jeden Zelltyp des Korpers zu entwickeln. Diese Eigenschaft macht iPS Zellen zu
einem attraktiven Target fur die Grundlagenforschung, offnet aber auch
weitreichende Maglichkeiten far potentielle therapeutische

Anwendungenszwecke.

Diese Doktorarbeit besteht aus zwei Teilen; der erste Teil befasste sich mit der
Rolle des Ausgangzelltyps in Bezug auf Faktoren-vermittelte Reprogrammierung
wahrend der zweite Teil untersucht, ob der Differenzierungsgrad einen Einfluss

auf die Effizienz von somatischer Zellreprogrammierung hat.

Im ersten Teil dieser Doktorarbeit konnte gezeigt werden, dass ein
bestimmter ektodermaler Zelltyp, insbesondere neurale Vorlauferzellen, in iPS
Zellen reprogrammiert werden konnen, und bestatigte damit, dass
Zellabkommlinge von allen drei Keimblattern gleichermallen zuganglich sind, um
mit den selben 4 Faktoren in iPS Zellen reprogrammiert zu werden. Ein weiteres
wichtiges Ergebnis des ersten Projekts ist, dass Zellen, die bereits einen der 4
Reprogrammierungsfaktoren endogen exprimieren, weniger exogene Faktoren
bendtigen, um iPS Zellen zu produzieren. Es konnte gezeigt werden, dass
neurale Vorlauferzellen, die vergleichbare Mengen an Sox2 exprimieren wie ES
Zellen, auch ohne virale Uberexpression von Sox2 in iPS Zellen reprogrammiert
werden konnen.

Im zweiten Teil dieser Doktorarbeit konnte erstmals ein Zusammenhang

zwischen dem Differenzierungsgrad somatischer Zellen und deren



Reprogrammierungspotential in iPS Zellen aufgezeigt werden. Zu diesem Zweck
wurden 9 verschiedene hamatopoetische unreife Zellpopulationen und ihre
differenzierten Abkommlinge isoliert. Weiter konnte gezeigt werden, dass
unreifen Zelltypen ein generell viel hoheres Reprogrammierungspotential
besitzen als differenzierte Zellen. Beispielsweise konnten hamatopoetische
Stamm- und Vorlauferzellen 300-fach effizienter und zweimal schneller in iPS
Zellen umgewandelt werden verglichen mit differenzierten Zelltypen. Daruber
hinaus konnten wir unsere Beobachtungen auch auf humane Zellen Ubertragen,
indem wir zum ersten Mal aufzeigten, dass menschliches Nabelschnurblut in iPS
Zellen umgewandelt werden kann.

Zusammenfassend lieferte diese Doktorarbeit neuartige biologische
Erkenntnisse Uber die Rolle der somatischen Ausgangsszelle im Zusammenhang
mit Faktoren-vermittelter Reprogrammierung und mag damit letztendlich die
effiziente und sicherere Erzeugung von Patienten-spezifischen iPS Zellen

ermoglichen.
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9. Abbreviation list

ALS - amyotrophic lateral sclerosis

bFGF - basic fibroblast growth factor

BMF - bone marrow failure

cDNA - complementary DNA

CLP - common lymphoid progenitor

CMP - common myeloid progenitor

EBs - embryoid bodies

EC cells - embryonic carcinoma cells

EG cells - embryonic germ cells

EpiS cells - epiblast stem cells

ES cells - embryonic stem cells

Esrrb - Estrogen-related receptor beta
FACS - Flourescence activated cell sorting
FD - familial dysautonomia

GMP - granulocyte/macrophage progenitors
HSCs - hematopoietic stem cells

ICM - inner cell mass

iPS cells - induced pluripotent stem cells
KIf4 — kruepple-like-factor 4

LIF — Leukemia Inhibitory Factor

LTR - long terminal repeat

MBD - Methyl-Binding-Domain

MEFs - mouse embryonic fibroblasts

MEP - megakaryocyte/erythrocyte progenitors
neo® - neomycin resistance cassette
NPCs - neuronal progenitor cells

NT - nuclear transfer



NT-ES cells- nuclear transfer derived embryonic stem cells
Oct4 - octamer-binding transcription factor 4

PEG - polyethylene glycol

Pou5f1 - Pou class 5 homebox 1

PRC - polycomb repressive complex

PGCs - primordial germ cells

rtTA - reverse tetracycline-controlled transactivator
shRNA - short hairpin ribonucleic acid

SMA - spinal muscular atrophy

SMPs - Skeletal Muscle Precursors

Sox2 - sex-determing region Y-box2

TetOP - doxycycline-controllable promoter

trxG proteins - trithorax-group proteins

Ubc pm - ubiquitin promoter

UCB - umbilical cord blood
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