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Abstract

The ability to induce pluripotency in somatic cells offers unprecedented opportunities in
basic and applied research. The implementation of induced pluripotent stem cells (iPSCs)
into clinical settings, however, is hampered by genetic modifications associated with retro- or
lentivirus-mediated reprogramming. The quest for efficient alternative reprogramming ap-
proaches has been closely connected with the identification of cell sources, which readily
acquire the pluripotent stem cell (PSC) state. Human amniotic fluid cells (AFCs) represent rou-
tinely available cells with stem cell-like features, which could presumably facilitate efficient re-
programming even by non-integrating techniques. The goal of this project was to generate and
comparatively characterize iPSCs derived from human AFCs by viral and non-viral techniques
with respect to human embryonic stem cells (ESCs), the golden standard of PSCs, and iP-
SCs generated from cells of other tissues of origin. Retrovirus-mediated overexpression of the
reprogramming factors in primary human AFCs resulted in fast and efficient generation of iP-
SCs (AFiPSCs), which resembled human ESCs with regards to morphology, proliferation and
marker expression. Their ability to differentiate into derivatives of the three embryonic germ
layers was demonstrated iz vitro and 17z vivo and upon BMP2 and BMP4-treatment expres-
sion of trophoblast markers, including CDX2, KRT7 and HAND1, was confirmed. Detailed
microarray-based transcriptome analysis of ESCs, AFiPSCs, fibroblast-derived iPSCs (FiPSCs)
and the respective parental cell lines revealed the activation of a transcriptional regulatory
network common to all PSCs but also highlighted, for example, residual gene expression sig-
natures in iPSCs from different tissues of origin. These findings were summarized in a concept
coined the LARGE Principle of Cellular Reprogramming. Genetic manipulation of AFiPSCs
was not accomplished. Attempts to reprogram human AFCs by non-viral, non-integrating
methods included nucleofection of episomal plasmids and lipofection of mRNAs encoding
the reprogramming factors. Despite multiple trials fully reprogrammed iPSCs could not be
established. In depth analysis of the cellular response to the transfected mRNAs uncovered an
extensive induction of interferon-regulated immune-related genes to be the key roadblock in
mRNA-mediated reprogramming. Subsequent efforts to identify chemicals which could sup-
press this innate immune reaction did not yield potent candidates. The data presented herein,
however, provide the basis for further investigations into this effect. In summary, this work
highlights the value of human AFCs for the derivation of iPSCs and emphasizes the obstacles

that need to be overcome before AFiPSCs can potentially be employed into clinical settings.
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Introduction

1.1 Regenerative medicine

“Regenerative medicine,” as originally described by Kaiser (1992) (given in Lysaght and Crager
(2009)), “[...] attempts to change the course of chronic disease and in many instances will re-
generate tired and failing organ systems.” Since then, the term ‘regenerative medicine’ has been
re-defined by Mason and Dunnill to address all essential aspects of the broad, cross-disciplinary
modern field, while keeping it simple and concise: “Regenerative medicine replaces or re-
generates human cells, tissue or organs to restore or establish normal function” (Mason and
Dunnill, 2008). To meet these requirements regenerative medicine combines cell-based re-
generative therapies, including gene-based methods, molecular medicines, new technologies
such as nanomedicines, biomaterials and tissue engineering (Mason and Dunnill, 2008). In a
pioneering practical example of regenerative medicine, symptoms caused by severe bladder
dysfunction were markedly improved by the implantation of tissue-engineered bladder con-
structs which had been generated from autologous, iz vitro expanded urothelial and muscle
cells seeded onto three-dimensional scaffolds (Atala et al., 2006). Due to technical advances,
regenerative therapies based on human cells have a great significance in regenerative medicine
these days (Mason and Dunnill, 2008). However, the access to specialized human cell types
which can be obtained from biopsies, expanded and re-implanted is limited. This therapeutic
strategy is, hence, ineligible for the treatment of a large number of diseases such as, for example,
neuronal diseases. Consequently, the field strives to find sources of stem cells which, due to
their inherent differentiation potential and their ability to self-renew, qualify for broad appli-
cation in regenerative medicine. Accordingly, several kinds of so-called adult stem cells, which
reside in their particular tissue or organ of origin to contribute to homeostasis and repair, are
thought to be applicable in the treatment of various disorders as reviewed by Mimeault et al.
(2007). Their differentiation potential, however, is generally restricted to certain lineages and
numerous groups have reported decreased differentiation potential and limited proliferation
capacities of adult stem cells maintained iz vitro (Digirolamo et al., 1999; Banfi et al., 2000;
Glimm et al., 2000; Baxter et al., 2004; Bonab et al., 2006; Wagner et al., 2008; Schellenberg
et al., 2011). Consequently, “the limitations in availability of most specialist somatic cells and
the restriction in the expansion of adult stem cells” drives a great interest in pluripotent stem
cells (PSCs) (Mason and Dunnill, 2008). The term pluripotent refers to the ability to develop

into derivates of all three primary germ layers and, thus, any cell type of the embryo, fetus

1



Chapter 1. Introduction 2

and adult (Evans, 2011). Such PSCs naturally occur during early embryonic development of
mammals (Pera et al., 2000; Evans, 2011).

1.2 Human pluripotent stem cells

1.2.1 The first week of human embryonic development

To provide the basis for comprehending the origin and nature of human PSCs, the following
paragraph briefly describes the first week of human embryonic development post-fertilization
(Adjaye et al., 2005; Schoenwolf et al., 2008). The fertilized human egg, the totipotent zygote,
eventually develops into all cell types of the human organism, including extraembryonic tis-
sues such as the placenta. It travels from the ampulla of the oviduct to the uterus, where it
implants by the end of the first week post-fertilization. During this pre-implantation devel-
opment, the oocyte undergoes several symmetric and asymmetric mitotic cell divisions, the
so-called cleavage, giving rise to the two-cell stage embryo, the four- and eight-cell stage embryo
prior to formation of the morula, a compact sphere of blastomeres (Figure 1.1). During cleav-
age, these roundish daughter cells polarize and segregate into a thin outer layer of epithelium,
the trophoblast, and the inner cell mass to form the blastocyst, a fluid filled sphere, by day five
post-fertilization. This represents the first specification of cell fate during embryogenesis. The
surrounding trophectoderm cells, which express trophoblast markers such as BMP4, will later
on give rise to the embryonic part of the placenta and other supporting tissues, whereas the
embryo proper will arise from the OCT4, SOX2, NANOG-expressing pluripotent inner cell

mass or embryoblast.

Pronuclear stage 2-cell 4-cell 8-cell Morula Blastocyst

Q@ 0D B0

Hatching
blastocyst

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
24 hours 48 hours 72 hours 96 hours 120 hours | |

3

Figure 1.1: Cleavage and transport down the oviduct. Fertilization occurs in the ampulla of
the oviduct. During the first five days, the zygote undergoes cleavage as it travels down the
oviduct and enters the uterus. On day five, the blastocyst hatches from the zona pellucida and
is then able to implant in the uterine endometrium Taken from Schoenwolf et al. (2008).
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1.2.2 Human embryonic stem cells

Thomson et al. (1998) derived the first pluripotent human embryonic stem cells (ESCs) from
the inner cell mass of surplus blastocyst stage embryos generated by in wvitro fertilization
(IVF). These cells maintain the potential to form derivatives of all three embryonic germ
layers throughout pro-longed undifferentiated proliferation iz vitro, as characterized by stain-
ing for the non-human primate ESCs and human embryonal carcinoma cell surface markers
stage-specific embryonic antigen (SSEA)-3 and SSEA-4, tumor rejection antigen (TRA)-1-60
and TRA-1-81 and alkaline phosphatase (AP) as well as the formation of teratomas upon in-
jection into immune-compromised mice iz vivo (Thomson et al., 1998). Human ESCs grow
as flat, sharp-edged colonies, have a high nucleus to cytoplasmic ratio and express high lev-
els of telomerase activity enabling them to escape senescence and to continuously self-renew
(Thomson et al., 1998). At the molecular level, human ESCs are of epithelial nature. This is
highlighted by the apico-basal polarity, the presence of epithelial cell-cell adhesion complexes
such as cadherin-1(CDH1)-mediated adherens junctions, tight junctions, desmosomes and gap
junctions, correlating with the poor clonal survival of human ESCs (Thomson et al., 1998)
and the lack of, for example, mesenchymal markers such as the intermediate filament vimentin
(Wong et al., 2004; Eastham et al., 2007; Van Hoof et al., 2008).

“The gene-expression program” and, hence, the phenotype of pluripotent human ESCs “is
a product of regulation by specific transcription factors, chromatin-modifying enzymes, regula-
tory RNA molecules (miRNAs), and signal-transduction pathways” as illustrated in Figure 1.2
(Jaenisch and Young, 2008).

Key functions of OCT4, SOX2 and NANOG, the master transcription factors of pluripo-
tent mammalian stem cells (Nichols et al., 1998; Avilion et al., 2003; Chambers et al., 2003;
Hart et al., 2004; Hay et al., 2004; Matin et al., 2004; Babaie et al., 2007; Jung et al., 2010)
in maintaining complex self-renewal- and pluripotency-associated transcriptional regulatory
networks (TRNs) in human ESCs were first identified by Boyer et al. (2005). According to
their findings, these three proteins co-operate to establish auto-regulatory and feed-forward
loops, thereby activating or repressing genes encoding components of distinct signaling path-
ways and developmental processes, chromatin regulators and regulatory miRNAs to shape
ESC identity. Furthermore, various extracellular stimuli contribute to the maintenance of the
undifferentiated human ESC phenotype. As such, basic fibroblast growth factor (bFGF, also
known as FGF2) is a key component of human ESC culture medium designed to maintain
self-renewal and pluripotency of human ESCs in vitro (Thomson et al., 1998; Amit et al.,
2000). Via the activation of the corresponding receptors, FGF2 is believed to be an up-stream
regulator of other key signaling pathways operative in undifferentiated human ESCs (Greber
et al., 2007a). Regarding these, the Smad2/3-mediated branch of the transforming growth fac-
tor B (TGFf)/Activin A /Nodal signaling pathway is of particular importance to note (James
et al., 2005; Vallier et al., 2005; Greber et al., 2007a; Vallier et al., 2009a). Likewise, canoni-
cal WNT signaling has long been believed to promote self-renewal of human ESCs, however,

the actual relevance of this pathway in this respect remains controversial (Sato et al., 2004;
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Figure 1.2: Pluripotency and the transcriptional regulatory circuitry. Cartoon showing hy-
pothetic connections between signal transduction pathways, transcription factors (blue balls),
chromatin regulators (green balls), and their target genes (orange squares) to form an image of
transcriptional regulatory circuitry. Some target genes produce miRNAs, which function at
posttranscriptional levels. Taken from Jaenisch and Young (2008).

Davidson et al., 2012). Figure 1.3 depicts a simplified scheme of selected pathways to illus-
trate how signals are transduced from the cellular membrane to the nucleus and integrated to
sustain undifferentiated proliferation of human ESCs. Essential steps in this network are the
FGF2-mediated up-regulation of signaling molecule-encoding genes including 7GFB1 and IN-
HBA (encoding subunits of ACTIVIN A) which feedback in autocrine and paracrine fashion
upon translation to promote self-renewal and pluripotency (Greber et al., 2007a). Simultane-
ously, differentiation-inducing factors such as BMP4 are either directly or indirectly repressed
by up-regulation of corresponding antagonists such as GREM1 and CER1 (Xu et al., 2005;
Greber et al., 2007a). As a result major self-renewal and pluripotency-associated genes such as
OCT4, SOX2 and NANOG are up-regulated, feeding into the complex human ESC-specific
transcriptional regulatory networks described above. Importantly, mouse embryonic fibrob-
lasts (MEFs) of certain strains, e.g., CF1, NMRI, support the undifferentiated proliferation of
human ESCs due to similar expression patterns and release of homologous signaling molecules
upon FGF2-stimulation. For this reason, MEFs are routinely used in co-culture systems with
human ESCs (Greber et al., 2007a).



Chapter 1. Introduction 5

TGFp/
ACTIVIN A/

1
Self-renewal and pluripotency- ’,
associated TRN P ’,

® Phosphorylation

—> Activation

—
e

Direct or indirect Cytoplasm

transcriptional activation
— Inhibition

Extracellular space

Figure 1.3: Core signaling pathways that maintain self-renewal and pluripotency in undif-
ferentiated human ESCs. Binding of FGF2 to its receptor is regulated by heparan sulfate
proteoglycans. Once initiated FGF2 signaling follows different routes within the cell—only
PI3K/AKT and MAPKK1/2/MAPK1/2 branches, known for their key contribution towards
self-renewal and pluripotency via regulated transcription of distinct target genes, are depicted.
Likewise, active TGFB /ACTIVIN A/NODAL signaling plays an essential role in undifferen-
tiated human ESCs via SMAD2/3-mediated expression/repression of target genes. Both FGF2
and TGF3/ACTIVIN A/NODAL signaling interact, e.g. by up-regulation of components of
the respective other pathway, and synergistically suppress BMP-induced differentiation, e.g. via
down-regulation of BMPs and up-regulation of BMP antagonists such as GREMI and CER1.
As a result, regulated transcripts are indirectly or directly conducive to the establishment and
maintenance of the OCT4, SOX2, NANOG-driven self-renewal and pluripotency-associated
TRN in human ESCs. Various other pathways, branches of pathways and mediators have been
excluded for the sake of clarity.

AKT, AKT kinase; ALK4/5/7 and ALK3/6, anaplastic lymphoma kinase 4/5/7 and anaplastic
lymphoma kinase 3/6; BMP, bone morphogenetic protein; CER1, cerberus protein; GREM1,
gremlin 1 protein; FGF2, fibroblast growth factor 2; FGFR, fibroblast growth factor recep-
tor; FRS2, FGF receptor substrate 2; GRB2, growth factor receptor-bound protein 2 GABI,
GRB2-associated binding protein 1; HSPG, heparan sulfate proteoglycans; IkB, inhibitor of
kB; IkK, IkB kinase; MAPK1/2, mitogen-activated protein kinase 1/2; MAPKK1/2, mitogen-
activated protein kinase kinase 1/2; mTOR, mammalian target of rapamycin; NF«B, nuclear
factor k-light-chain-enhancer of activated B cells; PDK1, 3’-phosphoinositide-dependent pro-
tein kinase 1; PI3K, phosphoinositide 3-kinase; PIP,, phosphatidylinositol (3,4)-bisphosphate;
PIP;, phosphatidylinositol (3,4,5)-trisphosphate; RAS, rat sarcoma viral oncogene homolog;
RAF, rat fibrosarcoma proto-oncogene serine/threonine-protein kinase; SARA, SMAD an-
chor for receptor activation protein; SHC, SH2 domain containing transforming protein 1;
SOS, son of sevenless; TGFf, transforming growth factor ; TRN, transcriptional regula-
tory network; TypellIR, type II receptor. Adapted from http://www.cellsignal.com/reference/
pathway/pdfs/esc_pluripotency.pdf, Nugent and Iozzo (2000); Vallier et al. (2005); Armstrong
et al. (2006); Okita and Yamanaka (2006); Xu et al. (2008); Greber et al. (2007a); Zhou et al.
(2009).


http://www.cellsignal.com/reference/pathway/pdfs/esc_pluripotency.pdf
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1.2.2.1 Applications of human ESCs in basic research and regenera-
tive medicine

The establishment of iz vitro cultures of human ESCs was a major breakthrough in regener-
ative medicine. Thomson and colleagues emphasized the value of human ESCs for studies of
early developmental processes, especially post-implantation processes, and the importance of
unveiling mechanisms underlying their differentiation to distinct cells types. Healthy, diseased
and genetically modified human ESCs provide basic knowledge required for practical applica-
tions of these cells as well as the opportunity to model diseases in a dish (Thomson et al., 1998;
Tropel et al., 2010). To this end, several disease-specific human ESC lines have been established
so far (Table 1.1) Maury et al., 2011).



Table 1.1: Disease modeling using human ESCs. Modified from Maury et al. (2011).

Disease (responsible gene)

Molecular defect

Reference

Huntington (Huntingtin)
Cystic Fibrosis (CFTR)

X-linked myotubular myopathy (M7TM1)
Turner syndrome (Monosomy X)

Fabry syndrome (GLA)

Multiple endocrine neoplasia Type 2 (RET)
Marfan syndrome (FBN1)

Charcot-Marie Tooth Type 1A (PMP22)
Facioscapulohumeral muscular dystrophy
Spino-cerebellar Ataxia type 2 (ATXN2)
Spino-cerebellar Ataxia type 7 (ATXN2)
Fragile-X Syndrome (FRM1)

Myotonic dystrophy type 1 (DMPK)

Lesch-Nyhan Syndrome (HRPTT), introduction

of the mutation by homologous recombination

Not determined
Not determined

Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined

Extension of FRM1 expression during early

differentiation

Detection of the ribonuclear inclusions, NMDAR 1
alternate splicing defect, defect in neuritogenesis and

synaptogenesis in human ESCs-derived motoneurons

Absence of HRPT1 activity, increased production of

uric acid

Mateizel et al. (2010); Tropel et al.
(2010)

Mateizel et al. (2006, 2010); Tropel
et al. (2010)

Tropel et al. (2010)

Urbach and Benvenisty (2009)
Tropel et al. (2010)

Tropel et al. (2010)

Mateizel et al. (2010)
Mateizel et al. (2010)
Mateizel et al. (2010)

Tropel et al. (2010)

Mateizel et al. (2010)

Eiges et al. (2007); Mateizel et al.
(2010)

Mateizel et al. (2006,2010);
Marteyn et al. (2011)

Urbach et al. (2004)

ATXN2, ataxin 2; CFIR, cystic fibrosis transmembrane conductance regulator; DMPK, dystrophia myotonica-protein kinase; FBN1, fibrillin 1; FRM1, fragile X mental retardation
1; GLA, galactosidase «; HRPTI, hypoxanthine phosphoribosyltransferase 1; MTM1, myotubularin 1; NMDAR1, N-methyl D-aspartate receptorl; PMP22, peripheral myelin

protein 22; RET, ret proto-oncogene.
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Combining the theoretically indefinite proliferation capacities of human ESCs with their
pluripotent differentiation potential, it can be anticipated that human ESCs represent an un-
limited supply of any desired specialized human cell types which are otherwise ditficult to
obtain. This offers new perspectives with respect to drug discovery, pre-clinical drug testing,
toxicity tests as well as repair and replacement of impaired tissues (Thomson et al., 1998; Davila
et al., 2004; McNeish, 2004; Jensen et al., 2009).

Concerning the latter aspect, the first clinical trials involving human ESC-derived, spe-
cialized cell types have started. In 2009, approximately ten years after the first human ESC
derivation, Geron, a US-based biopharmaceutical company, was first to be granted approval
by the Food and Drug Administration (FDA) to initiate clinical studies to evaluate human
ESC-based therapies. Geron intended to test oligodendrocyte progenitor cells generated from
human ESCs, which were shown to have “remyelinating and nerve growth-stimulating proper-
ties”, for the treatment of severe spinal injuries in ten patients (Alper, 2009). Following a series
of intermissions by the regulatory authorities (Strauss, 2010), Geron started the treatment of
four patients with their stem cell-based product in 2010 but ended the trial precociously due
to financial concerns in November 2011 (Frantz, 2012). There has yet been no publication
of the clinical results. The second on-going FDA-approved clinical trial of this kind is con-
ducted by Advanced Cell Technology and is meant to examine the safety and effectiveness of
human ESC-derived retinal pigmented cells, transplanted into the sub-retinal space, in rescu-
ing photoreceptor loss and improving vision in patients suffering from macular degeneration,
a leading cause of blindness. Preliminary results of this study in two patients highlighted
the absence of abnormal growth and immune rejection of the grafted cells in the eye, which
is an immune-privileged organ, while visual acuity was slightly improved (Schwartz et al.,
2012b). Furthermore, ViaCyte (formerly Novocell) plans to test human ESCs-derived pan-
creatic progenitor cells for treating type 1 diabetes (Wu and Hochedlinger, 2011). Likewise,
Life Technologies pursue trials to improve symptoms of amyotrophic lateral sclerosis with
astrocyte precursor cells generated from human ESCs (Fox, 2011).

Despite these promises human ESCs have inherent problems. The two most critical issues
when considering the use of human ESCs for any of the above mentioned applications are (i)
the ethical dispute that is associated with the destruction of human pre-implantation embryos
for the purpose of generating human ESCs and (ii) the immune rejection that can be caused if
non-autologous human ESCs are transplanted. There is no apparent way to completely solve
the first issue despite juridically prohibiting human ESC-based research, thereby, abandoning
its tremendous biological value. The latter problem, however, could be resolved by banking
human ESCs in order to provide matching major histocompatibility complex backgrounds
or by genetic modification of human ESCs with the aim of suppressing immune rejection
(Jensen et al., 2009). Yet, human ESC generation and banking, which appear to be technically
less challenging than genetic modification of human ESCs (Strulovici et al., 2007; Maury et al.,

2011), enforce the ethical concerns and are, hence, self-contradictory.
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1.2.3 Human induced pluripotent stem cells

The search for approaches capable of circumventing the two major concerns associated with
human ESCs entailed attempts to de-differentiate somatic cells including somatic cell nuclear
transfer (SCNT) and cell fusion experiments. The term SCNT refers to the transplantation
of a differentiated somatic cell nucleus into an enucleated, unfertilized egg to produce an off-
spring that is genetically identical to the donor of the somatic cell—Dolly the sheep was cloned
using this technique (Wilmut et al., 1997). Instead of using an oocyte, Cowan and colleagues
fused terminally differentiated human fibroblast cells with human ESCs, generating tetraploid
hybrids with human ESC characteristics, to show that human ESCs have the potential to re-set
a somatic cell nucleus to an embryonic-like state (Cowan et al., 2005). These experiments were
of great value for developmental biology as they demonstrated that differentiation processes
are reversible and that certain oocyte- and ESC-specific factors can convey their differentia-
tion potential to terminally differentiated cells. With this in mind, Takahashi and Yamanaka
screened a library of 24 putatively essential pluripotency-associated genes for their potential
to induce pluripotency in somatic cells, leading to the next groundbreaking achievement in
stem cell biology: They found that ectopic expression of a combination of four transcription
factor genes, namely Pou5f1 (encoding the Oct4 protein), Sox2, KIf4 and c-Myc, was sufficient
to reprogram mouse somatic cells back to an ESC-like developmental stage (Takahashi and
Yamanaka, 2006). Without comprising oocytes or human ESCs they managed to turn the de-
velopmental clock of terminally differentiated cells back. One year later, the same research
group could generate such so-called induced pluripotent stem cells (iIPSCs) by retroviral over-
expression of the same set of genes in human somatic cells, including neonatal fibroblasts and
cells obtained from skin and synovial tissue biopsies (Takahashi et al., 2007). In parallel, the
group of Thomson reported that human fibroblast cells can also acquire an ESC-like state by
transduction of constitutive lentiviruses encoding a slightly different set of reprogramming
factor genes—POUSF1 (OCT4), SOX2, NANOG and LIN28 (Yu et al., 2007). Hence, in both
protocols OCT4 and SOX2 are obligatory factors to induce pluripotency in somatic cells.

1.2.3.1 Molecular events underlying direct reprogramming

Despite a basic understanding of the OCT4, SOX2, NANOG-regulated TRN that underlies
the undifferentiated human PSC identity (Boyer et al., 2005; Babaie et al., 2007; Jung et al.,
2010), we have a confined knowledge of mechanisms and distinct pathways involved in the
de-differentiation of somatic cells into PSCs. The following paragraphs and Figure 1.4 briefly
summarize what has been known to date.

The most obvious feature of the cellular reprogramming process is the major change of
the transcriptional profile which needs to take place to facilitate the switch of cellular pheno-
types. Thus, epigenetic remodeling through distinct alteration of histone modifications and
CpG methylation patterns is required (Takahashi et al., 2007) in order to repress character-
istic somatic cell-specific genes and to enable transcription of pluripotency-associated genes.

Recently, several genome-wide studies have been conducted to profile the epigenetic landscape
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of parental cells, iPSCs and ESCs and to analyze the kinetics of distinct chromatin remodeling
steps employing both murine and human iPSCs (Kim et al., 2010, 2011; Mattout et al., 2011).

To obtain a better understanding of other molecular events underlying of the reprogram-
ming process we analyzed early events induced in human fibroblasts by retroviral transduction
of the reprogramming factors OCT4, SOX2, KLF4 and ¢-MYC. This revealed that in response
to viral infection levels of reactive oxygen species (ROS) increased significantly, leading to
DNA damage and ultimately to the activation of p53 (Mah et al., 2011). As this tumor suppres-
sor protein is responsible for arresting the cell cycle and inducing apoptosis and senescence,
p53 activation resulted in an over-representation of transcripts involved in apoptosis, cell cycle
regulation and aging (Mah et al., 2011). Hence, overcoming the p53-mediated cell cycle arrest
is a crucial step in acquiring the pluripotent state.

Another critical step in the process of cellular reprogramming is the suppression of the
epithelial-to-mesenchymal transition (EMT) and promotion of the reverse process, the mes-
enchymal-to-epithelial transition (MET), as shown for mouse cells of mesenchyme origin (Li
et al., 2010; Samavarchi-Tehrani et al., 2010; Liao et al., 2011). Accordingly, we identified the
initiation of MET as an early reprogramming event in human fibroblasts (Mah et al., 2011),
which eventually resulted in the establishment of the epithelial ESC-like phenotype as char-
acterized by multiple cell-cell adhesion complexes (Wong et al., 2004; Eastham et al., 2007;
Van Hoof et al., 2008).

Recent findings from our group (Prigione et al., 2010, 2011b) and from others (Armstrong
et al., 2010; Suhr et al., 2010; Zhu et al., 2010; Folmes et al., 2011; Kelly et al., 2011; Varum
et al., 2011; Zhang et al., 2011a) further suggest that the derivation of iPSCs is associated with
a re-configuration of mitochondria and bioenergetic metabolism. Developing cancer cells are
known to undergo reprogramming of the energy metabolism (Hsu and Sabatini, 2008). As
they proliferate, their metabolism switches from mitochondrial oxidative phosphorylation to
cytoplasmic glycolysis even in the presence of oxygen, a phenomenon known as the Warburg
effect (Warburg, 1956). This is believed to be caused by the change of energy requirements and
anabolic demands of tumor cells as cancer cells need to produce macromolecules to proliferate
while evading the generation of high levels of ROS, a common by-product of mitochondrial
respiration (Vander Heiden et al., 2009). Thus, cancer cells opt for re-routing the energy flux
outside the mitochondria (Drews et al., b). These findings may be transferable to somatic cells
undergoing cellular reprogramming. Accordingly, the quantity of mitochondria within iPSCs
is reduced and they are transformed into an immature state with less well defined cristae (Arm-
strong et al., 2010; Prigione et al., 2010; Suhr et al., 2010; Kelly et al., 2011). Simultaneously,
oxidative phosphorylation is decreased in iPSCs, which translates into increased glycolysis (Pri-
gione et al., 2010; Folmes et al., 2011; Prigione et al., 2011b;<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>