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INTRODUCTION

1. INTRODUCTION

The energy homeostasis of the human body can be disrupted by impaired functionality of beta
cells, which secrete insulin to regulate glucose levels in blood and the interstitial fluid. Beta cells reside
in the pancreas, but loss of beta cells or functional defects result in impaired glucose homeostasis,
which is well known as diabetes mellitus and affects many organs. There are different types of
diabetes mellitus. Type 1 diabetes mellitus (T1DM) is caused by a destructive autoimmune process
and one of most common diseases in childhood (Wild et al., 2004). Type 2 diabetes mellitus (T2DM)
results from deficient beta cell function and subsequent loss of beta cells. T2DM has reached
epidemic proportions. Worldwide, about 285 million people were estimated to suffer from diabetes in
2010 (Unwin et al., 2010) and more than 90% are patients with T2DM (Stumvoll et al., 2005). The
prevalence of all types of diabetes is increasing worldwide and the total number of diabetes patients is
proposed to reach up to 438 million in 2030 (Unwin et al., 2010).

Insulin is used to treat diabetes mellitus, but insulin therapy does not prevent long-term
complications, notably cardiovascular disease and damage to the microvasculature and nerves,
associated with elevated blood glucose levels (Tripathi and Srivastava, 2006; Coccheri, 2007). In
1923, the Nobel Committee awarded Sir Frederick Banting and John Macleod the Nobel Prize in
Physiology or Medicine “for the discovery of insulin”. Sir Frederick Banting emphasized in his Nobel
lecture in 1925 that ,insulin is not a cure for diabetes; it is a treatment”, which remains true to this date
(Roth et al., 2012). Treatment strategies need optimizing to prevent long-term complications. Cell
replacement therapies are proposed to be a cure for patients, but there is no renewable source of
glucose-responsive, insulin-secreting cells available for clinical application.

In 2012, the Nobel Committee awarded Shinya Yamanaka and Sir John Gurdon the Nobel Prize in
Physiology or Medicine “for the discovery that mature cells can be reprogrammed to become
pluripotent”. Shinya Yamanaka generated induced pluripotent stem (iPS) cells from somatic cells. This
technique also allows generating disease-specific iPS cells, which offer the promising opportunity to
study disease-specific development of beta cells in vitro. Such disease-specific models could be
useful for drug testing (Gunaseeli et al., 2010). Moreover, iPS cells provide the possibility to derive
patient-specific autologous beta cells for the cure of diabetes. Just like embryonic stem (ES) cells, iPS
cells can be used for the differentiation into beta-like cells (D'Amour et al., 2006; Kroon et al., 2008;
Zhang et al., 2009; Borowiak, 2010). However, cell cultures are exposed to a set of factors or
conditions culminating in development of the desired cell type as a minor subset in a mixed population
of cells (McKnight et al., 2010). Attempts failed to generate clinical relevant levels of insulin-producing
cells (Matveyenko et al., 2010; Mfopou et al., 2010a).

The following introducing chapters will summarize the current knowledge on pluripotent stem cells
and the iPS technology to explain the need for the establishment of non-viral reprogramming
strategies. Further, the current state of knowledge on pancreatic differentiation will be reviewed to

support the need for the establishment of organotypic 3D pancreatic differentiation models.
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1.1. Pluripotent Stem Cells
Human development starts with the totipotent zygote, which forms the organism through
hierarchical specification and determination of cell identities and their functional differentiation (Wobus
and Boheler, 2005). The differentiation potential subsequently decreases during differentiation
(FIG. 1). Blastomers at the morula stage lose the ability to form the organism. At the blastocyst stage,
pluripotent cells from the inner cell mass (ICM) are capable to differentiate into about 200 cell types of
the human body (Boyer et al., 2005). In parallel, oligopotent hypoblast cells become restricted to
produce extraembryonic tissues. After implantation into the uterine wall, pluripotent cells form
multipotent progenitors of the embryonic germ layers ectoderm, mesoderm and endoderm. A small
population of pluripotent cells is restricted to become unipotent precursors of the gametes. During
embryonic development, multipotent stem cells differentiate into several progenitors, which finally give
rise to differentiated cells of specialized tissues (Wobus and Boheler, 2005).

ES cells from mouse blastocysts were first established in 1981 (Evans and Kaufman, 1981). These
cells are capable to replicate indefinitely and to differentiate into any cell type of the mouse body
(Wobus and Boheler, 2005). Accordingly, ES cells are suitable to mimic in vivo development by in vitro
differentiation (FIG. 1).

Currently, several mouse ES cell lines are available. CGR8 mouse ES cells, obtained from day 3.5
male pre-implantation mouse embryos (Mountford et al., 1994), are applied for the generation of many
cell types such as beta-like cells or cardiomyocytes (Lima et al., 2012; Ou et al., 2013). Genetic
modification of mouse ES cells broadens the field of differentiation models. For instance, CGR8-S17
cells were applied to analyze Sox17 expression during in vitro differentiation into endoderm

progenitors (Schroeder et al., 2012). Just like wild type CGR8 cells, CGR8-S17 grow as small and
tightly packed colonies on gelatin-coated dishes (FIG. 2 A).

Human ES cells were first isolated in 1998 at the University of Wisconsin-Madison, United States of
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FIGURE 1: Potency of stem cells and progenitors during embryogenesis and reprogramming. The

potential of stem cells and progenitors in vivo is illustrated. Differentiation of human ES cells and the induction of
pluripotency in somatic cells is described in vitro (Wobus and Boheler, 2005; modified).
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America (USA) (Thomson et al., 1998). Thomson and co-workers established 5 cell lines (including
H9) from 5d pre-implantation embryos that have been donated by patients undergoing in vitro

fertilization. Human ES cells were characterized by a variety of differentiation models and teratoma

assays (Gropp et al., 2012). Pluripotency of human ES cells is comparable to mouse ES cells, which
could also be analyzed using chimerism and germ line transmission (Nagy et al., 1993). Like mouse.
ES cells, human ES cells are a well-established source of stem cells, which are applied in several
in vitro differentiation models (FIG. 1). These differentiation models allow the analysis of organotypic
and defective development of cells, tissues and organs (Schroeder et al., 2012). Importantly, beta-like
cells can be obtained from in vitro differentiation of human ES cells (D'Amour et al., 2006; Kroon et al.,
2008; Zhang et al., 2009; Borowiak, 2010).

Gene expression profile and the growth conditions of human ES cells differ from that of mouse ES
cells (Mountford et al., 1994; Thomson et al., 1998; Hoffman and Carpenter, 2005). The differences
are less likely to be species differences rather than a difference in the developmental stage. The same
signaling pathways regulate early cell fate decisions in human and mouse ES cells (Vallier et al.,
2009b). Importantly, H9 human ES cells do require fresh feeder cells weekly, because they are not
able to grow on gelatin (FIG. 2 B). Feeder cells for human ES and iPS cell culture are predominantly
primary mouse embryonic fibroblasts (MEFs) obtained from E13.5 CF1 mouse embryos (FIG. 2 C).

The discovery of human ES cells enables the generation of adequate cell material for cell
replacement therapies (Thomson et al., 1998). In 2010, the Food and Drug Administration (FDA) of
USA approved 2 clinical trials, which were applied human ES cell derivatives for replacement
therapies. Oligodendrocyte progenitors were used to treat spinal cord injury (ClinicalTrials.gov
identifier: NCT01217008) and retinal pigment epithelial cells were applied to treat dry age-related
macular degeneration (ClinicalTrials.gov identifier: NCT01344993) (Schwartz et al.,, 2012; Grabel,
2012; Grabel, 2012). The trial analyzing spinal cord injury was discontinued in 2011. No official results
have been published, but another company acquired the assets of the clinical trial in 2013. The trial
analyzing macular degeneration expects to enroll 16 subjects by July 2014.

The generation of ES cells requires the destruction of fertilized eggs and therefore is ethically
disputed (Lo and Parham, 2009). In Germany, the Embryo Protection Act (ESchG) and the Stem Cell
Act (StZG) prohibit the generation of human ES cells (Kress, 2008). There is the possibility to import

CGR8-517 CF1 MEFs B5 EGFP MEFs

]

iMR90 iPS BJ-5ta L87

A - PR e N LA

FIGURE 2: Cells for the analysis of induction and maintenance of pluripotency. Morphology of (A) murine
CGR8-S17 ES cells, (B) human H9 ES cells on CF1 MEFs, (C) CF1 MEFs, (D) IMR90 iPS on B5 EGFP MEFs,
(E) IMR9O0 iPS cells on MatrigeITM, (F) BJ-5ta fibroblasts, and (G) L87 MSCs. Bars represent 100 pm.
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particular ES cell lines such as H9, which were generated prior to a cutoff date (May 1st, 2007).

In 2006, the group of Shinya Yamanaka generated a completely new source of pluripotent stem
cells, the so-called induced pluripotent stem cells (iPS cells). In contrast to human ES cells, human
iPS cells do not require the destruction of human blastocycsts. The forced expression of POU class 5
homeobox 1 (POUSF1; also known as Oct4), SRY-related HMG-box (Sox) family transcription factor 2
(Sox2), kruppel-like factor 4 (KIf4), and v-myc myelocytomatosis viral oncogene homolog (c-Myc)
(OSKM, Yamanaka factors) is sufficient to reprogram mouse fibroblasts into ES cell-like cells
(Takahashi and Yamanaka, 2006). Human iPS cells were first generated in 2007 by the same group
using an identical set of transcription factors (Takahashi et al., 2007). In parallel, the group of James
Thomson successfully applied, Oct4, Sox2, nanog homeobox (Nanog) and cell lineage abnormal
protein 28 homolog to Caenorhabditis elegans A (Lin28) (ONSL, Thomson factors) for the production
of human iPS cells (Yu et al., 2007). Human iPS cells and human ES cells share almost all
characteristics of pluripotent cells (FIG. 1). However, gene expression profiles of different iPS cell lines
are very similar but not identical to human ES cell lines (Polouliakh, 2013). Differently expressed
genes are retained from the somatic donor cell or induced during reprogramming (Muller, 2010).
Importantly, iPS cells also require human ES cell-specific culture conditions including co-culture with
MEFs (FIG. 2 D) or culture on Matrigel™ (FIG. 2 E). Many laboratories have successfully generated
iPS cells from different cell types using different innovative methods (Mostoslavsky, 2012; Robinton
and Daley, 2012). In the present study and in many other laboratories, fully differentiated fibroblasts
(FIG. 2 F) and adult stem cells (FIG. 2 G) are used as donors for reprogramming. The choice of
different cell types combined with the diversity of reprogramming procedures leads to different

reprogramming efficiencies and varying iPS cell qualities.

1.1.1.Signaling Pathways Controlling Pluripotency

Several signaling pathways regulate induction, maintenance, and loss of pluripotency in human ES
cells. Therefore, these signaling pathways are crucial for the generation of iPS cells as well.
Pluripotency-associated genes, including OSKM, Nanog, and Lin28, regulate and are regulated by a
few major signaling pathways namely FGF2/RTK, LIF/JAK-STAT, WNT/beta-catenin,
TGFpB/activin A/nodal, BMP, and p53 (Walia et al., 2012; Pera and Tam, 2010). Further, there are
several minor pathways, which regulate pluripotency including the Rho-associated protein kinase
(ROCK) and Voltage gated Ca2+ channels. Likewise, pluripotency is regulated by epigenetics. On the
one hand, OSKM, Nanog, and Lin28 are regulated by deoxyribonucleic acid (DNA) methylation and
epigenetic modification of histones, on the other hand, pluripotency-associated genes themselves

regulate the epigenetic status of the chromatin.

1.1.1.1.Major Signaling Pathways

Human ES cells need FGF2/RTK, which is one major signaling pathway for the preservation of
pluripotency (FIG. 3). Interestingly, human ES cells produce fibroblast growth factor 2 (FGF2) and
express the receptor for FGF2 as well. The FGF receptor is a receptor tyrosine kinase (RTK). FGF2
stimulates a signaling cascade through the MAPK/ERK kinase (MEK) and extracellular
signal-regulated kinases (ERKs). FGF2/RTK signaling mediated by ERK1 and ERK2 (alias MAPK3
and MAPK1) induce the gene expression of pluripotency markers (Dvorak et al., 2005; Li et al.,

2007a). However, MEK signaling is the most frequently disrupted pathway in human cancers




INTRODUCTION

(Tommasi et al., 2012). MEK-mediated RTK signaling acts in a cooperative manner with
FGF2-induced PI3K-AKT signaling (FIG. 3) supporting maintenance of pluripotency (Li et al., 2007b).
Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) activates v-akt murine thymoma viral oncogene
(AKT) and mitogen-activated protein kinase (MAPK). Importantly, RTK signaling mediated by
insulin-like growth factors (IGFs) and platelet-derived growth factors (PDGFs) instead of FGF2 is also
suitable for the maintenance of human ES cells. Detailed analysis of RTK signaling target genes is still
required, because the FGF2/RTK signaling pathway is crucial for self-renewal (Pera and Tam, 2010).

Mouse ES cells do not require FGF2/RTK signaling for the maintenance of pluripotency, they
require LIF/JJAK-STAT signaling instead. Leukemia inhibitory factor (LIF) induces JAK-STAT signaling
to stimulate subsequent activation of KIf4, Sox2, and octamer binding transcription factor 4 (Oct4)
(Niwa et al., 2009). The JAK-STAT signaling pathway consists of cytokine receptors, Janus kinases
(JAKs), and dimers of signal transducer and activator of transcription (STAT), which activate
transcription of their target genes. In parallel, LIF activates PI3K-AKT signaling to induce Nanog
expression (Niwa et al., 2009). In contrast to the human system, the FGF2/RTK signaling pathway
induces differentiation of mouse ES cells (Burdon et al., 1999). MEK inhibition by PD0325901 (PD)
(FIG. 3), accompanied by inhibition of glycogen synthase kinase 3 (GSK3), allows maintenance of
mouse ES cells without LIF (Ying et al., 2008).

The WNT/beta-catenin signaling pathway is required for embryonic development and stem cell

TGFp signaling BMP signaling
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FIGURE 3: Signaling pathways for induction and maintenance of pluripotency. Signaling pathways and their
impact on pluripotency genes in human pluripotent stem cells is denoted. Interaction of small molecules is
indicated. The epigenetic modulators RG108 (RG), valproic acid (VPA), sodium butyrate (SBT), and BIX01294
(BIX) are indicated in yellow. Signal transduction inhibitors pifithrin alpha (PFT), BayK8644 (BayK), and BIO are
shown green. Kinase inhibitors thiazovivin (THIA), SB431542 (SB), and PD032901 (PD) are indicated in orange.
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maintenance as well. Wingless-type integration site family member 3a (Wnt3a) binds to the Frizzled
receptor activating wingless-related integration site (WNT) signaling to down-regulate GSK3 (FIG. 3).
GSK3 downregulation is needed to shuttle cytoplasmic beta catenin into the nucleus (Li et al., 2009).
Beta catenin activates the expression of genes predominantly involved in differentiation. However,
additional mechanisms are involved in the induction and maintenance of pluripotency. WNT signaling
inhibits transcription factor 3 (Tcf3) in mouse ES cells, which responsible for Oct4 inhibition (Yi et al.,
2011). Inhibiting differentiation, Oct4 hinders WNT signaling by binding to beta-catenin, which
facilitates degradation of beta-catenin leading to the maintenance of mouse ES cells (Abu-Remaileh et
al.,, 2010). The treatment with Wnt3a supports colony formation and survival of mouse iPS cells
(Marson et al., 2008a). The repression of GSK3 by 6-bromo-indirubin-3'-oxime (BIO) mimics activation
of the WNT signaling pathway (FIG. 3) promoting the generation of mouse and human iPS cells (Sato
et al., 2004). Furthermore, inhibition of GSK3 can replace Sox2 during viral reprogramming of mouse
fibroblasts using Oct4 and Kif4 (Li et al., 2009), but the mechanism is not clearly understood.

The balance between TGFf/activin A/nodal and BMP signaling pathways has a major impact on
early cell fate decisions during differentiation of human ES cells (Vallier et al., 2009b). Bone
morphogenetic proteins (BMPs) and other members of the transforming growth factor B (TGF)
superfamily such as activin A and nodal activate different sets of SMAD transcription factors, which in
turn control the expression of other genes (FIG. 3). Activin A and nodal are also involved in
maintenance of human ES cells (James et al., 2005). Both share ALK4, which is a type | TGFp
receptor alias activin receptor-like kinase (ALK). Importantly, both growth factors are needed for
Nanog gene expression in human ES cells (Vallier et al., 2009a). Activin A also supports feeder-free
culture of human ES cells (Beattie et al., 2005). The ligand TGF[ binds to the type | TGFB receptor
ALKS5. Interestingly, inhibition of ALK5 by SB431542 (SB) (FIG. 3) induces a rapid loss of Nanog
expression and loss pluripotency (Chambers et al.,, 2009). SB blocks phosphorylation of ALK5
whereas ALK4 and ALKY are inhibited less efficiently (Inman et al., 2002).

BMPs are also part of the TGF superfamily, but BMPs bind to the type | receptors ALK1, ALK2,
and ALK3 (FIG. 3) for maintenance of mouse, but not human ES cells (Ying et al., 2003; Xu et al.,
2002). In human ES cells, Nanog blocks SMAD family member 1 (Smad1) activity to prevent signaling
of BMPs towards trophoblast differentiation (Suzuki et al., 2006). SMAD are signaling-transducing
proteins homologous to the Caenorhabditis protein SMA and the Drosophila protein MAD.
Interestingly, another ligand of the TGFB superfamily growth differentiation factor 3 (Gdf3) inhibits
BMP signaling in both murine and human ES cells (Levine and Brivanlou, 2006).

The signaling pathway of the tumor protein p53 (p53) restricts efficiency of reprogramming by the
induction of cell cycle arrest or cell death in order to avoid formation of cancer cells (Oren, 2003).
Accordingly, p53 is a tumor suppressor gene and a negative regulator of reprogramming (FIG. 3).
During iPS cell generation, the forced expression of the oncogene c-Myc activates p53 signaling. The
p53 dependent inhibition of iPS cell generation is mediated by tumor protein p21 (p21; alias Cdkn1a)
leading to sustained cell cycle arrest in G1 phase (Hong et al., 2009) and the activation of Bcl2-binding
component 3 (Bbc3; also known as Puma) inducing apoptosis (Li et al., 2013). Pifithrin alpha (FIG. 3)
is a potent and well-established p53 inhibitor (Kawamura et al., 2009). However, repression of p53
signaling inhibits self-renewal of human ES cells (Abdelalim and Tooyama, 2012) demonstrating that

p53 repression is crucial for reprogramming rather than for maintenance of pluripotency.
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1.1.1.1. Minor Signaling Pathways

Even though minor signaling pathways do not appear to have a great impact on pluripotency, their
modulation nonetheless results in the efficient generation of high quality iPS cells.

The ROCK signaling pathway regulates compounds of the cytoskeleton. During apoptosis, ROCK
mediates cell contraction, membrane degradation, and nuclear disintegration (Coleman and Olson,
2002). In enzymatically passaged human ES and iPS cells, ROCK is responsible for cell cycle arrest
and apoptosis (FIG. 3). Inhibition of ROCK by thiazovivin (THIA) promotes cell survival (Lin et al.,
2009). ROCK inhibition by other molecules such as Y-27632 or HA-1077 generates similar effects.
THIA directly targets ROCK and preserves human ES cells by regulating E-cadherin (Xu et al., 2010).
However, ROCK inhibition leads to adverse effects on morphology and pluripotency genes in human
ES cells, but these effects are in part reversible when cells are passaged mechanically again (Holm et
al., 2013). Importantly, treatment with MEK inhibitor PD or ALKS inhibitor SB alone affects pluripotency
of human ES cells, but combined treatment with THIA drastically increased generation of iPS cells (Lin
et al., 2009; Gross et al.,, 2013). Therefore, ROCK inhibition is important for reprogramming, but
optimal treatment duration with ROCK inhibitors remains to be clarified.

Another minor signaling pathway includes voltage gated ion channels (FIG. 3). L-type Ca2+-
channels can be activated by BayK8644 (BayK) leading to PI3K signaling and activation of cytosolic
calcium (Chien et al., 1996). PI3K signaling is also stimulated by FGF2 in human ES cells (Li et al.,
2007a) suggesting common downstream target genes. Interestingly, inhibition of L-type Ca2+-
channels affects differentiation of ES cells (Nguemo et al., 2013). However, the mechanisms involved
in regulation of pluripotency are currently not well understood. Importantly, reprogramming was
achieved by Oct4 and Kilf4 in the presence of BayK (Shi et al., 2008).

1.1.1.2. Epigenetic Regulation of Gene Expression

The epigenetic modification of DNA and histones changes dynamically during embryonic
development, which broadly regulates genes across the whole genome. In ES cells, pluripotency gene
expression is regulated by DNA methylation and histone modification as well (Altun et al., 2010).
Accordingly, the understanding of epigenetic gene regulation is crucial for the understanding of
reprogramming processes.

DNA methylation patterns are established during early embryonic development. Genome-wide
methylation levels rapidly increase in the ICM of the blastocyst and methylation patterns established
around this developmental period are found in the adult. Accordingly, increasing DNA methylation
down-regulates pluripotency gene expression (FIG. 3). DNA methyltransferases (DNMTs) establish
and maintain the cell-specific epigenetic DNA status. In human cells, DNA methyltransferase 1
(Dnmt1), Dnmt3a, and Dnmt3b, but not Dnmt2 (also known as Trdmt1) are responsible for DNA
methylation. Dnmt1 predominantly controls maintenance of DNA methylation during cell division (Choi
et al., 2011). In contrast, Dnmt3a and Dnmt3b are essential for the de novo DNA methylation during
embryogenesis (Choi et al.,, 2011). DNA methylation occurs at CpGs, which are often clustered in
so-called CpG islands. About 60% of human gene promoters contain CpG islands (Bird, 2002). They
reside predominantly within the 5’ region of genes, contain at least 200 nt with a G+C content of at
least 50%, and exhibit CpG frequency of at least 60% (Bernstein et al., 2007). Interestingly, non-CpG
methylation is observed in human ES cells and the early embryo, but with very low frequency and

unclear biological function (Ramsahoye et al., 2000). Importantly, DNA methylation inhibitor RG108
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(RG) enables iPS cell generation from mouse fibroblasts (FIG. 3) in the presence of the small
molecule BIX01294 (BIX) and viral induced Oct4 and KiIf4 (Stresemann et al., 2006; Shi et al., 2008).

DNA is tightly packed and coupled with octamers of 4 histones (H3, H4, H2A, H2B). These
nucleosomes contain 147 base pairs. Interestingly, H3 and H4 modifications are more frequent in
comparison to H2A and H2B. Histone modifications ensure open or closed chromatin. There are about
100 epigenetic histone modifications, which occur at specific sites within the histone proteins
(Kouzarides, 2007). The vast majority of posttranslational modifications are caused by methylation,
acetylation, phosphorylation, and ubiquitination, but the biological function of these modifications is
often poorly understood. However, histone methylation and acetylation are thought to be powerful
regulators of pluripotency gene expression. Histone methyltransferases (HMTs) add tri-methylation to
lysines to open and close chromatin as well (FIG. 3). For example, methylation of H3 lysine 4 or 36
(H3K4me3, H3K36me3) is associated with transcribed chromatin (Bernstein et al., 2007). In contrast,
methylation of H3 lysine 9 or 27 (H3K9me3, H3K27me3) and H4 lysine 20 (H4K20me3) is correlated
with closed chromatin (Bernstein et al., 2007). The HMT inhibitor BIX (FIG. 3) enables iPS cell
generation from mouse fibroblasts in the presence of the small molecule BayK and viral induced Oct4
and KIf4 (Kubicek et al., 2007; Shi et al., 2008).

Acetylation usually is associated with transcribed chromatin. Importantly, deacetylation mediated
by 18 mammalian histone deacetylase (HDAC) genes broadly represses open chromatin during
embryogenesis (Kretsovali et al., 2012). Pluripotency genes are downregulated in the absence of
histone acetylation. Therefore, inhibition of HDACs is suitable to promote reprogramming (FIG. 3). The
HDAC inhibitor sodium butyrate (SBT) when combined with TGF-B signaling inhibitor SB improves
Sendai virus vector-mediated iPS cell generation (Trokovic et al., 2012). Additionally, viral
reprogramming is more efficient in the presence of the HDAC inhibitor valproic acid (VPA) (Huangfu et
al., 2008). HDAC inhibition acts through histone lysine 9 acetylation (H3K9ac) to enhance the activity
of target genes involved in extracellular matrix (ECM) production supporting pluripotency (Hezroni et
al., 2011).

1.1.2.Regulation of Pluripotency by micro RNAs (miRs)

The human genome encodes at least 800 miRs (Bentwich et al., 2005), which regulate
approximately 30-60% of the human genome via multiple biological pathways (Friedman et al., 2009;
Yang and Lai, 2011). Accordingly, miRs are a potent tool for the manipulation of the transcriptome
towards a pluripotent state.

Small non-coding miRs (~22 nt) are abundant and capable of impairing or preventing translation by
binding to hundreds of messenger ribonucleic acid (mMRNA) molecules (Treiber et al.,, 2012).
Accordingly, miRs are thought to regulate numerous signaling pathways including the epigenome. For
example, miRs are strongly induced in the blastocyst, which is crucial for regulating the epigenome
during embryonic growth (Ohnishi et al., 2010; Grandjean et al., 2009).

1.1.2.1.Biogenesis of miRs

The biogenesis of miR has been comprehensively reviewed elsewhere (Jung and Schroeder,
2013) and therefore the biogenesis is briefly described in this paragraph. Mature miRs are derived
from long single-stranded primary miRs (pri-miRs). These originate from miR genes, intronic

sequences of protein-coding ribonucleic acids (RNAs), intronic or exonic regions of non-coding RNAs
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or intergenic regions. Similar to protein-coding genes, miR expression can be regulated (Ozsolak et
al., 2008; Lee and Dutta, 2009). The precursor pri-miR is 3’poly-adenylated and carries a 5’ cap (Lee
et al.,, 2004). The pri-miR transcript is cleaved by the ribonuclease Ill enzyme Drosha to generate
70-80 nt long precursor-miRs (pre-miRs), which are transported to the cytoplasm (Katahira and
Yoneda, 2011). Cleavage by Drosha requires the co-factor DiGeorge critical region 8 (Dgcr8), but
many other proteins regulate pri-miR processing.

In the cytoplasm, pre-miRs are cleaved by the ribonuclease lll-like enzyme Dicer (Koscianska et
al., 2011). Cleavage generates 19-22 nt ds miRs, which contain the mature miR (leading strand) and
the star miR (passenger strand, miR*). Upon maturation, the mature miR is loaded into the
miR-induced silencing complex (RISC). In humans, recruitment of Argonaute RISC catalytic
component 2 (Ago2) is necessary for mRNA cleavage (Hock and Meister, 2008). While attached to the
RISC complex, miRs bind to the target mMRNAs. The seed region of miRs (5’ nucleotide 2-7), binds to
the seed complementary region (SCR) within the 3’ untranslated region (UTR) of mRNAs.

Subsequently, miRs induce inhibition of translation or mRNA degradation (Fabian et al., 2010).

1.1.2.2. ES Cell-Specific miRs Mark ES Cell Identity

Importantly, mouse and human ES cells have a distinct miR expression profile, which is specific to
pluripotency. Accordingly, a major miR impact on reprogramming is most likely.

ES cell-associated miRs are involved in a variety of signaling pathways to control the state of
pluripotency and their proper differentiation (FIG. 4). Analyses of miRs in human ES cells revealed
that the majority of them is specific to human ES cells and not present in adult tissues and cell lines
(Suh et al., 2004). Interestingly, miRs expressed in ES cells do share the same or a similar seed
sequence, which suggests a common set of target genes. In contrast, only a small set of miRs in
tissues and cell lines is associated with a distinct cell type (Lagos-Quintana et al., 2003). However,
mouse and human ES cells do have a different expression profile of miRs (Suh et al., 2004; Goff et al.,
2009). This contributes to the different signaling pathways involved maintenance of pluripotency rather
than to evolutionary differences. There are more similarities between the miR expression profiles of
human ES cells and mouse epiplast stem cells, which contributing to the idea that human ES cells in
general are more similar to mouse epiblast stem cells (Stadler et al., 2010; Jouneau et al., 2012).

Human ES cells abundantly express 14 miRs (FIG. 4) in a human ES cell-specific manner of which
11 miRs are processed from 2 primary transcripts the miR-371-373 and miR-302a-367 cluster,
respectively (Suh et al., 2004). The miR-371-373 cluster is the human homologue to the mouse ES
cell-specific miR-290-295 cluster. Human ES cell-specific miR-200c, miR-368, and miR-154* are

transcribed from different clusters.

1.1.2.3. ES Cell-Specific miRs Regulate Induction and Loss of Pluripotency

In ES cells, miRs negatively (directly) and positively (indirectly) regulate many target genes to
preserve pluripotency (FIG. 4). One mechanism of ES cell-associated miR action is to directly down-
regulate or prevent expression of genes, which are responsible for the loss of pluripotency.
Accordingly, pluripotency genes are indirectly up-regulated. ES cell-associated miRs interfere with
signaling pathways such as DNA methylation or induction of epithelial to mesenchymal transition
(EMT). EMT is necessary for several stages of the early development such as gastrulation and
miR-200c-429 is involved in prevention of EMT in mouse ES cells (Gill et al., 2011). DNA methylation
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by Dnmt1 is thought to broadly repress the expression of pluripotency genes during early
differentiation of human ES cells. The miR-302a-367 cluster targets lysine (K)-specific demethylase 1a
(Kdm1a; also known as Aof2), which is responsible for proper Dnmt1 function (Lin et al., 2011).
Further, the miR-302a-367 cluster inhibits nuclear receptor 2F2 (Nr2f2), which is responsible for the
induction of neuronal ectoderm (Rosa and Brivanlou, 2011).

Pluripotency-associated transcription factors in turn induce or repress the expression of several miRs.
In ES cells, Oct4, Nanog, and Sox2 predominantly bind to miR promoters, which are abundantly
expressed in ES cells including the miR-302a-267 cluster (Marson et al., 2008b; Barroso-delJesus et
al., 2008; Card et al., 2008). Another crucial pluripotency factor Lin28 inhibits the pri-miR structure and
pre-miR processing of let-7 (FIG. 4), which is strongly associated with early differentiation (Piskounova
et al., 2011; Mayr et al., 2012).

Interestingly, there are miRs, which target mRNAs of pluripotency genes. For example, ribosomal
proteins (RBPs) also regulate c-Myc expression. RBP L11 binds to the c-Myc mRNA and recruits a
miR-24-loaded RISC (Challagundla et al., 2011). Subsequently, c-Myc translation is inhibited by miR-
24 implicating that miR-24 counteracts reprogramming (FIG. 4).

Differentiation of pluripotent cells is influenced by miRs, which are not abundantly expressed in
human ES cells. There are sets of miRs, which are related to ectoderm, mesoderm, and endoderm
(FIG. 4) (Berardi et al., 2012). For example, myocardial precursors arise from mesoderm progenitors.
The differentiation into cardiomyocytes depends on miRs such as miR-1 or miR-125b, which target the
Lin28 mRNA (Glass and Singla, 2011; Wong et al., 2012). Neurogenesis from ectoderm progenitors is
regulated by miRs such as miR-124 and miR-128 (Smirnova et al., 2005; Krichevsky et al., 2006).
However, miR-124a is also involved in beta cell development (Joglekar et al., 2011).

Adipocytes differentiate from mesodermal precursors regulated by several miRs including miR-140
and miR-375 (Ling et al., 2011; Liu et al., 2013), but miR-375 is also involved in the beta cell relevant
development (Joglekar et al., 2011). Together, it is currently it is not clear whether miRs have a

tissue-related or tissue-specific impact on the differentiation of ES cells.
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FIGURE 4: Induction, maintenance, and loss of pluripotency and involved miRs. Essential human and
mouse miRs regulate reprogramming, self-renewal, and early differentiation. There are 14 miRs, which are
expressed in a human ES cell-specific manner including miRs from the miR-302a-367 and the miR-371-373
cluster. These miRs are most important for reprogramming (modified from Jung and Schroeder, 2013).
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1.2. Induction of Pluripotency for Reprogramming
Pluripotency of ES cells is predominantly preserved by growth factors, epigenetic chromatin
modifications, and ES cell-specific miRs as described above. It is important to highlight that the same

mechanisms are suitable for the induction of pluripotency in somatic cells.

1.2.1. Reprogramming Strategies

The development of a new strategy for non-viral reprogramming requires well-grounded knowledge
of already described reprogramming approaches. Almost all somatic donors are suitable for
reprogramming. For example, keratinocytes were obtained from diseased and healthy diabetes
patients for efficient retroviral reprogramming (Ohmine et al., 2012). However, kinetics and efficiency
differ dramatically among various cell types (Polo et al., 2010).

Fibroblasts, the cell type most often used as a starting material for reprogramming studies, are of
mesenchyme origin and harbor two disadvantages that hamper reprogramming: They are fully
differentiated and due to their mesenchymal nature have to undergo mesenchymal to epithelial
transition to become pluripotent (Polo and Hochedlinger, 2010).

Mesenchymal stroma cells (MSCs) pose a valuable alternative for non-viral reprogramming. Even
though also being of mesenchymal origin, MSCs are immature multipotent stem cells capable of
differentiating into any mesenchymal cell type. Currently, MSCs are one of the most promising
candidates for tissue engineering and applications in regenerative medicine (Caplan, 2007), mostly
due to their differentiation potential and their immunological properties (Tae et al., 2006). The
immaturity of multipotent MSCs is reflected in the expression of several genes found in pluripotent ES

and iPS cells, which in turn facilitates the generation of iPS cells.

1.2.1.1. Viral Reprogramming

Human iPS cells are usually generated by transfection with retroviral vectors, which integrate into
the host genome carrying reprogramming factors responsible for the induction of pluripotency
(Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Wernig et al., 2007; Park et al., 2008; Lowry
et al., 2008). Meanwhile, this method has been shown to be also successful when other transcription
factor combinations or fewer factors are used.

However, the efficiency is very low (0.01-0.001%) and media supplements (Huangfu et al., 2008;
Shi et al.,, 2008) or small interfering RNAs (siRNAs) (Zhao et al., 2008) only slightly enhance
reprogramming efficiency. Moreover, retroviral reprogramming results in massive gene-toxicity in host
cells. For example, Kane and co-workers demonstrated that even integration of empty viral vectors
can lead to uncontrollable reprogramming effects associated with gene and miR alterations and
detrimental karyotype changes (Kane et al., 2010). The choice of other viral vectors such as the
loxP-flanked lentivirus, non-integrating adenovirus, or DNA-free Sendai virus led to protocols bearing
other side effects and did not result in improved efficacy (Somers et al., 2010; Zhou and Freed, 2009;
Gonzalez et al., 2011; Nakanishi and Otsu, 2012). While viral reprogramming is well established and

reproducible, non-viral reprogramming would overcome the above-mentioned disadvantages.

1.2.1.2. Culture Conditions and Media Supplements for Reprogramming
More suitable culture conditions and media supplements are potent parameters for proper
regulation of pluripotency. In vivo, ES cells reside in the blastocyst, which provides an adequate

microenvironment with hypoxic (<5%) conditions (Mitchell and Yochim, 1968; Yochim and Mitchell,
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1968). Analysis of embryonic and adult cells revealed that the physiological oxygen tension lies in a
range of 2-9% (Simon and Keith, 2008). Accordingly, hypoxia prevents differentiation of human ES
cells in vitro (Ezashi et al., 2005). Current reprogramming strategies often disregard the physiologic
correct milieu for pluripotent stem cells.

In vitro, the required substratum for ES and iPS cells is provided by MEFs, which are stimulated by
FGF2 to release signaling molecules for the maintenance of human iPS and ES cells (Greber et al.,
2007a). FGF2 induces differential expression of members of the TGFB superfamily. Thus,
upregulation of TGFB1, activin A (TGFB ligand), and gremlin1 (BMP4 inhibitor) as well as
downregulation of BMP4 provoke Oct4, Nanog, and Sox2 expression (Greber et al., 2007b). Hypoxia
and FGF2 treatment are sufficient to induce but not to preserve the expression of Oct4, Nanog and
Sox2 in primary fibroblasts (Page et al., 2009). While hypoxia does not directly reprogram somatic
cells, it promotes viral reprogramming of primary fibroblasts (Yoshida et al., 2009). Recently,
proteomic analysis of human blastocoel fluid and blastocyst cells revealed about 1500 proteins that
cells from the ICM are exposed to (Jensen et al., 2013). Further analysis will elucidate whether certain
components are essential for improved ES and iPS cell culture.

However, chemical screens already provide media supplements termed as small molecules.
Importantly, MEFs have been reprogrammed by staggered supplementation of 7 small molecules
(Hou et al., 2013). There is a need to investigate efficiency and quality of small molecules-mediated
reprogramming. Importantly, human and mouse ES cells correspond to different embryonic stages,
suggesting that the chemical cocktail needs to be modified for human iPS cell generation. However,
there is evidence that human chemically reprogrammed cells will be generated in the near future.
Nevertheless, a combination of small molecules with other non-viral methods and/or culture conditions
probably is the most efficient reprogramming strategy.

It is important to highlight that pluripotency is sensitive to alteration of epigenetic DNA and histone
modifications, signaling pathways, ES cell-specific miRs, and oxygen supply. Therefore, non-viral
reprogramming is suggested to be more efficient when more suitable culture conditions and media
supplements are applied. Further, inappropriate culture conditions enable accumulation of
chromosomal aberration, defective epigenetic modification, single nucleotide polymorphisms (SNPs),

mitochondrial DNA aberrations, and elongation of telomeres (Ronen and Benvenisty, 2012).

1.2.1.3. Non-Viral Reprogramming

The reprogramming of somatic cells offers a promising opportunity for the generation of iPS cells
that take the patients genetic background into account (Hankowski et al., 2011; Herder and Roden,
2011; Valdes and Spector, 2010; Norton et al., 2010). These iPS cells provide the opportunity to
sustain the genetic background of a certain donor, who for example suffers from T2DM (FIG. 5).
Generation of iPS cells and further differentiation into beta-like cells offers the opportunity to study
diabetes more intensively on a molecular basis.

Viral reprogramming generates insertions, which disturb the integrity of the genome. Accordingly, it
is controversial whether iPS cell generation by viruses is meaningful when the patient-specific
background needs to be left unmodified. To protect the integrity of the host genome, non-viral
reprograming was established using episomal vectors, recombinant proteins or mRNAs, but these
strategies were even more inefficient and challenging than retroviral approaches (Yu et al., 2009; Kim

et al.,, 2009; Warren et al., 2010). Recently, non-viral delivery of miRs and a combination of
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transposons and miRs were successfully applied for reprogramming (Miyoshi et al., 2011; Grabundzija
et al., 2013), which is more clinically relevant than viral approaches. Yet, even these non-viral
approaches for the delivery of miRs are inefficient and restricted to a certain donor cell type.
Therefore, there is still the need to improve such non-viral reprogramming strategies to allow the
development of clinically applicable stem cell therapies and in vitro test systems (FIG. 5).

Episomal vectors ectopically express reprogramming factors but do not integrate into the host
genome. Further, episomal vectors are diluted out of the host cells during replication. These properties
are ideal for the generation of high quality iPS cells. For example, retroviruses are needed to be
silenced for successful reprogramming and subsequent differentiation.

There are a few episomal vectors, which are used to generate iPS cells. STEMcircles™ are
popular reprogramming plasmids, which were first described by Jia and co-workers in 2010 (Jia et al.,
2010; Narsinh et al., 2011). STEMcircles™ are minicircle DNA vectors free of bacterial DNA and
thereby capable of consistent expression of ONSL. Further, oncogenes c-Myc and Klf4 are not
encoded, because they are not necessary for episomal reprogramming. However, comparable to the
miR approach, application of STEMcircles™ is not efficient and restricted to a certain cell type.
Therefore, there is a need to further develop established non-viral reprogramming strategies, which
use miR and/or episomal vectors. There is promising evidence that more suitable culture conditions

and media supplements could improve reprogramming in general.

1.2.2. Disease-/Patient-Specific iPS Cells for the Cure of Diabetes

The International Diabetes Federation estimates that there will be about 438 million diabetes
patients in 2030 including about 90-95% patients suffering from T2DM (Herder and Roden, 2011).
T2DM is an epidemic disease, whose onset, progression, and treatment is regulated by about
100-1000 genes (Herder and Roden, 2011; Glamoclija and Jevric-Causevic, 2010). T2DM is caused
by a combination of life style and genetic predisposition.

DNA variations in more than 50 loci have been predisposed with the onset of T2DM (McCarthy,
2010). These loci are predominately linked to insulin secretion and glucose sensing (Muller, 2010).
Almost all variations result from SNPs, but one SNP moderately predisposes to T2DM (Weedon et al.,
2006). T2DM is a complex disease and risk genes occur in a polygenic manner. Possibly, DNA
variations influence certain genes involved in onset, progression, and treatment of T2DM. There are
36 T2DM risk genes carrying SNPs such as glucokinase (Gck) (Herder and Roden, 2011).
Interestingly, monogenic defects related to the maturity onset diabetes of the young (MODY) affect
essential pancreatic regulators such as Gek (MODY2), which is also predisposed to T2DM (Kim et al.,
2004; Stumvoll et al., 2005; Edghill et al., 2008; Nyunt et al., 2009). Therefore, disease-specific iPS

beta-like cells
fibroblasts

diabetic & oo o
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T T T
recruitment generation of iPS cells analysis of diabetes

FIGURE 5: Procedure of patient- and disease-specific iPS cell generation. For example, fibroblasts are
suitable to generate iPS cells. Pancreatic differentiation aims at the analysis of the beta cell development in
diabetic and healthy individuals. Beta-like cells will allow stem cell therapies and in vitro test systems.
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cells, which carry MODY- and T2DM-related genomic variations, are essential to further analyze the
impact of T2DM-associated genetic variations (FIG. 5). Recently, T2DM-specific iPS cells have been
generated by retroviral reprogramming (Ohmine et al., 2012; Park et al., 2008; Maehr et al., 2009).
T2DM-specific iPS cells exclusively allow answering the question how genetic variations in T2DM risk
genes impair beta cell development or function at a molecular level.

Treatment of diabetes by the routine use of recombinant insulins, continuous glucose monitoring,
and use of pharmaceutics improves the lives of millions of patients. Currently, 5 major classes of
pharmaceutics are available namely Sulfonylureas, Metformin, Thizolidinediones, and
alpha-glucosidase inhibitors (Glamoclija and Jevric-Causevic, 2010). Nevertheless, control of glucose
levels is usually imperfect and dangerous long term side effects can hardly be prevented. Long-term
complications are retinopathy, nephropathy, and neuropathy caused by defective microvasculature.
Cardiovascular, cerebrovascular, and peripheral vascular diseases occur in response to damaged
macrovasculature (Daneman, 2006). The understanding of pathways, which are involved in drug
efficacy, is necessary to improve treatment. T2DM-specific iPS cells provide the opportunity to analyze
drugs or to test new drugs in disease-specific differentiation models (Gunaseeli et al., 2010).
Importantly, SNPs in drug-metabolizing genes were linked to different efficacy and toxicity
(Evans and McLeod, 2003; Amani et al., 2008).Further, patient-tailored treatment would be possible
but unaffordable for almost all diabetes patients.

Diabetes-specific iPS cells are also suitable to study beta cell regeneration. Studies in mice
revealed that beta cells can derive from adult beta cells by replication after partial pancreatectomy
(Dor et al., 2004; Nir et al., 2007). Further, studies in rodents demonstrated that beta cells are
generated from duct cells after duct ligation (Inada et al., 2008; Solar et al., 2009). Human beta cell
replication was observed during pregnancy (Van Assche et al., 1978) or autoimmune diseases
(Willcox et al., 2010). However, the underlying mechanisms need to be clarified in diabetes-specific
iPS cells for the discovery of treatment strategies including beta cell replication.

Finally, transplantation of beta cells would be the cure for diabetes. However, transplantation is
worldwide limited by inadequate supply of human cadaver donors (Baiu et al., 2011). The generation
of autologous beta cells from patient-specific iPS cells is one approach to overcome the inadequate
supply of beta cells. Another approach describes the transdifferentiation (also termed as direct
reprogramming) aiming at the generation of beta cells out of somatic cells without passing through a
pluripotent state. For example, alpha cells can be converted into beta cells (Yang et al., 2011), quality
of directly generated beta cells remains to be clarified. The successful delivery of pancreatic islets for
human T1DM patients was first established in 2000 (Shapiro et al., 2000; Borowiak, 2010). In most
cases, recipients of transplants achieved normal blood glucose levels, but in all cases beta cell
function declined after some years. Islet encapsulation could preserve transplanted beta cells
(Vaithilingam et al., 2010). Nevertheless, replacement therapies using autologous beta cells are still
under investigation. Importantly, studies generally agree upon the fact that there will be no

replacement therapies available for diabetes patients within the next 10 years.
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1.3. Pancreatic Development and Pancreatic Differentiation

Importantly, pancreatic differentiation of diabetes-specific iPS cells provides a sophisticated tool to
analyze the function of diabetes risk genes. Pancreatic differentiation of mouse and human ES and
iPS cells in vitro is most efficient by mimicking the embryonic organ development. Thus, pancreatic

development will be described briefly.

1.3.1. Pancreatic Development of Mouse and Human Pancreas

Until gastrulation, the earliest stages of vertebrate development are strongly regulated by the
pluripotency gene Oct4. Within the pre-implantation embryo, Oct4 is required for the formation of the
ICM (Campbell et al., 2007). After implantation, the ICM generates 3 primary germ layers endoderm,
mesoderm and ectoderm (FIG. 6 A) for which downregulation of Oct4 is required (Campbell et al.,
2007). The ICM differentiates embryonic and extraembryonic tissues as well. Primary germ layers are
formed between 6.5 and 7.5 embryonic day in mice development (E) and within the second week of
human development (WD) (Van et al.,, 2009). Importantly, endoderm progenitors generate the

pancreas.

1.3.1.1. Formation of Primary Germ Layer Progenitors

Differentiation towards the pancreatic lineage requires formation of mesendoderm precursors,
which are generated during gastrulation. Mesendoderm is particularly characterized by the expression
of T-box transcription factor Brachyury (Bra, officially termed as T) (Van et al., 2009). Subsequently,
bipotential mesendoderm generates mesoderm and endoderm progenitors (FIG. 6 A). The endoderm
progenitors are also referred to as definitive endoderm (DE), because the ICM also generates
extraembryonic endoderm contributing to the placenta. DE formation is governed by co-expression of
Sox family transcription factor 17 (Sox17), forkhead box transcription factors A2 (Foxa2), and
transmembrane chemokine CXC receptor 4 (Cxcr4) (Van et al., 2009; Schroeder et al., 2012). Sox17
expression is also present in extraembryonic endoderm cells. However, extraembryonic endoderm
development depends on the expression of essential extraembryonic genes such as Sox family
transcription factor 7 (Sox7) (Kanai-Azuma et al., 2002) and stromal cell-derived factor 1 (Sdf1, also
known as chemokine CXC ligand 12) (Schroeder et al., 2012), which are not present in DE.

Endoderm progenitors give rise to the pancreas, but also to several other organs such as the liver
(FIG. 6 A). Thereby, endoderm differentiates into certain organ-committed precursors. These
precursors can be characterized by the expression of distinct markers such as the alpha fetoprotein
(Afp), which is induced in the liver anlagen at E8.25 (Lee et al., 2012).

The formation of mesoderm within mesendoderm progenitors is characterized by continuous Bra
expression (FIG. 6 A). Further, there is the induction of other mesoderm markers such as
extraembryonic and/or lateral plate mesoderm gene forkhead box transcription factors F1 (Foxf1) and
paraxial mesoderm gene mesenchyme homoebox 1 (Meox1) (Cao et al., 2008; Schroeder et al., 2012;
Umeda et al., 2012).

Differentiation into ectoderm towards neural cell fates (Fig. 6 A) is ruled by the induction of paired
box gene 6 (Pax6) and sonic hedgehog (Shh). Pax6 as well as Shh are crucial for proliferation and
differentiation into the developing and adult vertebrate brain (Kayam et al., 2013; Martinez et al.,
2013). Subsequently, the generation of neural cells reveals expression of glia- and neuron-associated

genes. Glial fibrillary acidic protein (Gfap) is predominantly expressed in astrocytes. The expression of
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microtubule-associated protein 2 (Map2) and tubulin beta 3 (Tubb3) indicates differentiation into
neurons. Map2 encodes a neuron-specific cytoskeletal protein, which is enriched in dendrites to
determine neuron development (Terabayashi et al., 2007). Tubb3 is involved in neurogenesis and
axon development (Singh and Tsai, 2010). Interestingly, neural and pancreatic endocrine share
signaling pathways including common transcription factors such as Pax6, which is responsible for

ectoderm formation and maturation of alpha and beta cells (Van et al., 2009).

1.3.1.2. Embryonic Development of Beta Cells

DE progenitors give rise to primitive gut epithelial cells, which form ventral and dorsal buds to
induce pancreas organogenesis within the foregut. In mice, the pancreas development starts between
E8.5 and E9.0 from a dorsal and a ventral bud at the primitive gut. A dorsal evagination first occurs at
the level of the liver during the 22-25 somite stage. Afterwards, the ventral bud is formed. The ventral
bud is surrounded by cardiac mesenchyme, the dorsal bud is surrounded by the notochord and later
by dorsal aortea. In humans, the pancreas originates within the 3WD (Van et al., 2009). Bud formation
is regulated by its surrounding tissues (Oliver-Krasinski and Stoffers, 2008). Pancreatic buds contain
pancreatic epithelium expressing duodenal homeobox 1 (Pdx1). Pdx1 is the first pancreas-specific
marker during pancreatic development (FIG. 6 A). Pdx1-expressing progenitors give rise to all
pancreatic cell types (Jonsson et al., 1994; Offield et al., 1996). Heterozygous mutations are
responsible for maturity onset diabetes of the young type 4 (MODY4) in humans and Pdx1 knockout
mice fail to generate the pancreas (Jonsson et al., 1994; Stoffers et al., 1997). Cells at the distal tip of
the pancreatic epithelium are multipotent progenitors, which express Pdx1, pancreas-specific
transcription factor 1a (Ptf1a), the stem cell marker c-Myc, and pancreatic carboxypeptidase A1

(Cpa1) (Zhou et al., 2007). Multipotent progenitors appear between E8.5 and 11.5 and their number at

FIGURE 6: Pancreas development in vivo and pancreatic differentiation in vitro. (A) Pluripotent stem cells
develop into ectodermal, mesodermal, and endodermal progenitors. Endoderm generates pancreatic progenitors,
of which exocrine and endocrine progenitors derive. Besides pancreatic development pluripotent stem cells
differentiate into other lineages and cell types. Extraembryonic tissues are derived alongside the 3 primary germ
layers. (B) The computed 3D model of beta cells and blood vessels demonstrates the high amount of blood
supply in adult islets of Langerhans (Nikolova et al., 2007). Scale bar represents 10 pm.
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that time ultimately determines the final size of the pancreas (Stanger et al., 2007). In mice at E12.5,
in humans within 5WD, the gut rotates to bring the pancreatic rudiments in closer proximity (Van et al.,
2009). Multipotent progenitors disappear after E14.9. Subsequently, Pdx1-expression becomes
restricted to endocrine progenitors at E16.5. At E19.0, Pdx1 is limited to beta cells and a subset of
delta cells. Pdx1-expressing cells also give rise to the exocrine pancreas (FIG. 6 A). Muscle, intestine
and stomach expression 1 (Mist1; also known as Bhlha15) is responsible for remodeling of pancreatic
acinar cells (Direnzo et al., 2012). Amylase alpha 2A (Amy2; also known as Amy2a) encodes a
digestive enzyme in adult exocrine cells.

After branching of the pancreatic buds, endocrine precursors detach from the pancreatic epithelium at
E15.5 (Oliver-Krasinski and Stoffers, 2008; Puri and Hebrok, 2010). Neurogenin 3 (Ngn3; also known
as Neurog3) marks endocrine cell identity (FIG. 6 A), because Ngn3 knockout mice fail to generate
islets of Langerhans (Gradwohl et al., 2000; Schwitzgebel et al., 2000). Ngn3-expressing progenitors
give rise to all endocrine pancreatic cells (Herrera et al., 2002). Ngn3 controls theexpression of many
genes involved in endocrine differentiation (Van et al., 2009). The expanding pancreatic epithelium is
characterized by Nk2 homeobox transcription factor 2 (Nkx2.2) and Nk6 homeobox transcription
factor 1 (Nkx6.1) expression (Van et al., 2009). Nkx2.2 is sustained in alpha, beta, delta, and PP cells,
while Nkx6.1 becomes restricted to beta cells (Van et al., 2009).

The human pancreas contains exocrine and endocrine compartments, but, the endocrine pancreas
is small and represents about 1-2% of the total pancreas. About 1 million islets of Langerhans reside
within the human pancreas and about 75% are beta cells (Butler et al., 2003). In contrast to mice,
human beta cells are also located outside of the islets of Langerhans (Butler et al., 2003). The adult
pancreas consists of head, body, and tail and differentiation of these compartments is differently
regulated. For example, MODY5-related monogenic defects in hepatocyte nuclear factor 1 B (Hnf1b)
disturb the formation of body and tail (Haldorsen et al., 2008). Interestingly, human islet of Langerhans
distribution is not constant, islet density is 2-fold higher in the tail region (Wang et al., 2013). Human
islets typically are composed of 10-65%, glucagon-producing alpha cells, 28-75% insulin-producing
beta cells, 1-22% somatostatin-producing delta cells, 3-5% pancreatic polypeptide-producing PP cells,
and <1% ghrelin-producing delta cells (Brissova et al., 2005). It is important to highlight that the
capillary network within an adult islet of Langerhans is enormous (FIG. 6 B). The adult pancreas
depends on crossing blood vessels, which are needed for insulin release as will be described in the

following chapter.

1.3.1.3. Relationship of Endothelial Cells and Pancreatic Progenitors

Importantly, the induction and development of pancreatic endocrine cells strictly depends on
co-development of a capillary network (FIG. 6 B). Blood vessels support pancreas development not
only by establishment of the tissue homeostasis. ECs from blood vessel cells are capable to regulate
growth and maturation of pancreatic endocrine cells in addition to their nutritional function. Importantly,
mouse pancreatic development starts under hypoxic conditions at E8.25, but blood flow responsible
for normalization of the oxygen level is induced later at E14.5-15.0 (Shah et al., 2011). Moreover, mice
embryos lacking kinase insert domain protein receptor (Kdr; also known as Flk1 or Vegfr2) fail to
induce dorsal bud formation (Yoshitomi and Zaret, 2004). Vascular endothelial growth factor
receptor 2 (Vegfr2) is essential for the development of endothelial cells (ECs). Further, Vegfr2

knockout is lethal in mice, because ECs are required for vascularization of the developing mouse
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embryo. In all probability, vessels provide varying signals as their relationship to pancreatic cells
differs within organogenesis (Cleaver and Dor, 2012). Pancreatic progenitors probably become less or
more sensitive to EC signals during development (Cleaver and Dor, 2012). ECs are thought to provide
regionally and temporally different tissue- and time-dependent differentiation signals.

Interestingly, early organogenesis is also regulated by differentiation signals from the surrounding
mesoderm (Cleaver and Dor, 2012). Later on, growth and specification of pancreatic cells is regulated
by the mesenchyme, which contains a variety of cell types such as neurons, smooth muscles, stroma
and of course ECs. While the specific impact of distinct cell types remains to be clarified, the whole
mesenchyme is necessary for establishment of the pancreatic epithelium (Landsman et al., 2011).

Expression of the pancreatic epithelium markers Pdx1 and Ptfla during bud formation (around
E8.25) depends on the presence of ECs before blood flow is initiated (Yoshitomi and Zaret, 2004). EC
signals are potent inducers of Pdx1 expression, but it remains unclear whether toggled LIM domain
only 2 (Lmo2) and/or retinoic acid (RA) mediates Pdx1 induction (Cleaver and Dor, 2012).

Human and mouse pancreatic endocrine cells are generated in 2 waves of differentiation (also
termed as 2 transitions) identified by changes in organ morphology (Herrera, 2000). In humans,
knowledge about the pancreatic development is mostly descriptive. In mice, the 2 transitions have
been characterized more intensively. The first wave of differentiation around E9.5 generates immature
endocrine cells, which produce insulin, but also several other hormones. Almost no endocrine cells,
which are generated during that first wave, contribute to the adult islets of Langerhans. The formation
of immature endocrine cells in the dorsal bud is regulated by fusing aortae between E8.75 and E9.5.
Thus prevention of aortae signaling inhibits beta cell development (Cleaver and Dor, 2012). The
second wave of differentiation at E12.5 generates mature hormone-producing cells. Importantly, the
second transition is linked to growing blood vessels, which control endocrine and exocrine
specification by Notch signaling (Murtaugh et al., 2003).

Maturation of beta cells occurs within the pancreatic epithelium, but cells need to leave the
epithelium to generate certain islets of Langerhans within the exocrine compartment. Therefore,
maturation of beta cells followed by islet formation requires cell-cell interaction between beta cells and
ECs (Murtaugh et al., 2003; Nikolova et al., 2006; Nikolova et al., 2007). Interestingly, Sdf1-expressing
pancreatic progenitors attract Cxcr4-expressing endothelial progenitors (angioblasts) prior to vessel
formation to induce vascularization (Katsumoto and Kume, 2011). Subsequently, pancreatic bud
formation is regulated by ECs, which restrict branching of buds to guide the final pancreas size
(Magenheim et al., 2011). During late pancreatic development, proliferation of beta cells is supported
by ECs as well (Nikolova et al., 2006). Beta cells communicate with fenestrated capillaries, which are
abundant within the islet of Langerhans. Most probably, vascular endothelial growth factor A (VEGFa)
signaling by beta cells induces vascularization. Accordingly, deletion of VEGFa in beta cells lowered
(up to -90%) capillary density leading to many defects exempli gratia (e.g.) in glucose homeostasis
(Lammert et al., 2003). According to the architecture of the adult pancreas, it is reasonable that the
adult as well as the developing pancreas requires the presence of blood vessels. Studies from
pancreas expansion during pregnancy revealed that islet capillaries were shown to proliferate and
express high levels of hepatocyte growth factor (HGF) just prior to beta cell proliferation suggesting a
positive correlation (Johansson et al., 2006). Moreover, in vitro co-culture of islets with ECs improves
their function and survival (Pan et al., 2011).
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There is a set of ECM compartments, which are involved in beta cell development and maturation.
In mice, capillaries within islets of Langerhans supply a vascular basement membrane, which is crucial
for beta cell development and insulin production. Laminin and collagen IV are part of the vascular
basement membrane. Beta cells generate alph-6-beta-1-integrin, which interacts with laminin for
insulin (Ins) expression and beta cell proliferation (Nikolova et al., 2007). Vascular collagen 1V is
known to signal via beta cell alpha-1-beta-1-integrin to enhance both endocrine cell motility and
secretory efficiency (Kaido et al., 2004; Nikolova et al., 2007). Mouse beta cells are in direct contact to
the vascular basement membrane whereas human beta cells generate their own ECM to create a
doubled basement membrane (Virtanen et al., 2008). The importance of ECM compartments suggests
that organotypic 3D architecture of developing pancreatic buds and islets is necessary for beta cell
development. Importantly, ECs start to shape the 3D architecture early during development of the

pancreatic epithelium.

1.3.2. In vitro Differentiation into Insulin-Producing Beta-Like Cells

It is important to acknowledge that a variety of differentiation protocols have been established, but
attempts failed to achieve efficient and functional in vitro differentiation into mature pancreatic beta
cells. Generation of insulin-producing cells from mouse ES cells was first reported in 2000 (Soria et al.,
2000). Soria and colleagues applied transgenic ES cells that expressed a hygromycin resistance gene
under the control of the Ins promoter for a spontaneous differentiation model. DE progenitors were
induced by embryoid body (EB) formation in suspension cultures. Soria and co-authors applied
selective culture media containing hygromcyin after differentiation into pancreatic progenitors at day
10 and a population of Ins-expressing cells was observed around day 23. Finally, insulin-producing
cells were implanted into the mouse spleen, which was sufficient to normalize the blood glucose level
of hyperglycemic mice. Pancreatic differentiation of human ES cells was first demonstrated in 2001
(Assady et al., 2001). Assady and co-workers successfully applied adherent as well as suspension
culture for induction of DE enabling the generation of insulin-producing cells. However, even though
beta cell markers like Pdx1, Gck, glucose ftransporter 2 (Glut2), and Ins were expressed,
glucose-dependent insulin secretion was inefficient and time-consuming. Attempts by other authors
failed to overcome poor efficiency and ineffective maturation (Kahan et al., 2003; Xu et al., 2006; Tsai
et al., 2010). In mouse ES cells, another strategy based on the generation of DE progenitors by EB
formation and subsequent enrichment of pancreatic progenitors expressing nestin (Nes) (Lumelsky et
al., 2001). Nes is expressed in mouse and human pancreatic progenitors, but further studies revealed
that Nes is also expressed in neural progenitors. Therefore, the selection of Nes-expressing cells is
not applicable for the specific generation of pancreatic progenitors. Another important study in mouse
ES cells applied PI3K inhibitor LY294002 after EB formation for more efficient generation of
insulin-producing cells (Hori et al., 2002). However, insulin-immunoreactive cells generated according
to the protocol of Hori and co-workers did not contain C-peptide, which is the by-product of de novo
insulin synthesis (Hansson et al., 2004). Hansson and co-authors suggest that at least a subset of
cells underwent apoptosis or necrosis followed by uptake of insulin, which is added to the culture
medium to support the pancreatic differentiation. Use of conditioned medium from E16.5 pancreatic
buds for the differentiation of mouse ES cells led to derivatives that co-expressed insulin and

C-peptide, showed glucose-dependent release of insulin and C-peptide, and normalization of blood
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glucose levels in diabetic mice (Vaca et al., 2006). However, such approaches are less applicable for

differentiation studies in human ES cells and unsuitable for clinical applications.

1.3.2.1. Differentiation into Primary Germ Layer Progenitors

EB formation is a well-established tool for the in vitro generation of primary germ layer derivatives
first established in the lab of Anna Wobus (Schroeder et al.,, 2012). EBs are blastocyst-like
three-dimensional (3D) agglomerations of differentiating ES cells, which differentiate into derivatives of
all 3 primary germ layers representing multi-lineage progenitors. Suspension cultures as well as
hanging drops are suitable to generate EBs from mouse and human ES cells. Interestingly, size and
culture duration can be optimized for more efficient generation of desired primary germ layer
derivatives (Schroeder et al., 2009). The rationale of this approach is based on the knowledge that
generation of multi-lineage progenitor cells release differentiation molecules of ectodermal and
mesodermal precursor cells known to be required for successful pancreatic differentiation (Schroeder
et al.,, 2006). EB formation of mouse and human ES cells was demonstrated by spontaneous
differentiation using fetal calf serum (FCS) supplementation and directed differentiation in the
presence of chemically defined media (CDM). Importantly, CDM contains activin A, which is
responsible for enhanced differentiation into DE progenitors during EB formation (Kroon et al., 2008;
Schroeder et al., 2012). Growth and extracellular matrix factors such as nicotinamide and laminin are
supplemented for further pancreatic differentiation of endoderm progenitors.

Today, it is generally accepted that the initial differentiation of ES cells into DE progenitors is one of
the most important steps for the successful and efficient generation of functional insulin-producing
beta-like cells. In vivo, it requires nodal signaling from the most anterior region of the primitive streak
(Tam and Loebel, 2007). However, access to biological active nodal for in vitro cultures is limited.
Activin A can act as a surrogate of nodal. Several studies have proven that activin A promotes mouse
and human ES cell differentiation into DE (D'Amour et al., 2006; Kroon et al., 2008; Schroeder et al.,
2012). Yet, there is evidence that endogenous induction of nodal is more efficient than application of
exogenous activin A (Takenaga et al., 2007).

A disadvantage of most pancreatic differentiation protocols is undesired cell heterogeneity. Hence,
ways of improving the quality of stem cell progeny are the selection or enrichment of progenitors with
stage-specific markers on the basis of flow cytometry or drug resistance. One promising study by
Schroeder and co-workers aimed at the differentiation of mouse CGR8-S17 ES cells carrying a
homologous dsRed-IRES-puromycin knock-in within the Sox17 locus (Schroeder et al., 2012).
Selection of Sox17-positive cells enables detailed characterization of activin A-induced DE
progenitors. Schroeder and co-authors reported that Sox17-expressing cells exhibited markers of the
DE, primitive gut, posterior foregut, and endocrine progenitors (Schroeder et al., 2012). Notably,
similar results were obtained selecting Sox17-positive progeny in human ES cells (Wang et al., 2011).

Interestingly, ablation of heterogeneity is also suggested by permanent expression of pancreatic
developmental control genes. For example, mouse ES cells with the constitutive expression of the
pancreatic developmental control genes Pdx1 and paired box 4 (Pax4) were analyzed during
pancreatic differentiation (Blyszczuk et al., 2003). The differentiated insulin- and C-peptide-positive
cells normalized blood glucose levels in vivo after transplantation into diabetic mice (Blyszczuk et al.,

2004; Boyd et al., 2008). Nonetheless, the differentiation procedure was inefficient and cells failed
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stable normalization of the blood glucose level. However, constitutive expression of Pdx1 and Pax4 is

a promising tool to analyze their function during pancreatic differentiation.

1.3.2.2. Differentiation Mimicking Organogenesis

Differentiation by mimicking pancreatic organogenesis is more promising. Applying growth factors,
extracellular matrix factors, and small molecules in differentiation protocols in the order that they would
appear and function in vivo is suitable to obtain directed pancreatic differentiation. In contrast to
spontaneous differentiation, application of FCS responsible for broad differentiation is restricted or
avoided. Directed pancreatic differentiation first generates activin A-induced DE within EBs or within
adherent cultures (Assady et al., 2001; D'Amour et al., 2006). Afterwards, organogenesis is mimicked
by sequential treatment of pluripotent stem cells with defined growth and differentiation factors.

Activin A and Wnt3a are used for induction of DE progenitors (D'Amour et al., 2006). Subsequently,
treatment with FGFs, hepatocyte growth factor, and epidermal growth factor (EGF) induce primitive
gut tube-like cells. FGFs, HGF, and EGF play a central role during prenatal development promoting
proliferation and differentiation of a variety of organs including the pancreas (D'Amour et al., 2006;
Zhang et al., 2009). Afterwards, inhibition of Shh signaling and RA treatment up regulate Pdx1
expression and induce differentiation into posterior foregut-like cells (D'Amour et al., 2006). Knockout
of the RA receptor in mouse ES cells impairs pancreatic endocrine development (Perez et al., 2013).
Exendin 4 up regulates Pdx1 expression and maturation of pancreatic progenitors (Movassat et al.,
2002). Nicotinamide preserves homeostasis of differentiating pancreatic endocrine progenitors (Vaca
et al.,, 2006). It is a form of vitamin B3 and participates in diverse biological processes including
production of energy, nutrient metabolism, signal transduction, and maintenance of genome integrity
(Jung et al., 2009). Finally, the B27 supplement mix initiates differentiation of the pancreatic epithelium
(D'Amour et al., 2006). B27 contains several components including insulin, transferrin, or progesterone
suitable to orchestrate differentiation and maturation of pancreatic endocrine progenitors (Wachs et
al., 2003). Generally, growth factor based protocols are rather complex differing in growth factor
assembly, exposure durations and supplement concentrations (Mfopou et al., 2010b).

Interestingly, differentiation protocols for human ES cells have been adapted to the new class of
iPS cells. Notably, pancreatic differentiation of iPS cells was reported to be less efficient compared to
ES cells (Hu et al.,, 2010). Fortunately, differentiation of reprogrammed cells into the pancreatic
lineage is comparable to human ES cells. Analysis of pancreatic iPS cell-derived insulin-producing
cells secreted C-peptide (Kunisada et al., 2012), showed glucose-responsiveness (Thatava et al.,
2011), or improved blood glucose levels in hyperglycemic mice (Saito et al., 2011). Recent data
showed a preferential differentiation of iPS cells generated from pancreatic beta cells into insulin-
producing cells (Bar-Nur et al., 2011). Beta cell-derived iPS cells apparently maintained open
chromatin structures in key beta cells genes and a unique DNA methylation signature that
distinguished them from other iPS cells. Accordingly, effective generation of pancreatic hormone-
producing cells thus may depend more strongly on the method of pluripotency induction and the origin

of the reprogrammed cells than on the applied differentiation protocol.
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1.4. Aims of the Study

The overall aim of the study was to establish non-viral iPS cells and an organotypic 3D pancreatic
differentiation model. These two strategies combined will allow analyzing pancreatic differentiation of
human iPS cells within a healthy and disease context. For this purpose, isolation and culture of
primary human donor cells was a mandatory first step. The study included the development of various
non-viral reprogramming methods and the combination of the most potent methods aimed at the
establishment of a non-viral reprogramming strategy. Organotypic pancreatic differentiation as an
improvement over already existing differentiation protocols required the establishment of 3D

co-cultures. Therefore, the specific work packages comprised of

the establishment of patient-specific primary keratinocytes,

the development and analysis of non-viral reprogramming methods for assembly within a

non-viral reprogramming strategy,

and the development of a 3D pancreatic differentiation model including ECs.
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2. MATERIAL AND METHODS

2.1. Ethical Considerations

Ethical approval for the use of human skin biopsies for the isolation of ECs was obtained from the
ethics committee of the Medial Faculty, Martin Luther University Halle-Wittenberg, Germany. Vita34
held appropriate permits for the use of human umbilical cords. The central ethics committee for stem

cell research, Robert Koch Institute, Berlin, Germany, evaluated and approved studies with H9 cells.

2.2. Cell Culture and Growth Conditions
NuncTM cell culture dishes and well plates for the culture of CGR8-S17 ES cells, IMR90 iPS cells,

H9 ES cells, and primary keratinocytes were obtained from Thermo Fisher Scientific, Karlsruhe,
Germany. Tissue culture flasks for the culture of L87 MSCs, primary MSCs, and BJ-5ta fibroblasts
were obtained from TPP, Klettgau, Germany. Bacteriological dishes for the culture of hanging drops
were supplied by Greiner Bio-One, Frickenhausen, Germany. Cells were grown in at 37°C in a
humidified environment of 20% 02 and 5% CO2 (normoxia) or 5% 02, 5% CO2, and 90% N2
(hypoxia). Cell morphology was documented using a Nikon Eclipse TS100F inverted microscope
(Nikon, Dusseldorf, Germany). If not mentioned otherwise, media contained 4.5 g/l glucose (high
glucose) and 1.0 g/l sodium bicarbonate. FCS was heat inactivated at 56°C for 30 min. The absence
of mycoplasmal contaminants was routinely verified using the Venor®GeM Classic Kit (Minerva,
Berlin, Germany). Cell suspensions were stained with trypan blue and counted in a Neubauer
chamber (VWR, Darmstadt, Germany).

The procedure to freeze of cells was identical for all primary cells and cell lines used in the present
study. Cell suspensions were prepared according to the cell line specific splitting procedures.
Suspensions were centrifuged at 200 g for 5 min. Cells were reconstituted in 1.0 ml medium
containing (6:3:1 v/v/v) cell type-specific medium, FCS, and dimethyl sulfoxide (DMSO). Slow freezing
was performed in a freezing box containing isopropanol. Cells were frozen at -80°C for 1 d. Finally,
vials were stored at -196°C in the gas phase of liquid nitrogen.

Thawing of cells was equally performed for all primary cells and cell lines. Frozen cells were quickly
thawed in a 37°C water bath leaving an ice crystal inside. 1.0 ml pre-warmed cell type-specific
medium was added dropwise to the 1.0 ml thawing cell suspension. The 2.0 ml cell suspension was
transferred into a conical tube with 8.0 ml pre-warmed cell type-specific medium and centrifuged at
200 g for 5 min. The cells were reconstituted in pre-warmed cell type-specific medium and cultured

under cell-specific conditions.

2.2.1. Culture of Somatic Cell Lines

The human MSC line L87 was provided by Prof. Dr. Stefan Burdach, Department of Pediatrics,
Technische Universitat Minchen, Germany. L87 cells were cultured in Rosswell Park Memorial
Institute 1640 medium (RPMI-1640; Life Technologie, Darmstadt, Germany) supplemented with 10%
FCS (Lonza, Kdln, Germany), 2 mM L-glutamine, and 1% 10 000 U/10 000 pg penicillin/streptomycin
(Life Technologies, Darmstadt, Germany). The cells were seeded in a range of 1000-2000 cells/cm2
and passaged at 70-80% confluence by exposing cells to 0.1 M ethylene diamine tetra acetic acid

(EDTA,; Carl Roth, Karlsruhe, Germany) for about 1 min and rinsing once with L87 medium. The cell
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suspension was centrifuged at 200 g for 5 min. L87 cells were reconstituted in L87 medium and
seeded in a 1:5 split ratio in a 4-10 d interval.

Primary MSCs, obtained from human bone marrow aspirates, were provided by Dr. Lutz Miiller,
Department of Internal Medicine IV, Medical Faculty, Martin Luther University Halle-Wittenberg,
Germany. The cells were cultured in Minimal Essential Medium Eagle (MEM; PAA, Cdlbe, Germany)
supplemented with 15% FCS (Lonza, Kdln, Germany), 1% nonessential amino acids (NEAA), 2 mM
L-glutamine, 1% sodium pyruvate, and 1% 10 000 U/10 000 pg penicillin/streptomycin (all from Life
Technologies, Darmstadt, Germany). Cells were seeded in a range of 200-400 cells/cm® and
passaged at 60% confluence by exposing cells to 0.1 M EDTA (Carl Roth, Karlsruhe, Germany) for
about 1 min and rinsing once in MSC medium. The cell suspension was centrifuged at 200 g for 5 min.
The cells were reconstituted in MSC medium and seeded in a 1:2 split ratio in a 7-10 d interval.

The fibroblast line BJ-5ta was obtained from the American Type Culture Collection (ATCC; Wesel,
Germany). The cells were cultured in a 4:1 (v/v) mixture of Dulbecco’s Modified Eagle Medium
(DMEM) and Medium 199 (PAA, Cdlbe, Germany) supplemented with 10% FCS (Lonza, Koéln,
Germany), 4 mM L-glutamine, 1% 10 000 U/10 000 ug penicillin/streptomycin, and 0.01 mg/ml
hygromycin B (all from Life Technologies, Darmstadt, Germany). BJ-5ta cells were seeded in a range
of 3000-5000 cellsicm® and passaged at 70-80% confluence by exposing cells to
0.25% trypsin/0.53 mM EDTA (PAA, Coélbe, Germany/Carl Roth, Karlsruhe, Germany) for about 1 min
and rinsing once in BJ-5ta medium. The cell suspension was centrifuged at 200 g for 5 min. The cells

were reconstituted in BJ-5ta medium and seeded in a 1:2-1:3 split ratio in a 7 d interval.

2.2.2. Isolation and Culture of Primary Keratinocytes

Primary human keratinocytes were isolated as described by Savkovic and co-authors (Savkovic et
al., 2012) with minor modifications. In brief, primary keratinocytes were isolated from anagen hairs that
were plucked from the temporal scalp region and shortened at the proximal end. They were washed
with phosphate buffered saline (PBS) containing 625.0 ng/ml amphotericin B (PAA, Coélbe, Germany)
and 1% 10000 U/10 000 pg penicillin/streptomycin (Life Technologies, Darmstadt, Germany).
Subsequently, hairs were treated with sterile filtered collagenase IV/V solution at a concentration of
5.0 mg/ml PBS (Sigma-Aldrich, Taufkirchen, Germany) at 37°C for 15 min. At least 10 hair roots were
lined up parallel in ThinCert™ cell culture inserts (Greiner Bio-One, Frickenhausen, Germany). Inserts
were put into wells seeded with 3T3-L1 feeder cells. Hairs were cultured under hypoxic conditions
using a medium-air-interface. Keratinocyte growth medium contained a 1:1 (v/v) mixture of DMEM and
Ham’s Nutrient Mixture F12 (F12) supplemented with 10% FCS (Lonza, KéIn, Germany), 10.0 ng/ml
EGF (Peprotech, Hamburg, Germany), 0.4 mM ethylene glycol tetra-acetic acid (EGTA), 0.4 ug/ml
hydrocortisone, 0.1 nM cholera toxin, 180 uM adenine, 5.0 ug/ml insulin, 5.0 ug/ml transferrin (all from
Sigma-Aldrich, Taufkirchen, Germany), 1% NEAA, 2mM L-glutamine, 1% 10 000 U/10 000 pg
penicillin/streptomycin (all from Life Technologies, Darmstadt, Germany), and 625.0 ng/ml
amphotericin B (PAA, Cdlbe, Germany). After 2-3 weeks, primary keratinocytes were obtained by
exposing hairs to 0.1% trypsin/0.53 mM EDTA (PAA, Cdlbe, Germany/Carl Roth, Karlsruhe, Germany)
at 37°C for 10 min and rinsing once in keratinocyte growth medium. The cell suspension was
centrifuged at 200 g for 5 min. The cells were reconstituted in keratinocyte growth medium and
seeded onto feeder cells, which were changed once a week. Medium was changed thrice weekly. The

cells were passaged at 70-80% confluence by exposing cells to 0.1% trypsin/0.53 mM EDTA (PAA,
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Colbe, Germany/Carl Roth, Karlsruhe, Germany) at 37°C for 10 min and rinsing once in keratinocyte
growth medium. The cell suspension was centrifuged at 200 g for 5 min. The cells were reconstituted
in keratinocyte growth medium and seeded in a 1:2-1:3 split ratio in a 7 d interval.

3T3-L1 MEFs served as feeder cells for hairs (indirectly) and primary keratinocytes (directly). Prof.
Dr. Matthias Bliher (Department of Medicine, University of Leipzig, Germany) provided the 3T3-L1
MEF line. 3T3 spontaneously immortalized MEFs were established in 1962 from swiss mouse
embryos. These cells are applied as feeder cells for primary keratinocytes (Rheinwald and Green,
1975). 3T3-L1 is a substrain of 3T3 developed through clonal isolation. Cells were mitotically
inactivated by treatment with 3T3-L1 medium supplemented with 10.0 yg/ml mytomycin C
(Sigma-Aldrich, Taufkirchen, Germany) for 2-3 h and rinsing once in 3T3-L1 medium. The cells were
seeded in a range of 40 000-60 000 cells/cm?.

Rhodamine B staining for the detection of keratinocytes was carried out according to a protocol
previously described by Islam and co-workers (Islam and Zhou, 2007). Briefly, the cells were fixed in
4% paraformaldehyde (PFA) for 20 min and washed in PBS. Subsequently, cells were treated with
1.0 mg/ml rhodamine B (Sigma-Aldrich, Taufkirchen, Germany) in deionized water for 30 min and
washed with PBS.

2.2.3. Isolation and Culture of Primary ECs

Commercially available primary human dermal microvascular endothelial cells (HDMECs) were
obtained from Promocell, Heidelberg, Germany. Cell culture was performed according to
manufacturer’s instructions.

Primary human dermal microvascular endothelial cells (MVECs) were obtained from skin biopsies
provided by PD. Dr. med. Michael Steen, Department of Hand and Plastic Surgery, BG-Kliniken
Bergmannstrost, Germany. Cells were isolated according to the protocol by Moll and co-workers with
minor modification (Moll et al., 2013). In brief, skin biopsies were collected in DMEM (PAA, Codlbe,
Germany) supplemented with 10% FCS (Lonza, Koéln, Germany), 2 mM L-glutanmine (Life
Technologies, Darmstadt, Germany), and 1% gentamycin (Biochrom part of Merck Millipore, Berlin,
Germany). The skin was cut into small pieces of approximately 2-3 mm, washed in PBS, and covered
with 2.0 mg/ml dispase at 4°C overnight. The epidermis was separated from the dermis, washed in
PBS with Mg and Ca, and treated with 0.05% Trypsin/0.53 M EDTA in Versene (Life Technologies,
Darmstadt, Germany) at 37°C for up to 1 h. Epidermis pieces were transferred to EC media and
scraped out to separate ECs from the tissue. The cell suspension was filtered using sterile nylon
meshes with a pore size of 100 ym (Corning, Kaiserslautern, Germany) and transferred to culture
dishes. After 4 h, when ECs had attached, the medium was changed to remove unwanted cell types.

Primary human umbilical vascular endothelial cells (HUVECs) were kindly provided by Vita34,
Leipzig, Germany. Umbilical cords were directly transferred to 4°C to preserve cell viability. The cord
was cut into pieces of approximately 5 cm and washed in PBS and 1% gentamycin (Biochrom part of
Merck Millipore, Berlin, Germany). Cord pieces were treated with 2.0 mg/ml dispase at 4°C overnight.
Arteries and the vein were removed using a selfmade small hook comparable to a vein stripper. The
vessel sections were washed in PBS with Mg and Ca, and treated with 0.05% Trypsin/0.53 M EDTA in
Versene™ (Life Technologies, Darmstadt, Germany) at 37°C for up to 1 h. Vessel sections were
transferred to EC media and scraped out to separate ECs from the tissue. The cell suspension was

filtered using sterile nylon meshes with a pore size of 100 um (Corning, Kaiserslautern, Germany) and
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transferred to culture dishes. After 4 h, when ECs had attached, the medium was changed to remove
unwanted cell types.

ECs were cultured in Endothelial Cell Growth Medium MV (ECGM; Promocell, Heidelberg,
Germany) and 1% 10000 U/10 000 ug penicillin/streptomycin (Life Technologies, Darmstadt,
Germany). Primary ECs were seeded in a range of 10 000-20 000 cells/cm? and passaged at 70-90%
confluence by exposing cells to 0.05% Trypsin/0.53 M EDTA (Carl Roth, Karlsruhe, Germany) for
about 1 min and rinsing once in ECGM. The cell suspension was centrifuged at 200 g for 5 min. The

cells were reconstituted in ECGM and seeded in a 1:2 split ratio every 7-10 d.

2.2.4. Culture of Human and Mouse Pluripotent Stem Cells

CGR8-S17 mouse ES cell line carrying a homologous dsRed-IRES-puromycin knock-in within the
Sox17 locus was provided by Dr. Heinz Himmelbauer (Center for Genomic Regulation, Barcelona,
Spain). Wild type CGR8 mouse ES cells can be obtained from Public Health England, Salisbury, UK.
CGR8-S17 cells were cultured as describe previously (Schroeder et al.,, 2012) with minor
modifications. In brief, cell grew on 0.1-1.0% gelatin-coated dishes (Sigma-Aldrich, Taufkirchen,
Germany) in Glasgow Minimal Essential Medium (GMEM; PAA, Célbe, Germany) supplemented with
10% FCS (Lonza, Kdéln, Germany), 0.05 mM beta-mercaptoethanol (BME), 2 mM L-glutamine, 1%
sodium pyruvate, 1% 10000 U/10 000 ug penicillin/streptomycin (all from Life Technologies,
Darmstadt, Germany), and 1000 U/ml LIF (Peprotech, Hamburg, Germany). CGR8-S17 cells were
seeded in a range of 2000-4000 cells/cm? and passaged at 70-80% confluence by exposing cells to
0.25% trypsin/0.01 M EDTA (Life Technologies, Darmstadt, Germany) for about 3 min and rinsing
once in CGR8-S17 medium. The cell suspension was centrifuged at 200 g for 5 min. The cells were
reconstituted in CGR8-S17 medium and seeded in a 1:4-1:10 split ratio every 3-5 d.

The WAOQ9 (also known as H9) human ES cell line was obtained from the Wisconsin International
Stem Cell Bank (WiCell Research Institute, Wisconsin, USA) and cultured according to manufacturer’s
instructions. In brief, the cells were cultured on inactivated feeder cells in Knockout™ DMEM
(KO-DMEM) supplemented with 20% Knockout™ Serum Replacement (KOSR), 100 uM BME, 1 mM
L-glutamine, 1% NEAA, 1% 10 000 U/10 000 ug penicillin/streptomycin (all from Life Technologies,
Darmstadt, Germany), and 4.0 ng/ml FGF2 (Peprotech, Hamburg, Germany). Since human ES cells
do not survive in single cell suspension, HI cells were seeded as cell clumps and established colonies
were passaged before they got into direct contact to each other by enzymatic and manual passaging.
For enzymatic passaging, cells were treated with KO-DMEM supplemented with 1.0 mg/ml
collagenase IV (Life Technologies, Darmstadt, Germany) for about 5-7 min at 37°C and rinsing once in
KO-DMEM. The suspension was centrifuged at 200 g for 5 min. The cells were reconstituted in H9
medium. Manual passaging was required for long-term preservation of H9 cells. The cells were
seeded in a 1:2-1:4 split ratio in a 4-10 d interval.

IMR90 iPS human pluripotent cells were obtained from the Wisconsin International Stem Cell Bank
(WiCell Research Institute, Wisconsin, USA) and cultured according to protocols provided by the
WiCell Research Institute. In brief, the cells were cultured on MatrigeIT'\’I using 0.5 mg in 6.0 ml
KO-DMEM for coating of a 6-well plate (Fisher Scientific, Schwerte, Germany). Cells grew in
mTeSR1™ (Stemcell Technologies, Kéln, Germany) supplemented with 1% 10 000 U/10 000 ug
penicillin/streptomycin (Life Technologies, Darmstadt, Germany). For distinct purposes, cells were also
cultured on feeder cells in KO-DMEM supplemented with 20% KOSR, 100 yM BME, 1 mM
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L-glutamine, 1% NEAA, 1% 10 000 U/10 000 pg penicillin/streptomycin (all from Life Technologies,
Darmstadt, Germany), and 4.0 ng/ml FGF2 (Peprotech, Hamburg, Germany). Since human iPS cells
do not survive in single cell suspension, IMR90 iPS cells were seeded as cell clumps and established
colonies were passaged before they got into close contact to each other by enzymatic and manual
passaging. For enzymatic passaging, cells were treated with DMEM/F12 supplemented with 2.0 mg/ml
dispase (Life Technologies, Darmstadt, Germany) for about 3-5 min at 37°C and rinsing once in
mTeSR1™. The suspension was centrifuged at 200 g for 5 min. The cells were reconstituted in
mTeSR1™. Manual passaging was required for long-term preservation of IMR90 iPS cells. The cells
were seeded in a 1:5-1:10 split ratio in a 4-10 d interval.

CF1 and B5 EGFP MEFs served as feeder cells for H9 and IMR90 iPS cells. MEFs were mitotically
inactivated by treatment with MEF medium supplemented with 10.0 yg/ml mytomycin C
(Sigma-Aldrich, Taufkirchen, Germany) for 2-3 h and rinsing once with MEF medium. The cells were
seeded on 0.1% gelatin-coated dishes (Sigma-Aldrich, Taufkirchen, Germany) in a range of
20 000-30 000 cells/cm®. Primary CF1 MEFs were obtained from E13.5 embryos of pregnant CF1
mice (Charles River Laboratories, Wilmington, USA). Primary B5 EGFP MEFs were obtained from
E13.5 embryos of pregnant B5 EGFP mice, which were provided by Prof. Dr. Anna M. Wobus
(Department of Cytogenetics and Genome Analysis, Leibniz Institute of Plant Genetics and Crop Plant
Research Gatersleben, Germany). MEFs were maintained until passage 3 cultured in DMEM (PAA,
Colbe, Germany) supplemented with 10% FCS (Lonza, Kéln, Germany), 2 mM L-glutamine,1% NEAA,
and 1% 10 000 U/10 000 ug penicillin/streptomycin (Life Technologies, Darmstadt, Germany). MEFs
were seeded in 3-5 10 cm dishes and passaged at 90% confluence by exposing cells to
0.25% trypsin/0.01 M EDTA (Life Technologies, Darmstadt, Germany) for 3-5 min and rinsing once in
MEF medium. The cell suspension was centrifuged at 200 g for 5 min. The cells were reconstituted in
MEF medium and seeded in a 1:3-1:5 split ratio in a 2-3 d interval.

MEF-conditioned medium was used for feeder-independent cultures and during reprogramming.
Therefore, 10.0 ml H9 medium including 4.0 ng/ml FGF was given to mitotically inactivated CF1 MEFs
seeded on 0.1% gelatin-coated 10 cm-dishes (Sigma-Aldrich, Taufkirchen, Germany) in a range of
50 000-60 000/cm?. The media was collected after 24 h, filter sterilized, and stored at 4°C for up to

4 weeks.
2.3. Analysis of Gene Expression

2.3.1. Statistical Analysis

Variability of data following the normal distribution are presented as mean +/- standard deviation
(SD) and differences were considered to be relevant with students T-test at p < 0.05 using Sigma Plot
version 11.0 (Systat Software, Erkrath, Germany). A subset of data is presented as mean +/- standard
error of the mean (SEM) describing the accuracy of the population mean rather than the variability of

individual values.

2.3.2. Reverse Transcription

RNA isolation and deoxyribonuclease (DNase) treatment were performed using RNeasy® Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. When only a small sample size
was available, RNA was isolated using the Dynabeads® mRNA Purification Kit (Life Technologies,

Darmstadt, Germany) according to the manufacturer's manual. For RNA isolation from porcine 3D
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biological matrices, these matrices were homogenized using a Precellys® 24 tissue homogenizer
(Peqglab, Erlangen, Germany) according to manufacturer’s instructions. RNA levels were quantified
using a NanoVue™ spectrophotometer (GE Healthcare, Miinchen, Germany) and reverse transcribed
into complementary DNA (cDNA). The reverse transcription reaction mix (20.0 ul) contained 0.5 pl
ribunuclease (RNase) inhibitor, 1.0 pl 200 U/ul Revert Aid™ M-MuLV RT, 4.0 ul 5x buffer, 2.0 pl
10 mM deoxyribonucleotides (dNTPs), 1.0yl 20 pmol/pl oligo (dt)s primers (all from Life
Technologies, Darmstadt, Germany), and 11.5 RNase-free water including 2.0 ug RNA. The reaction
was incubated at 65°C for 5 min, 42°C for 60 min, and 70°C for 10 min.

2.3.3. Semi-Quantitative Polymerase Chain Reaction (PCR)

The semi-quantitative PCR reaction mix (25.0 pl) contained 2.5 pl 10x buffer BD, 2.0 pyl 25 mM
MgCl,, 2.0 pl 2.5 mM dNTPs, 0.25 ul 5 U/ul FIREpol® DNA polymerase (all from Solis Biodyne, Tartu,
Estonia), 1.0 yl 10 pmol/ul forward and reverse primers (Biomers, Ulm, Germany) and RNase-free
water including 1-3 pl template cDNA. PCR conditions were as follows: initial denaturation at 95°C for
5 min; 30-40 cycles of denaturation at 95°C for 45 sec, annealing at 57°C for 1 min, and extension at
72°C for 45 sec; final extension at 72°C for 10 min. Amplicons were separated in 1.5-2% agarose gels
containing 0.5 pg/ml ethidium bromide. Electrophoresis was performed in a buffer solution with tris
base, acetic acid, and EDTA (TAE). Amplicons were visualized by ultraviolet light. Semi-quantitative

PCR primers (APP. 17/18) were designed using Primer3Plus online tool (http://www.bioinformatics.nl).

2.3.4. Quantitative Real-Time PCR (qRT PCR)

SYBR® Green-based qRT PCR was applied using the StepOnePIusT"’I Real-Time PCR System
(Life Technologies, Darmstadt, Germany). Reaction plates, adhesive film, 8-tube stripes, and caps
were also obtained from Life Technologies. Thermal cycling conditions were 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 1 min. A melt curve analysis was performed to ensure
that the desired amplicon was detected. The specificity of the analyzed transcripts was also
determined by gel electrophoresis using 2% agarose gels. The reaction mixture (20.0 pl) contained
4.0 yl 5x EvaGreen® reagent (Solis Biodyne, Tartu, Estonia ), 10 pmol of each primer (Biomers, Ulm ,
Germany), RNase free water, and 1.0 pl template cDNA. All qRT PCR reactions were performed in
triplicates and calculated relative to the endogenous control human 18S ribosomal RNA (18SrRNA) or
mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh), whose expression did not change in the
analyzed models. Template-free samples served as negative controls. Relative standard curve
analysis was chosen for detection of transcript levels and standard deviation was calculated according
to the StepOnePlus™ Real-Time PCR System manual (see manual appendix A-2 formulas). All gRT
PCR primers (APP. 19/20) were designed using the software Primer Express® 3.0 (Life Technologies,
Darmstadt, Germany).

TagMan®-based qRT PCR was applied for more accurate analysis of the miR transfection
protocol. TagMan® Gene expression Assays (Life Technologies, Darmstadt, Germany) for the
detection of Ptk9 (ID.Hs00702289 s1) and 18SrRNA (ID.Hs99999901_s1) are part of the Pre-miR™
miRNA Starter Kit (Life Technologies, Darmstadt, Germany), which was applied according to the
manufacturer’s protocol. Thermal cycling conditions were 50°C for 2 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 1 min. The reaction mixture (20.0 pl) contained 10.0 pyl 2x TagMan®
reagent, 1.0 pl 20x TagMan® Gene expression Assay, RNase free water, and 1.0 uyl template DNA.
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2.3.5. Analysis of miR Expression Levels

Isolation of miRs and DNase treatment were performed using miRNeasy® MiniKit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol for purifying total RNA including miRs. Total RNA
levels were quantified using a NanoVue™ spectrophotometer (GE Healthcare, Minchen, Germany).
For the detection of mature and pre-miRs, the miSc:riptT'VI Reverse Transcription Kit (Qiagen, Hilden,
Germany) allowed polyadenylation of miRs and subsequent template DNA synthesis with oligo (dt)
priming. The reverse transcription reaction mix (20.0 pl) contained 1.0 pl miScript™ RT Mix, 4.0 pl 5x
miScript™ RT Buffer, and RNase free water including 1.0 ug total RNA.

The miScript™ SYBR® Green PCR Kit (Qiagen, Hilden, Germany) was applied for SYBR®
Green-based gRT PCR analysis according to the manufacturer's instructions. In brief, the
StepOnePIusT"’I Real-Time PCR System (Life Technologies, Germany) was applied and a
three-step-protocol was performed: 95°C for 15 min, followed by 40 cycles of 94°C for 15 sec, 55°C for
30 sec and 70°C for 30 sec. A melt curve analysis was performed to ensure that the desired amplicon
was detected. The reaction mixture (20.0 ul) contained 10.0 pl miScript™ SYBR® Green, 1.0 yl
universal forward primer, 1.0 pl specific reverse primer (specific for the respective miR/pre-miR), and
RNase free water including 10.0 ng template cDNA. All gRT PCR reactions were performed in
triplicates and calculated relative to the endogenous control small nucleolar RNA (snoRNA) UGB,
which was shown to be unchanged in the analyzed models. Template-free samples served as
negative controls. Specific reverse primers (miScriptT'\’I Primer Assays, miScriptT"’I Precursor Assays)
for the detection of miR-302a-d, pre-miR-302a-d, miR-372, pre-miR-372, and U6B were obtained from
the Qiagen miScriptT'\’I Gene Globe online database (see www.giagen.com/GeneGlobe). All reactions
were performed in triplicate and normalized to the endogenous reference non-coding snoRNA UGB.
Relative standard curve analysis and standard deviation were calculated according to the
manufacturer’s instructions (see miScript™ PCR System Handbook, Appendix B).

For the detection of pri-miRs, 5.0 ug of total RNA were applied for standard reverse transcription
using a pri-miR-302-specific primer pair (APP. 17) for template DNA synthesis and subsequent
semi-quantitative PCR as previously described by Suh and co-workers (Suh et al., 2004).

2.3.6. Cell Sorting and Flow Cytometry

Cell sorting of GFP-expressing L87 and BJ-5ta cells was performed after STEMcircles™ delivery.
Cell suspensions were obtain by application of certain dissociation conditions also used for passaging
of L87 and BJ-5ta cells. For cell sorting, about 1x 10° cells/ml Hank’s buffer containing 0.137 M NaCl,
5.4 mM KCI, 0.25 mM Na,HPO,, 0.44 mM KH,PO,4, 1.3 mM CaCl,, 1.0 mM MgSO,, and 4.2 mM
NaHCO; (all from Carl Roth, Karlsruhe, Germany) in deionized water were applied. Cells were filtered
using sterile nylon meshes with a pore size of 100 ym (Corning, Kaiserslautern, Germany) and kept on
ice until used. Cell sorting was carried out using a FACSVantageT"’I SE cell sorter (BD Biosciences,
Heidelberg, Germany) operated by PD Dr. Dagmar Riemann, Department of Immunology, Medical
Faculty, Martin Luther University Halle-Wittenberg, Germany. In every experiment, the forward scatter
(FSC) was used to exclude events caused by cell debris. Cells were excited with a 488 nm argon ion
laser. The GFP fluorescence (emission peak at 509 nm) was measured using a band pass filter at
530/30 nm. The sorting gates were set to sort GFP-positive cells. Sorted cells were centrifuged at

200 g for 5 min and reconstituted in the cell type-specific medium for further culture.
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Flow cytometry for reliable quantification of STEMcircles™ delivery and delivery of Cy3™-labeled
Anti-miRs™ into L87 and BJ-5ta cells was performed using a FACSCanto flow cytometer (BD
Biosciences, Heidelberg, Germany). About 1x 10° cells per ml were transferred to PBS. Cells were
filtered using sterile nylon meshes with a pore size of 100 um (Corning, Kaiserslautern, Germany) and
kept on ice until use. The FSC was used to exclude events caused by cell debris. Non-viable cells
were excluded by propidium iodide (PI) staining using 5.0 yg PI/ml cell suspension. The side scatter
(SSC) was applied to exclude doublets. Cells were excited with a 488 nm argon ion laser to detect
GFP and Cy3™ fluorescence. Cy3™ fluorescence intensity is lower than that of GFP, but Cy3™ is a
small dye molecule suitable for conjugation with Anti-miR™ molecules. GFP fluorescence (emission
peak at 509 nm) and the Cy3T'VI fluorescence (emission peak at 550 nm) were observed using the FL1
band pass filter at 530/30 nm. Data were processed using the CellQuest Pro™ software provided by
BD Biosciences, Heidelberg, Germany. The amount of positive cells was presented as % of vital gated
cells. Additionally, data were presented in logarithmic values and the central tendency was measured
by the geometric mean.

Flow cytometry of Ki67 stained L87 cells required staining of cell suspensions using mouse
anti-Ki67 (Cat. No. 556003; BD Bioscience, Heidelberg, Germany) according to the manufacturer’s
instructions. Alexa Fluor® 488 chicken anti-mouse IgG (Cat. No. A-21200, Life Technologies,

Germany) was used as a secondary antibody.

2.3.7. Immunocytochemistry
All immunocytochemical stainings were analyzed using a BZ-8100E fluorescence microscope
(Keyence, Neu-llsenburg, Germany).

2.3.7.1. Immunocytochemistry Using Monolayer Cultures

For immunofluorescence (IF) analysis of cells growing in monolayer cultures, these cells were
seeded onto glass coverslips obtained from Menzel-Glaser part of Thermo Fisher Scientific,
Braunschweig, Germany. The cells were fixed in 4% PFA (Applichem, Darmstadt, Germany) for
20 min, washed in PBS, and permeabilized in 0.1% Triton® X-100 (Sigma Aldrich, Taufkirchen,
Germany) and 1% mouse or goat serum (Life Technologies, Darmstadt, Germany) in PBS for 30 min.
Non-specific binding was blocked with 5% serum for another 30 min. Primary antibodies were used at
4°C overnight. After washing three times in PBS, the secondary antibody was used at 37°C for 30 min.
Cells were washed with PBS, stained for 5 min with 5.0 ug/ml Hoechst 33342™ (Life Technologies,
Darmstadt, Germany) in the dark and washed three times with PBS and once with distilled water.
Afterwards coverslips were mounted upside down on glass slides using the Fluorescence Mounting
Medium provided by Dako, Hamburg, Germany.

Pluripotency-associated antigens were detected using goat anti-Nanog (Cat. No. sc-30331, Santa
Cruz, Heidelberg, Germany), mouse anti-Oct4 (Cat.No. sc-5279; Santa Cruz, Heidelberg, Germany),
rabbit anti-Sox2 (Cat. No. AM09112PU-S; Acris, Herford, Germany) mouse anti-Tra-1-81 (Cat. No.
ab16289; Abcam, Cambridge, UK), mouse anti-c-Myc (Cat. No. sc-40; Santa Cruz, Heidelberg,
Germany), mouse anti-Lin28 (Cat. No. AM1485a; Biomol, Hamburg, Germany), rabbit anti-Rex1 (Cat.
No. ab28141; Abcam, Heidelberg, Germany), mouse anti-SSEA4 (Cat.No. sc21704; Santa Cruz,
Heidelberg, Germany), and mouse anti-SSEA1 (Cat. No. sc21702; Santa Cruz, Heidelberg, Germany).
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The status of differentiation was characterized according to the presence of lineage-associated
antigens detected using rat anti-Cxcr4 (Cat. No. MAB21651; R&D Systems, Wiesbaden, Germany),
mouse anti-Tubb3 (Cat. No. MAB1637; Merck Millipore, Darmstadt, Germany) rabbit anti-Bra(Cat. No.
ab20680; Abcam, Cambridge, UK), rabbit anti-Foxa2 (Cat. No. AB4125; Merck Millipore, Darmstadt,
Germany), mouse anti-Sox17 (Cat.No. ab84990; Abcam, Cambridge, UK), and rabbit anti-Pdx1
(Cat.No. ab47267; Abcam, Cambridge, UK).

Primary ECs were characterized according to the presence of cell type-associated antigens using
mouse anti- VWF (Cat. No. M0616; Dako, Hamburg, Germany), mouse anti-VEcad (Cat. No. AF1002;
R&D Systems, Wiesbaden, Germany), goat anti-Pecam1 (Cat. No. sc-1506; Santa Cruz, Heidelberg,
Germany), and goat anti-Vegfr2 (Cat. No. ab10972; Abcam, Cambridge, UK).

The secondary antibodies Alexa Fluor® 488 goat anti-mouse IgG (Cat. No. A11001; Life
Technologies, Darmstadt, Germany), Alexa Fluor® 488 goat anti-rat IgG (Cat. No. A11006; Life
Technologies, Darmstadt, Germany), Alexa Fluor® 488 chicken anti-rabbit IgG (Cat. No. A21441; Life
Technologies, Darmstadt, Germany), Dylight® 488 donkey anti-goat 1gG (Cat. No. 705485147,
Dianova, Hamburg, Germany), and FITC goat anti-mouse IgM (Cat. No. sc-2082; Santa Cruz,
Heidelberg, Germany) were used.

The Alkaline Phosphatase Detection Kit (Merck Millipore, Darmstadt, Germany) was used for alkaline

phosphatase (AP) staining following the manufacturer’s instructions.

2.3.7.2. Immunocytochemistry Using Matrices

Immunocytochemistry of cells grown on 3D biological matrices required the preparation of paraffin
sections. Briefly, Matrices were fixed in 4% PFA (Applichem, Darmstadt, Germany) for 20 min and
stored in 70% ethanol. Dehydration and paraffinization was processed using the automated Citadel ™
tissue processor 2000 (Thermo Fisher Scientific, Karlsruhe, Germany). Matrices were dehydrated
once in 70%, 80%, 90%, 96% ethanol for 2 h, twice in isopropanol for 1 h, and twice in Histo-Clear ™
(Biozym, Hessisch Oldendorf, Germany) for 2 h. Subsequently, matrices were embedded into
Paraplast® paraffin (VWR, Darmstadt, Germany) supplemented with 5% bees wax provided by a local
beekeeper. Paraffin blocks were prepared using a DDM-P064 embedding center (Medim, Buseck,
Germany). 5-10 uym thick tissue sections were obtained using a DDM-0013 rotary microtome (Medim,
Buseck, Germany). Sections floating in a water bath were transferred onto microscope slides, and
stored at RT. For deparaffinization, sections were placed in an oven at 60°C overnight. Rehydration
was manually done by placing sections twice in Histo-Clear™ (Biozym, Hessisch Oldendorf, Germany)
for 10 min, once in 96%, 90%, 80%, 70%, 60%, 50% ethanol for 5 min, and once in deionized water
for 5 min. Rehydrated sections were applied for IF and cytological analysis.

IF analysis of paraffin-embedded sections required heat-mediated antigen retrieval at 90°C for
20 min in 10 mM citrate buffer pH6.0 or the commercially available citrate buffer Target Retrieval
Solution (Dako, Hamburg, Germany). Sections were circled using a hydrophobic barrier Pen (Dako,
Hamburg, Germany) and stained according to the procedure described for IF analysis as described
earlier.

For cytological analysis of paraffin sections, a hematoxylin and eosin stain (HE) was performed
without antigen retrieval. In brief, hemalum was produced according to the Mayer’s protocol (0.5g
hematoxylin, 0.1 g sodium iodate, 25.0 g potassium aluminum sulfate, 25.0 g chloral hydrate, 0.5 g

citric acid all obtained from Carl Roth, Karlsruhe, Germany in 500.0 ml deionized water) and sections
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were placed for 5 min in hemalum. Afterwards, sections were washed with running tap water for 5 min.
Sections were also stained with 1% eosin in deionized water for 10 min. After staining, sections were
dehydrated again by placing them one time in 50%, 60%, 70%, 80%, 90%, 96% ethanol for 5 min and
2 times in Histo-Clear™ (Biozym, Hessisch Oldendorf, Germany) for 10 min. Sections were embedded
with Histomount™ (Biozym, Hessisch Oldendorf, Germany).

Viable and dead cells on matrices were distinguished after staining with the Live/Dead Cell Staining
Kit Il (Promocell, Heidelberg, Germany) according to the manufacturer’s instructions.

Scanning electron microscopy (SEM) was performed for the detailed analysis of cells within 3D
biological matrices. Dehydration and fixation were done according to standard protocols, which were
shown to be also suitable for SEM of embryonic cells (Vera et al., 2013). Briefly, matrices were fixed in
modified Carnoy containing a 6:2:2 (v/v/v) mixture of ethanol, chloroform, and acetic acid for 15 min.
Matrices were dehydrated once in 70%, 80%, 90%, 95%, 99.8% ethanol for 15 min. Next, matrices
were dried with 1:1 (v/v) mixture of 99% hexamethyldisilazane and 99.8% ethanol (Sigma-Aldrich,
Taufkirchen, Germany) for 5 min. Matrices were ion covered with 10 nm gold and examined using a
scanning electron microscope operated by Angelika Steller, Department of Zoology, Faculty | of

Natural Science, Martin Luther University Halle-Wittenberg, Germany.

2.3.7.3. Western Blot (WB) Analysis

Cells were harvested and washed in PBS. Cells were lysed in 860.0 yl radioimmunoprecipitation
assay (RIPA) buffer containing 50 mM tris-HCI pH8.0, 150 mM NaCl, 1% NP40, 0.1% sodium dodecyl
sulfate (SDS), and 0.5% sodium deoxycholate (all from Carl Roth, Karlsruhe, Germany) in deionized
water supplemented with 40.0 yl 25x protease inhibitor and 100.0 ul 10x phosphatase inhibitor (both
from Roche, Mannheim, Germany). Lysates were put on ice for 30 min and vortexed every 10 min.
The resulting mixture was centrifuged and the supernatant was collected containing total protein.
Protein was processed using the Protein Assay Dye Reagent Concentrate (Bio-Rad, Minchen,
Germany) according to manufacturer’s instructions and concentration was determined using an
UItraspecTM 3300 Pro spectrophotometer (GE Healthcare, Minchen, Germany).

30-60 ug protein was mixed with 2x Laemmli loading buffer containing 4% SDS, 10% BME, 20%
glycerol, 0.004% bromophenol blue and 0.125 M tris-HCI pH6.8 (all from Carl Roth, Karlsruhe,
Germany). The mixture was heated at 90°C for 5 min. Samples were separated in 10% acrylamide
resolving gels by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resolving gel was
prepared by mixing 3.3 ml 30% acrylamide, 4.2 ml deionized water, 2.5 ml tris-SDS solution 2 (36.3 g
tris base and 8.0 ml 10% SDS in 200.0 ml deionized water pH8.8, 20.0 pl tetramethylethylenediamine
(TEMED), and 100.0 yl ammonium persulfate (APS; all from Carl Roth, Karlsruhe, Germany). The
stacking gel was prepared by mixing 1.0 ml 99% acrylamide, 6.5 ml deionized water, 2.5 ml tris-SDS
solution 3 (6.0 g tris base, 4.0 ml 10% SDS in 200.0 ml deionized water pH6.8), 20.0 yl TEMED, and
100.0 yl APS. Laemmli running buffer (10x buffer contained 30.25 g tris base, 144.25 g glycine, 10.0 g
SDS in 1000.0 ml deionized water) was prepared and electrophoresis was performed using the
XCell SureLock™ Mini-Cell Electrophoresis System (Life Technologies, Darmstadt, Germany)
according to manufacturer’s general protocol.

The proteins were electrotransferred from the gels onto Whatman Protran® nitrocellulose
membranes (Sigma-Aldrich, Taufkirchen, Germany) using the XCell II™ Blot Module electroblotting

apparatus (Life Technologies, Darmstadt, Germany) according to manufacturer’s general instructions.
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The blotting buffer was prepared by mixing 80.0 ml 12.5x blotting buffer stock solution (18.2 g tris
base, 90.0 g glycine in 1000.0 ml), 2.0 ml 10% SDS, and 200.0 ml methanol in 1000.0 ml deionized
water). Successful protein transfer was confirmed using 0.1% Ponceau S red staining solution in 5%
acetic acid (Carl Roth, Karlsruhe, Germany) suitable for nitrocellulose membranes.

Non-specific binding was blocked with 5% Sucofin powdered milk (local drugstore) in tris-buffered
saline and 1% Tween20 (TBS-T; Carl Roth, Karlsruhe, Germany) for 1 h on a vortex platform. Primary
antibodies were used at 37°C for 1 h. The primary antibodies mouse anti-beta-Actin (Cat. No. A5441;
Sigma-Aldrich, Taufkirchen, Germany), mouse anti-Dnmt3b (Cat. No. 211MG184; AMS Biotechnology,
Wiesbaden, Germany) and mouse anti-Dnmt1 (Cat. No. H00001786M01; Abnova, Heidelberg,
Germany) were used. After washing in TBS-T, membranes were incubated with the secondary
antibody diluted in 1% bovine serum albumin in PBS (BSA; Applichem, Darmstadt, Germany) at 37°C
for 2 h. As a secondary antibody, horseradish peroxidase (HRP) conjugated goat anti-mouse I1gG (Cat.
No. 115036003; Dianova, Hamburg, Germany) was used. After washing in TBS-T and TBS,
Immobilon™ Western Chemiluminescent HRP Substrate (Merck Millipore, Darmstadt, Germany) was
applied for chemi-luminescent detection of proteins according to manufacturer's instructions.
Membranes were treated with a stripping-buffer containing 20.0 ml 10% SDS, 12.5 ml 1.0 M tris-HCI
pH6.8, and 700.0 uyl BME (Carl Roth, Karlsruhe, Germany) in 100.0 ml deionized water for the
detection of the loading control beta-Actin. Densitometric analysis was done using a Fusion-FX7™

chemiluminescence detector (Peglab, Erlangen, Germany).

2.4. Reprogramming

Non-viral reprogramming of L87 MSCs and BJ-5ta fibroblasts was attempted by single application
or subsequent application of

- episomal reprogramming vectors carrying ONSL,

- human ES-cell specific miR-302a-d & 372,

- and/or treatment with small molecules
under human ES cell-specific culture conditions described earlier. Epigenetic modulators, signal
transduction inhibitors, and kinase inhibitors were obtained from Biocat, Heidelberg, Germany. These
molecules were applied according to manufacturer’s instructions. For another approach, NutriStem™

iPS and ES cell medium was obtained from Miltenyi, Bergisch Gladbach, Germany.

2.4.1. Transfection of Episomal Vectors

For induction of reprogramming, STEMcircles™ episomal expression vectors (Stemcell
Technologies, Koln, Germany) were transfected by lipofection using INTERFERRin™ (Peglab,
Erlangen, Germany) according to manufacturer’s guidelines. Endogenous ONSL expression was
analyzed using specific primers, which exclude STEMcircles™-derived, exogenous ONSL expression
(APP. 17). Different transfection approaches for the delivery of STEMcircles™ were analyzed using a
pEGFP-N1 reporter vector (Clonetech, Heidelberg, Germany). Lipofection studies included
Lipofectamine™ 2000 and Lipofectamine™ LTX & Plus™ transfection reagents (Life Technologies,
Darmstadt, Germany) applied according to manufacturer’s instructions. Electroporation was performed
using a Gene Pulser® Il electroporation system (Bio-Rad, Miinchen, Germany) and pulse duration

and/or electric field strength were adjusted according manufacturer’s instructions.
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2.4.2. Transfection of Synthetic miRs

For the analysis of the transfection procedure, the Pre-miR™ miRNA Precursor Starter Kit (Life
Technologies, Darmstadt, Germany) was applied according to the provided manual. The Kit includes
siPORT™ and NeoFX™ transfection reagents, which were applied in competitive studies. The Kit also
contains the Ambion Pre-miR™ miRNA Precursor of miR-1 (ID PM10617) and a negative control miR
(ID AM17110) without any mouse or human mRNA target gene. Delivery of miR-1 was also performed
using the Turbofect™ transfection reagent (Thermo Fisher Scientific, Karlsruhe, Germany) according
to manufacturer’s instructions.

For induction of reprogramming, Ambion Pre-miR™ miRNA Precursors of miR-302a-d & 372 (IDs
PM10936, PM10081, PM10571, PM10927, PM10165) were transfected by lipofection using
INTERFERRin™ (Peglab, Erlangen, Germany) according to manufacturer’s guidelines. For repression
of miR-302a, the mirvVana™ miRNA inhibitor of miR-302a (ID MH10936; Life Technologies, Darmstadt,

Germany) was transfected also using INTERFERRIn™ (Peglab, Erlangen, Germany).

2.4.3. Analysis of DNA Methylation

DNA methylation was quantified by real-time PCR using the OneStep quthyITM Kit (Zymo
Research, Freiburg, Germany) according to manufacturer’s instructions. Human methylated and
non-methylated DNA was applied in pilot studies to determine the accuracy of the OneStep gMethyl
Kit procedure. Oct4 promoter methylation was analyzed using primers detecting a CpG-rich promoter
region (APP. 19).

Genomic DNA was isolated using phenol-chloroform isoamyl alcohol DNA extraction. In brief, cells
were harvested and washed in PBS. The cells were lysed in 400.0 ul extraction buffer containing
50 mM tris-HCI pH7.6, 25 mM EDTA disodium salt dehydrate, 0.5% NP40, and 0.5% SDS in deionized
water (all from Carl Roth, Karlsruhe, Germany). The lysate was supplemented with 15.0 yl of a
20.0 pg/ml proteinase K solution (Thermo Fisher Scientific, Karlsruhe, Germany) and placed at 56°C
for 3 h. Afterwards, the lysate was supplemented with an equal volume (400 ul) of phenol, gently
mixed for 5 min, and centrifuged for 10 min at 13 000 rpm. The aqueous phase of approximately
400 ul was carefully removed and supplemented with a 25:24:1 (v/v/v) mixture of phenol, chloroform
and isoamylalcohol. The obtained suspension was vortexed vigorously and centrifuged again. The
aqueous phase of approximately 400 yl was carefully removed and supplemented with 400.0 pl
chloroform. The obtained mixture was vortexed vigorously and centrifuged again. The supernatant
was collected and DNA was precipitated with 1/10 volume of 3 M sodium acetate in deionized water
and 1 volume isopropanol. The mixture was centrifuged and washed with 70% ethanol. The dried DNA
pellet was resolved in 100.0 pl tris-EDTA buffer (TE) containing 10 mM tris-HCI pH7.5-8.0 and 1 mM
EDTA in deionized water. Subsequently, the obtained DNA was treated with 2.0 pl of 10.0 mg/ml
RNase (Thermo Fisher Scientific, Karlsruhe, Germany) at 37°C for 10 min.

DNA in 100.0 ul TE was processed using DNA Clean & Concentrator™ Kit (Zymo Research,
Freiburg, Germany) and diluted again in 100.0 pl deionized water. 20.0 ng of DNA were treated with
restriction enzymes (test) or mock-digested (reference). DNA was digested with Hin6l und Hpall
methylation-sensitive restriction enzymes (MRSEs; Thermo Fisher Scientific, Karlsruhe, Germany) at
37°C for 2 min. The test and reference samples were placed in a StepOnePlus™ Real-Time PCR
System (Life Technologies, Darmstadt, Germany). The reaction mixture (20.0 ul) contained 5.0 pl test

or reference DNA, 4.0 yl EvaGreen® reagent (Solis BioDyne, Tartu, Estonia), 10 pmol of each primer
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(Biomers, Ulm, Germany), and RNase free water (Life technologies, Germany). All qRT PCR reactions
were performed in triplicates. Template-free samples served as negative controls. Reaction plates,
adhesive film, 8-tube stripes and caps were obtained from Life Technologies, Darmstadt, Germany.
Thermal cycling conditions were 95°C for 10min, followed by 40 cycles of 95°C for 15 sec, 54°C for 1
min, and 72°C for 1 min. A melt curve analysis ensured that the desired amplicon was detected. The
specificity of the analyzed transcripts was proven by gel electrophoresis using 2% agarose gels.
Relative standard curve analysis was chosen for detection of ACt values (Ct test — Ct reference)
similar to calculating differences in a standard qRT PCR. The percentage of methylation
(percentage=100 x 2'AC‘) was calculated. The standard deviation was calculated according to

manufacturer's manual of the StepOnePIusTM Real-Time PCR System (see appendix A-2 formulas).

2.4.4. Luciferase Assay

A luciferase assay was used to evaluate miR-302a-d & 372 by the insertion of an associated target
site (present in Dnmt1) 3" of the firefly luciferase gene. Reduced firefly luciferase expression indicates
the binding of miRs to the cloned miR target sequence.

The empty pmiRGLO Dual Luciferase miRNA Target Expression Vector, the Dual-Glo® Luciferase
Assay System, and JM109 Escherichia coli cells (all from Promega, Mannheim, Germany) were
applied according to manufacturer’s protocols with minor modifications. Briefly, the pmiRGLO vector
was isolated from JM109 cells using the peqGOLD Plasmid Miniprep Kitl (Peglab, Erlangen,
Germany). Oligonucleotides were synthesized as single stranded DNA by Biomers, Ulm, Germany.
Both oligonucleotides (each 100 pM) were resuspended in TE buffer. For annealing of
oligonucleotides, a mix at equimolar concentration (both 100 pM) was placed in a standard thermal
cycler. Thermal cycling conditions were 95°C for 2 min followed by ramp cool to 37°C over a period of
45 min. This procedures generated double stranded DNA ready for ligation into the pmiRGLO vector.
Approximately 1 pg of the empty pmiRGLO was linearized by Mssl| and Xbal restriction enzymes using
the 10x recommended buffer (Thermo Fisher Scientific, Karlsruhe, Germany). Ligation was performed
using 50.0 ng linearized vector, 4.0 ng annealed oligonucleotides, 1.0 pl 1-3 U/ul T4 DNA Ligase, and
ligase buffer (both from Promega, Mannheim, Germany). For the analysis of Dnmt1, the
pmiRGLO-Dnmt1, pmiRGLO-nonsense, and pmiRGLO-302a vectors (APP. 21) were generated and
transferred into JM109 competent cells. Ampicillin-resistant clones were analyzed for successful
ligation using the unique Notl restriction site within the designed oligonucleotides. L87 cells (3000/cm?)
were transfected with pmiRGLO-Dnmt1 and miR-302a-d & 372 using jetPRIME™ transfection reagent
(Peqlab, Erlangen, Germany) suitable for co-transfection of plasmids and miRs according to
manufacturer’s protocol. Transfection was performed in triplicates within an opaque and white 96-well
plate (Greiner Bio-One, Frickenhausen, Germany). 24 h after transfection, cells were analyzed for
luciferase activity measured by Dual-Glo® Luciferase Assay System (Promega, Mannheim, Germany)
using a monochromator-based Tecan Infinite® M200 microplate reader (Tecan, Crailsheim,
Germany). Firefly luciferase activity of pmiRGLO-Dnmt1-transfected cells was normalized (firefly

luciferase/renilla luciferase) and compared to positive and negative controls.
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2.5. Pancreatic Differentiation Models

Different pancreatic differentiation models were applied to study the impact of ECs and 3D
biological matrices on mouse and human pluripotent stem cells. These models applied

- mouse ES cells on 3D matrices

- and human ES and iPS cells in the presence of ECs or a 3D co-culture invironment

for the development of a 3D pancreatic differentiation model.

2.5.1. Production of Porcine Matrices

Porcine small intestines were obtained from suckling pigs or growth-restricted pigs kindly provided
by a local slaughterhouse. Decellularized matrices were generated according to a protocol published
by Schanz and co-workers with minor modification (Schanz et al., 2010). In brief, the porcine jejunum
was separated from the intestine and flushed with PBS. The mesentery was removed. The jejunum
was cut into segments of approximately 10 cm. Segments were turned inside out and the mucosa was
scraped off manually. Segments were ligated at one end and filled with decellularization solution
containing 4% sodium deoxycholate (Carl Roth, Karlsruhe, Germany) in PBS, ligated at the other end
as well, and incubated in 1.0 | decellularization solution at 4°C for 1.5 h while being stirred constantly.
Afterwards, tissues residues were removed. Segments were washed thrice in PBS containing 1%
gentamycin (Biochrom part of Merck Millipore, Berlin, Germany) and kept at 4°C in PBS with 1%
gentamycin overnight. Sterilization and inactivation of antibiotics were achieved by 20.1-30.3 kGy of
electron-beam irradiation using an electron emitter operated by Dr. Wolfgang Knolle, Leibnitz-Institut

fur Oberflachenmodifikation, Leipzig, Germany. The matrices were stored at 4°C for several months.

2.5.2. Generation of Mouse Pancreatic Progenitors

CGR8-S17 mouse ES cells were differentiated into pancreatic progenitors according to the protocol
recently provided by Schroeder and co-authors with minor modifications (Schroeder et al., 2012).
Briefly, CGR8-S17 cells were differentiated by 3 different approaches. They were cultured in hanging
drops or directly transferred onto matrices using media suitable for spontaneous and directed
pancreatic differentiation (FIG. 7).

EB formation generating spontaneous pancreatic progenitors was initiated using spontaneous
differentiation medium (see also APP. 22). This control medium is a 1:1 (v/v) mixture of Iscove’s
modified Dulbecco’s medium (IMDM) and Ham’s F-12 containing 2.5 mM L-glutamine (PAA, Coélbe,
Germany) supplemented with 1% NEAA (Life Technologies, Darmstadt, Germany), 450 uM
monothioglycerol (Sigma-Aldrich, Taufkirchen, Germany), and 20% FCS (Lonza, Kéln, Germnay). EB
formation for the directed pancreatic differentiation was performed using a CDM (see also APP. 22)
supplemented with by 50.0 ng/ml activin A (Peprotech, Hamburg, Germany). CDM is a 1:1 (v/v)
mixture of IMDM and Ham’s F12 containing 2.5 mM L-glutamine (Life Technologies, Darmstadt,
Germany). The mixture was supplemented with 2 U/ml LIF (Peprotech, Hamburg, Germany), 1%
chemically defined lipid concentrate (Life Technologies, Darmstadt, Germany), 450 uM
monothioglycerol, 5.0 mg/ml BSA, 150.0 ug/ml transferrin, and 7.0 yg/ml insulin (Sigma-Aldrich,
Taufkirchen, Germany).

EB formation was achieved in hanging drops containing 600 cells/20.0 yl CDM or control medium
for 3 d. For the formation of EBs in CDM, CGR8-S17 cells were washed in CDM before use. Next,

cells were cultured in bacteriological dishes using CDM or control medium for additional 5-7 d
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depending on the occurrence of Sox17-DSred-positive cells. EBs were treated with Accutase®
(Sigma-Aldrich, Taufkirchen, Germany) and dissected using a gentIeMACST'VI dissociator (Miltenyi,
Bergisch Gladbach, Germany) according to the manufacturer’s instructions for automated dissociation
of up to 7 days old EBs.

For 2D culture conditions, DE progenitors obtained from EB dissociation at day 8-10 were replated
onto poly-L-ornithine/laminin-coated dishes. For proper attachment of dissociated cells, 20% FCS
supplementation was applied immediately after seeding for 1 d. Dishes were incubated with 0.1 mg/ml
poly-L-ornithine in 10 mM sodium borate buffer pH8.4 (Sigma-Aldrich, Taufkirchen, Germany) for 3 h
at 37°C, washed and dried at RT. Coating with 1.0 mg/ml laminin in PBS (Sigma-Aldrich, Taufkirchen,
Germany) for 1 h was applied immediately prior to the use of the culture dishes.

DE progenitors were further differentiated into the pancreatic lineage using pancreatic
differentiation medium (PDM; APP. 22) containing a 1:1 (v/v) mixture of IMDM and Ham’s F12
containing 2.5 mM L-glutamine, 1% NEAA (Life Technologies, Darmstadt, Germany), 450 uM
monothioglycerol (Sigma-Aldrich, Taufkirchen, Germany), and 2% FCS (Lonza, Kéln, Germnay).
PDM1 was supplemented with 0.75 pM 3-Keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)-
cyclopamine (KAAD-cyclopamine) (Merck Millipore, Darmstadt, Germany) and 300 nM indolactam V
(Sigma-Aldrich, Taufkirchen, Germany) until day 12-14. Treatment with 0.75 yM KAAD-cyclopamine
and 1 yM RA (Sigma-Aldrich, Taufkirchen, Germany) was applied in the presence of low glucose
(1.0 g/l) until day 18-20 in PDM2. Terminal PDM3 was applied until day 30 containing a 1:1 (v/v)
mixture of IMDM and Ham’s F12 with 2.5 mM L-glutamine supplemented with 20 nM progesterone,
100 pM putrescine, 1.0 pg/ml laminin, 25.0 pg/ml insulin, 30 nM sodium selenite, 10 mM nicotinamide
(Sigma-Aldirch, Taufkirchen, Germany), 50.0 yg/ml transferrin, B27® supplement (Life Technologies,
Darmstadt, Germany), and 2% FCS (Lonza, K&In, Germany).
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FIGURE 7: Mouse and human pancreatic differentiation models applied in the present study.
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For 3D culture conditions, DE progenitors obtained from EB dissociation at day 8-10 were replated
onto 3D biological matrices. Attachment in the presence of 20% FCS was not required. DE progenitors
were differentiated in PDM or a 1:1 (v/v) mixture of PDM and ECGM as described for 2D
cultureconditions. Importantly, the PDM/ECGM medium contained PDM supplements in equimolar
concentrations as described above.

For another approach of 3D culture conditions, ES cells were passaged onto matrices without EB
formation. Cells were cultured in spontaneous differentiation medium or in CDM containing 50.0 ng/ml
activin A (Peprotech, Hamburg, Germany), 100.0 ng/ml Nodal (R&D Systems, Wiesbaden, Germany),
or 5 uM inducer of definitive endoderm 1 and 2 (IDE1/2) (Miltenyi, Bergisch Gladbach, Germany).

2.5.3. Generation of Human Pancreatic Progenitors

Pancreatic differentiation of IMR90 iPS and H9 ES cells was performed without EB formation
according to the protocols recently provided by D’Amour, Kroon, and co-authors with minor
modifications (D'Amour et al., 2006; Kroon et al., 2008) and adjusted to 3D co-culture conditions
(FIG. 7). Briefly, IMR90 iPS and H9 ES cells were seeded at a high density onto Matrigel™-coated
dishes (0.5 mg/6-well plate; Fisher Scientific, Schwerte, Germany) for 1 d prior to differentiation using
mTeSR1™ (Stemcell Technologies, Kdln, Germany) or MEF-conditioned media supplemented with
4.0 ng/ml FGF2 (Peprotech, Hamburg, Germany). Cells were treated with RPMI (Life Technologies,
Darmstadt, Germany) supplemented with 2mM L-glutamine, 1% 10000 U/10 000 ug
penicillin/streptomycin (Life Technologies, Darmstadt, Germany), and 100.0 ng/ml activin A
(Peprotech, Hamburg, Germany) for 1 d. Next, media was modified to contain 0.2% FCS (Lonza, KolIn,
Germany) in addition to the above mentioned components and applied for additional 2-3 d. Thus, DE
progenitors were obtained at day 3-4.

For further differentiation, DE progenitors were cultured in human pancreatic differentiation medium
(HPDM; APP. 22). HPDM1 was applied for another 3d and comprised of RPMI-1640 (Life
Technologies, Darmstadt, Germany) supplemented with 0.25 yM KAAD-cyclopamine (Merck Millipore,
Darmstadt, Germany), 50.0 ng/ml FGF10, 50.0 ng/ml human VEGFa (Peprotech, Hamburg,
Germany), and 2% FCS (Lonza, Kéln, Germany). Next, cells were cultured for 3 d in HPDM2
containing DMEM (PAA, Cdlbe, Germany) supplemented with 0.25 uM KAAD-cyclopamine, 50.0 ng/ml
FGF10, 50.0 ng/ml human VEGFa, B27® supplement (Life Technologies, Darmstadt, Germany), 2 yM
RA (Sigma-Aldrich, Taufkirchen, Germany), and 10 uM dorsomorphin (Miltenyi, Bergisch Gladbach,
Germany). Finally, cells grew in until day 30 in HPDM3 containing DMEM supplemented with human
VEGFa and B27® supplement. Medium was changed every third day.

For 2D differentiation under co-culture conditions, DE progenitors were removed from the culture
dishes using 0.25% trypsin/0.53 mM EDTA (PAA, Cdlbe, Germany/Carl Roth, Karlsruhe, Germany).
About 1x 10° DE progenitors were seeded with or without about 5x 10* ECs onto 0.5% gelatin-coated
dishes. Co-cultures were kept in a 1:1 (v/v) mixture of HPDM and ECGM as described for the further
differentiation of DE progenitors. Importantly, the HPDM/ECGM medium contained HPDM and
supplements in equimolar concentrations as described above.

For 3D culture and co-culture conditions, DE progenitors were removed from the culture dishes
using 0.25% trypsin/0.53 mM EDTA (PAA, Cdlbe, Germany/Carl Roth, Karlsruhe, Germany) and
seeded onto 3D biological matrices. Cells were seeded and cultured as described for co-culture

conditions.
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3. RESULTS

The analysis of non-viral reprogramming methods and pancreatic differentiation in 3D biological
matrices aimed at the establishment of an organotypic model examining onset, progress, and
treatment of diabetes (predominantly of T2DM) in vitro. However, (i) isolation of human donor cells, (ii)
creation of a non-viral reprogramming strategy, (iii) search for 3D biological matrices suitable to be
used for pancreatic in vitro differentiation and (iv) the subsequent adjustment of differentiation

protocols was required.

3.1. Acquisition of Human Donor Cells - Isolation of Primary Keratinocytes
Isolation of human donor cells was restricted to cell types, capable to be excised without surgery
from human beings. According to that, isolation and propagation of keratinocytes from the outer root
sheath (ORS) of plucked anagen hairs was desired to be an adequate method to obtain human donor
cells. About 30-50 hairs were plucked from 6 healthy donors representing 3 groups of patients: (n=1)
male <30 years, (n=4) female <30 years, and (n=1) female >30 years (FIG. 8 A). Plucking was
repeated about 3 to 5 times for each subject. Hairs with outgrowing keratinocytes were successfully
cultured using a liquid-air interface (FIG. 8 B-D). However, the number of outgrowing cells differed
between donors (FIG. 8 E-G). This observation was independent of sex or age of the donors. There

were 2 female donors (n=1 <30 and n=1 >30), which reproducible showed less hairs with outgrowing
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FIGURE 8: Primary keratinocytes obtained from human plucked hair. (A) Hairs are shown immediately after
plucking. (B/C) Hairs are shown seeded on well plate inserts allowing the application of a medium-air-interface.
(D) Proliferating keratinocytes are demonstrated at day 10. The picture shows a sample with prominent outgrow
of cells. (E-G) The number of ORS-derived keratinocytes differed between donors demonstrated at day 20
(arrows). (H) Rhodamine B staining of ORS-derived keratinocytes. (I) Primary keratinocytes are shown on 3T3-L1
feeder cells. The typical morphology is demonstrated one day after removal from hairs. (J-N) Morphological
analysis of rhodamine B-stained colonies demonstrating the presence of keratinocytes with high and low
proliferation potential. The morphology of proliferating holoclones (J) and growth-restricted meroclones (K, I, M)
and paraclones (N) is shown. (O-P) Murine skin and 3T3-L1 MEFs served as controls. Bars represent 100 um.
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keratinocytes and a lower number of ORS-derived cells. Detection of keratins by rhodamine B staining
demonstrated the presence of ORS-derived keratinocytes (FIG. 8 H) while hairs without proliferating
keratinocytes were not stained. After 2 to 3 weeks, cells were transferred onto 3T3-L1 feeder cells.
Keratinocytes were identified by their cobblestone morphology (FIG. 81). Rhodamine B staining
confirmed the preservation of primary keratinocytes on feeder cells (FIG. 8 J-N). A culture of primary
keratinocytes is composed of stem cells (holoclones) and cells with lower proliferation potential
(meroclones and paraclones). The typical morphology of these different keratinocytes was observed.
There were a few holoclonal colonies preserving the typical cobble stone morphology (FIG. 8 J). Thus,
there were much more colonies of meroclones and paraclones showing diffuse cell aggregates and
low proliferation potential. (FIG. 8 K-N). The ratio of stem cell-derived and low proliferating
keratinocyte colonies was comparable between all donors at passage 1. Growth of primary cultures
dramatically decreased during passage 2 and 3. Together, the procedure was sufficient to isolate
keratinocytes but failed maintenance of these cells. Due to the low number of primary cells obtained,
creation of a non-viral reprogramming strategy had to be studied without keratinocytes using L87
MSCs and BJ-5ta fibroblasts.

3.2. Pluripotency Genes in Keratinocytes, L87 MSCs, and BJ-5ta Fibroblasts
The analysis of pluripotency markers in somatic donor cells was necessary to evaluate the process
of successful reprogramming. Therefore, a set of 30 common pluripotency markers was analyzed
(FIG. 9). The mRNA expression profiles of BJ-5ta and L87 cells revealed 3 groups of markers. There
was 1 group comprising of 12 markers, which were absent in somatic cells but thought to be crucial
markers for successful reprogramming (FIG. 9 A/B). Among them were the pluripotency markers Oct4,
Nanog, Sox2 and Lin28. A number of markers were already expressed either in BJ-5ta or L87 cells
classified as ambivalent markers while some markers were expressed in both cell lines. Ambivalent
and already expressed markers were thought to be less exclusive to elucidate pluripotency induction
during reprogramming. The analysis of the mRNA expression profile of keratinocytes was necessary
to estimate their applicability in a strategy for non-vial reprogramming. The mRNA was isolated from
human skin. Interestingly, the expression of 6 crucial pluripotency markers including Nanog, Sox2, and
Lin28 was observed (FIG. 9 C). The Oct4B mRNA was also detected but Oct4A transcripts were
absent. Keratinocytes did express almost all pluripotency markers, which were detected in BJ-5ta and
L87 cells. Further, several ambivalent markers were expressed in keratinocytes. In summary, the
mRNA expression profiles of BJ-5ta and L87 cells were more similar to each other than to that of

keratinocytes. Keratinocytes expressed additional pluripotency markers.

3.3. Analysis of Non-Viral Reprogramming Methods

To establish a non-viral reprogramming strategy, non-viral and non-integrative reprogramming
methods were analyzed for their ability to induce pluripotency in L87 and BJ-5ta cells. Primary cells
were not used, because those cells are more heterogeneous than cell lines, require more
sophisticated culture conditions, and may not be continuously availible. Further, reprogramming

methods are more often described for cell lines such as BJ-5ta fibroblasts.
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3.3.1. Efficient and Functional Delivery of STEMcircles™ Induces Reprogramming
STEMcircles™ are episomal vectors, which express the reprogramming factors Oct4A, Nanog,
Sox2, and Lin28 for reprogramming of somatic cells. The vector also expresses GFP. Non-viral

reprogramming of L87 MSCs and BJ-5ta fibroblasts was suggested to be induced by STEMcircles™.

3.3.1.1. Quantification of STEMcircles™ Delivery

STEMcircles™ are small plasmid derivatives of approximately 5 kb and plasmids usually are
transfected by electroporation and lipofection. Therefore, both methods were analyzed by transfection
of pEGFP-N1 (4.7 kb) to establish an efficient protocol in L87 MSCs. Standard protocols for the
delivery of plasmid DNA by electroporation or lipofection varied between distinct specifications but
several pilot studies revealed that lipofection was more applicable, more efficient, and gentler to L87
cells. Electroporation induced cell death in the majority of cells in contrast to lipofection by
INTERFERIn™ (APP. 1). Massive cell death was only observed after treatment with elevated amounts
of the transfection reagent or increased amounts of the vector DNA (APP. 1). Importantly, the use of
other transfection reagents less efficiently induced GFP expression after delivery of pEGFP-N1
(APP. 2). Therefore, INTERFERIn™ was selected for lipofection of STEMcircles™.

However, previously described STEMcircles™-based reprogramming was inefficient. Sorting of
GFP-positive cells was necessary to enrich the population of cells undergoing reprogramming. Thus,
STEMcircIesTM-positive L87 and BJ-5ta cells were sorted. GFP expression was quantified by flow
cytometry and Pl-staining was applied to exclude non-viable cells. GFP expression was induced in up
to 28.5% of L87 cells at day 3 (FIG. 10 A). The number of GFP-positive cells was lower at day 7
yielding up to 11.4 %. Flow cytometry verified that elevated amounts of INTERFERin™ transfection
reagent or increased amounts of vector DNA did not increase the number of STEMcircles™-positive
cells (APP. 3). Compared to L87 cells, GFP expression in BJ-5ta cells showed much lower
transfection efficiencies of about 1.4% at day 3 (FIG. 10 B). However, the geometric mean of
transfected BJ-5ta cells was more comparable to transfected L87 cells (FIG. 10 C). IF analysis
demonstrated that GFP accumulated in cytoplasm of L87 cells and BJ-5ta cells (FIG. 10 D-E).
Together, these data showed that efficient STEMcircles™ delivery was achieved by lipofection.

3.3.1.2. Induction of ONSL, KIf4, and c-Myc by STEMcircles™

Efficient delivery of STEMcircles™ was demonstrated suggesting the induction of ONSL in L87 and
BJ-5ta cells. Accordingly, mMRNAs levels and protein expression were analyzed from day 1 until day 7.
Different primer pairs were used to distinguish between Oct4A and Oct4B expression. Real-time PCR
analysis of L87 cells showed that Oct4A, Oct4B, Sox2, Nanog, Lin28, Klif4 and c-Myc were induced by
STEMcircles™ at day 1, but expression decreased until day 3 (FIG. 11 A). Protein expression of
Nanog and Oct4A was detected at day 3 in some but not all cells (FIG. 11 B). Sox2 and Oct4A protein
was detected at day 7. Proteins were localized in the nucleus. In accordance to L87 cells, BJ-5ta cells
showed strong induction of Oct4B, Nanog, and Lin28 mRNAs at day 1 (FIG. 11 C). In contrast, Oct4A
and Sox2 were induced at day 3 and KIf4 and c-Myc were induced only insignificantly at day 5. While
Nanog expression remained high until day 5, Lin28 expression slowly declined until day 5. Oct4A
protein was rarely detected in transfected BJ-5ta cells at day 3 and day 7 (FIG. 11 D). Nanog and

Sox2 proteins were not detected. The analysis of ONSL expression revealed differences between L87
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and BJ-5ta cells. However, the expression of ONSL was induced in L87 and BJ-5ta cells

demonstrating functionality of STEMcircles™.

3.3.1.3. Induction of Endogenous ONSL Expression by STEMcircles™
The ectopic expression of ONSL by STEMcircles™ aimed at the subsequent induction of

endogenous ONSL transcripts. Endogenous and ectopic transcripts were distinguished by primers,
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FIGURE 10: Delivery of STEMcircles™ into L87 and BJ-5ta cells. STEMcircles™ delivery was analyzed by
GFP reporter gene expression in L87 and BJ-5ta cells. (A) Flow cytometry analysis of L87 cells at day 3 and day
7. Non-transfected L87 cells served as a control (neg). L87 cells were transfected with the standard amount of
STEMcircles™ (1 pg/1-1.5 x 10° cells). GFP expression is demonstrated by events (P3 in green, middle panel)
and the geometric mean (lower panel). (B) Flow cytometry analysis of BJ-5ta cells at day 3. Representative data
(n=3). (C) Comparison of GFP-expression using the parental population P3 (left) and the geometric mean (right)
in L87 and BJ-5ta cells at day 3. Error bars represent SD (n=3). (D) IF analysis of L87 cells at day 3. (E) IF
analysis of BJ-5ta cells at day 3. Bars represent 100 pM.
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which included or excluded non-coding sequences of the analyzed mRNAs (FIG. 12 A). Oct4 primers

for the detection of endogenous Oct4 expression did not differ between Oct4A or Oct4B transcripts.
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FIGURE 11: Induction of ONSL, Klf4, and c-Myc by STEMcircles™. L87 and BJ-5ta cells were transfected
with STEMcircles™ or mock-transfected. Induction of pluripotency genes was analyzed from day 1 until day 7.
(A) Real-time PCR analysis of L87 cells. (B) IF analysis of L87 cells demonstrating cellular localization of
transcription factors. (C) Real-time PCR analysis of BJ-5ta cells. Expression of KIf4 and c-Myc is demonstrated at
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demonstrating cellular localization of Oct4A in L87 cells. Bars represent 100 pM.
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Semi-quantitative PCR analysis revealed that STEMcircles™ induced endogenous ONSL transcripts
in L87 and BJ-5ta cells at day 3 (FIG. 12 B). Importantly, the Induction of endogenous ONSL
expression demonstrated the gain of pluripotency characteristics in L87 and BJ-5ta cells.

Altogether, the analysis of STEMcircles™ delivery showed efficient and functional vector delivery
capable to induce pluripotency characteristics in L87 and BJ-5ta cells. Importantly, only transfection
with STEMcircles™ is not capable to reprogram these cells. Enhancement of reprogramming was
required. Accordingly, the application of additional non-viral reprogramming methods to create a

non-viral reprogramming strategy was necessary.

3.3.2. Efficient and Functional Delivery of miR-302a-d & 372 Induces Reprogramming

Likewise reprogramming transcription factors, human ES cell-specific miRs are capable to shift the
transcriptome of somatic cells towards pluripotency. Therefore, delivery of synthetic miR-302a-d & 372
into L87 and BJ-5ta cells was attempted as it offers the opportunity to manipulate the transcriptome of
somatic cells. Again, a non-viral approach was favored. Lipofection of miR-302a-d & 372 was thought

to induce and enhance pluripotency characteristics in L87 and BJ-5ta cells.

3.3.2.1. Validation of the miR Transfection Procedure

Transfection procedures usually are limited to a specific cell type. For delivery of miRs, a
transfection protocol had to be established suitable for several cell types including BJ-5ta fibroblasts
and L87 MSCs. Different transfection reagents were used according to manufacturer’s instructions
and analyzed in respect to the morphology of treated cells and the functionality of the delivered miRs.

Importantly, some reagents dramatically affected cell morphology (APP. 4). Lipofection using
INTERFERin™ showed no obvious morphologic signs of cell death in BJ-5ta and L87 cells at day 3
after transfection (FIG. 13 A). Upon morphological analysis, the delivery of up to 50 nM miRs did not
seem to affect the viability of transfected cells (APP. 5). To demonstrate functionality of the transfected
miRs, miR-1 delivery was analyzed for the repression of the miR-1 target mRNA Ptk9. Downregulation
of Ptk9 was analyzed by TagMan®-based qRT PCR. Delivery of 50 nM miR-1 efficiently repressed
Ptk9 mRNA after 36 h (to 154 + 4.7% of its initial value) and 48 h (14.8 = 7.9%)
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FIGURE 12: Induction of endogenous ONSL expressmn L87 and BJ-5ta cells were analyzed for the induction
of endogenous (en) ONSL expression by STEMcircles™ (SC). (A) Scheme of primer de5|gn for the discrimination
of endogenous transcripts. The 5UTR of mRNAs is not encoded on STEMcircles™ and therefore suitable to
exclude mRNA expression derived from this vector. (B) Endogenous mRNA expression of ONSL at day 3. Cells
were transfected with STEMcircles™ or mock-transfected (mock). Reactions without template served as a
negative control (neg). Representative data (n=3).
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(FIG. 13 B). Ptk9 mRNA was analyzed in response to different molarities of miR-1 in L87 cells at day 3
(FIG. 13 C). Downregulation was occurred in a dose dependent manner (5 nM 30.8%; 10 nM 21.6%;
25 nM 10.7%; 35 nM 8%; 45 nM 5.4%). Ptk9 repression was less efficient in BJ-5ta cells than in L87
cells (FIG. 13 B/C). Doubling the amount of transfection reagent for the delivery of 50 nM miR-1
increased repression of Ptk9 mRNA (from 22.6 % to 2.0 %, FIG. 13 D) without obvious effects on the
morphology of BJ-5ta cells at day 3. In summary, the transfection procedure preserved morphology of

treated cells and miR functionality was demonstrated in BJ-5ta fibroblasts and L87 MSCs.

3.3.2.2. Quantification of miR Delivery by Flow Cytometry

To further analyze the efficiency of miR delivery, BJ-5ta and L87 cells were transfected with
Cy3-labeled Anti-miR Negative Control. Cy3 fluorescence was measured and quantified by flow
cytometry in BJ-5ta and L87 cells from day 1 to day 3. At day 1, 97.4% of L87 cells were Cy3-positive
(FIG. 14 A). In BJ-5ta cells, Cy3 was detected in up to 43.9% of cells (FIG. 14 B). The number of
Cy3-positive L87 cells and BJ.5ta cells was increased until day 3 (FIG. 14 C/D). IF analysis localized

Cy3 fluorescence in the cytoplasm of transfected cells (FIG. 14 E/F). In conclusion, the transfection
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FIGURE 13. Analysis of the transfection procedure using novel miR-1. (A) Morphology of BJ-5ta cells and
L87 cells is demonstrated after lipofection of 50 nM miR-1, 50 nM nonsense miR, and mock-transfection (mock) at
day 3. Bars represent 100 yM. (B) TagMan®-based qRT PCR analysis Ptk9, which is a target mMRNA of miR-1.
BJ-5ta were transfected using the standard concentration of INTERFERIn™ (1.5 pl/24well) and 50 nM miR-1 or
50 nM nonsense miR (neg). Bars represent SD (n=3). (C) TagMan®-based qRT PCR analysis of Ptk9 at day 3
using different molarities of miR-1. L87 cells were transfected with different molarities of miR-1 or 50 nM
nonsense miR (neg). (D) TagMan®-based qRT PCR analysis of Ptk9 using different amounts of the transfection
reagent. BJ-5ta cells were transfected with 50 nM miR-1 or 50 nM nonsense miR and 1.5 pl/24 INTERFERin™.
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procedure very efficient introduced miRs into BJ-5ta and L87 cells but efficiency was dependent on

the cell type.

3.3.2.3. Prediction of miR-302a-d & 372 Target mRNASs

There are only few validated miR-302a-d & 372 targets, of which none are directly involved in
reprogramming. Therefore, further target mRNA prediction was required. However, meaningful target
prediction calls for more information in addition to the seed sequence (6-8 nt). Several data bases
provide miR target mRNA prediction and 4 of them were chosen for further miR-302a-d & 372 target
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FIGURE 14: Flow cytometry and IF analysis of miR-delivery. L87 MSCs and BJ-5ta fibroblasts were
transfected with 50 nM Cy3-labeled Anti-miR Negative Control (miR) and compared to mock-transfected cells
(mock). (A) Flow cytometry after miR-delivery into in L87 cells at day 1. Cy3-positive cells were quantified by
events (P3 in green). (B) Flow cytometry after miR delivery into in BJ-5ta cells at day 1. (C) Flow cytometry shows
the geometric mean of Cy3-positive L87 cells at day 1 until day 3. Non-transfected L87 cells served as a control
(neg). (D) Flow cytometry shows the geometric mean of Cy3-positive BJ-5ta cells. (E) IF analysis shows cellular
localization of Cy3-labeld miRs in L87 cells. (F) IF analysis in BJ-5ta cells. Bars represent 100 ym.
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mRNA prediction (FIG. 15 A). Importantly, miR-302a-d and miR-372 share the same seed sequence
but several predicted targets differ between miR-302a-d and miR-372. The SCRs of miR-302a-d &
372 were predicted to bind at the same locus within the 3'UTRs of the predicted target mRNAs
(FIG. 15 B). The occurrence of compensatory and cooperative sites was variable (FIG. 15 C).
Computing of target mRNAs also takes into account the conservation of the seed sequence between
organisms in addition to other features, which leads to different sets of target mMRNAs. Interestingly,
targets provided one or more seed sequences in the 3’'UTR of predicted mRNAs. Prediction in general
led to a list of 500-1000 predicted genes differing between the target prediction tools. However, sets of
target mMRNAs were filtered according to signaling pathways involved in reprogramming such as early
embryogenesis, apoptosis, epigenetic modification of DNA and histones, and cell cycle progression.
A smaller set of predicted target mMRNAs was obtained by combining high scores and possible
biological function during induction or maintenance of pluripotency. According to this combination,
cyclin A1 (CCna1), kruppel-like factor 13 (KIf13), Dnmt1, and ED repeat domain 61 (Wdr61) were

preferentially analyzed.

3.3.2.4. Validation of miR-302a-d & 372 Target mMRNAs

The majority of miRs induce gene silencing via mRNA repression. Therefore, target mMRNAs were
analyzed in L87 and BJ-5ta cells after transfection to demonstrate functionality of miR-302a-d & 372.
Ccna1, KIf13, Dnmt1, and Wdr61 were analyzed from day 3 to day 13 after transfection of miR-302a,
miR-372, and in response to a cocktail of miR-302a-d & 372. Delivery of miR-302a or miR-372
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FIGURE 15: Prediction of target mRNA possibly involved in reprogramming. (A) For detection of targets of
miR-302a-d & 372, 4 different data bases were used revealing different target predictions. The table shows
predicted targets of miR-302a and miR-372. Targets of miR-302a-d were predicted to be the same by the data
bases. (B) Scheme of the 3’'UTR of human Dnmt1 containing predicted functional seed sequences of miR302a-d
in yellow (arrow). Data are obtained from MicroCosm Targets version 5. (C) Seed sequence and SCR of
miR-302a-d and miR-372. The pictures demonstrate binding of miRs (upper strand) to the same motive at the
3'UTR of Dnmt1 (lower strand, 168-190 bp).
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strongly repressed mRNA levels of target mMRNAs at day 3 (FIG. 16 A/B). Ccna1 expression was
retained at day 5 after transfection of miR-302a. In contrast to miR-302a, miR-372 was less efficient
and all target mRNAs retained at day 5. Importantly, transfection of a cocktail of miR-302a-d & 372
was more efficient in target gene repression, which was preserved until day 13 (FIG. 16 C). However,
this process was delayed starting only at day 5. Targets were also repressed by low concentrations of
miRs, but with a significantly lower significance (FIG. 16 D). Taken together, the predicted targets
Ccna1, KIf13, Dnmt1, and Wdr61 were repressed verifying the functionality of the delivered miRs.
Interestingly, validation of miR-302a-d & 372 target genes demonstrated repression of target genes
until day 13, but it was questionable whether the transfected miRs were responsible for that
observation. Further analysis required the detection of mature and precursor miR-302a-d & 372 to
investigate whether induction of endogenous miR-302a-d & 372 expression was responsible for stable

repression of the analyzed target mRNAs.

3.3.2.5. Induction of Endogenous miR-302a-d & 372 Expression

According to the analysis of target mRNAs, mature and precursor miR-302a-d & 372 were
analyzed at day 1 until day 13 in BJ-5ta and L87 cells. Mature miR-302a-d & 372 are not detectable in
BJ-5ta cells and L87 cells. In response to miR-302a transfection, mature miR-302a was detected at
day 1 in L87 cells, but the mature miR-302a subsequently decreased until day 13 (FIG. 16 A). The
cocktail of synthetic miR-302a-d & 372 induced mature miR-302a at a lower level than delivery of

miR-302a alone. In accordance, mature miR-372 was detected at day 1 after delivery of synthetic
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FIGURE 16: Expression analysis of predicted miR-302a-d & 372 target mRNAs Ccnal, KIf13, Dnmtl, and
Wdr61. (A) gRT PCR analysis using 10 nM miR-302a. L87 cells were transfected with 10 nM miR-302a or 10 nM
nonsense mMiR (neg=1) and analyzed for target mMRNA expression from day 3 to day 13. (B) gqRT PCR analysis
using 10 nM miR-372 of target mMRNA repression in L87 cells. (C) gqRT PCR analysis after delivery of 10 nM
miR-302a-d & 372. L87 cells were transfected with 10 nM of each miR and 50 nM nonsense miR (neg=1). (D)
gRT PCR analysis after delivery of low concentrations of miR-302a-d & 372. BJ-5ta cells were transfected with
0.2 nM, 1 nM, or 3 nM of each miR (final concentration 1 nM, 5 nM, 15 nM) or mock-transfected (mock=1) at
day 3. Bars represent SD, representative data.
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miR-372 and mature miR-372 decreased until day 13 (FIG. 17 B). In contrast to miR-302a, miR-372
was more efficiently induced by the cocktail of miR-302a-d & 372 than by the delivery of synthetic
miR-372 alone. Interestingly, synthetic miR-302a was not able to induce mature miR-372 (FIG. 17 C).
Analysis in BJ-5ta cells validated that the cocktail of miR-302a-d & 372 induced all mature miR-302a-d
& 372 at day 1, but highest levels were induced at day 6 (FIG. 17 E). The amount of each mature
miR-302a-d & 372 differed between the single miRs, but all miRs were applied at the same
concentration. However, mature miR-302a-d & 372 were detected until day 13 suggesting their

endogenous expression.
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FIGURE 17: Induction of mature and precursor miR-302a-d & 372 expression. (A) gRT PCR analysis mature
miR-302a expression in L87 cells after delivery of miR-302a. Cells were transfected with 10 nM miR-302a, 10 nM
nonsense MiR (miR-neg), cocktail of 10 nM miR-302a-d & 372 (cock) and 50 nM nonsense miR. Relative
expression is compared to day 0 and shown from day 1 until day 13 after transfection. (B) qRT PCR analysis of
miR-372 expression in L87 cells. (C) qRT PCR analysis of miR-302a or miR-372 expression after delivery of
50 nM miR-372 or miR-302a. Data are shown in comparison to miR-302a expression after miR-302a delivery
(pos) and miR-372 expression after miR-372 delivery (pos). Bars represent SD (representative data). (D)
Semi-quantitative PCR analysisof pri-miR-302 in L87 cells after transfection with 10 nM miR-302a-d & 372 from
day 1 until day 13. H9 ES and IMR90 iPS cells are shown as a positive control. Samples from non-treated BJ-5ta
and L87 cells served as a negative control. Reactions without template are shown from cDNA synthesis (RT(-)
and PCR (neg). (E) gRT PCR analysis of mature miR-302a-d & 372 in BJ-5ta cells after transfection of 5x 10 nM
miR-302a-d & 372 (cock) and 50 nM nonsense miR (neg) from day 1 until day 13. Cells were seeded onto MEFs
at day 6 (indicated by arrow). Relative expression of mature miR-302a-d & 372 after transfection of synthetic miR
302a-d & 372 (cock) is shown in comparison to miR-302a-d & 372 expression after delivery of nonsense miR
(neg) at the indicated time points. (F) qRT PCR analysis of pre-miR-302a-d & 372 in BJ-5ta cells. Bars represent
SD (representative data).
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The expression of pri-miR-302 and pre-miR-302a-d & 372 was analyzed in L87 and BJ-5ta cells.
L87 and BJ-5ta cells did not express pri-miR-302 in contrast to H9 ES cells and IMR90 iPS cells. The
induction of pri-miR-302 by the cocktail of miRs was demonstrated at day 1 in L87 cells, but the
pri-miR subsequently decreased until day 8 (FIG. 17 D). The induction of pre-miR-302a-d & 372 by the
cocktail of miRs was also demonstrated at day 1 in BJ.5ta cells, but highest levels were induced at
day 6 (FIG. 17 E). Again, BJ-5ta cells showed delayed response to the miR delivery.

Another approach combined delivery of miR-302a-d & 372 with human ES cell-specific culture
conditions to preserve or enhance the induction of endogenous miR-302a-d & 372. Therefore, BJ-5ta
cells were seeded onto MEFs at day 6 after transfection with miR-302a-d & 372. Mature
miR-302a-d & 372 were enriched by feeder cells at day 8, but mature miRs decreased until day 13
(FIG. 17 E). The expression of pre-miR-302a-d & 372 was altered at day 8, but not all pre-miRs were
increased (FIG. 17 F).

In summary, the preservation of mature and the induction of precursor miRs verified functionality of
synthetic miR-302a-d & 372. Further, the endogenous expression of human ES cell-specific
miR-302a-d & 372 demonstrated that the transfection of synthetic miR-302a-d &372 induced

pluripotency characteristics in L87 and BJ-5ta cells.

3.3.2.6. Induction of Oct4 and Nanog by miR-302a-d & 372

Because efficient and functional delivery of miR-302a-d & 372 was demonstrated, the regulation of
the pluripotency markers Oct4 and Nanog was examined. Induction of Oct4 mRNA at day 3 was
induced by miR-302a or miR-372 alone (FIG. 18 A). However, a cocktail of miR-302a-d & 372 more
efficiently induced Oct4 mRNA expression. In contrast, Nanog mRNA was induced by miR-302a, but
not by the cocktail. At day 7 and 10, the cocktail of miR-302a-d & 372 only slightly increased Oct4
mRNA levels (FIG. 18 B). Contrary, Nanog mRNA was increased at day 10 after miR delivery.

As a mesenchymal marker, thymus cell antigen 1 (Thy1) is expressed in L87 and BJ-5ta cells.
Upon introduction of miR-302a-d & 372, Thy1 was strongly repressed at day 3 (FIG. 18 C). The Thy1
3'UTR did not contain SCRs necessary to bind miR-302a-d & 372 implicating the loss of mesenchymal
characteristics. Taken together, functional miR-302a-d & 372 successfully induced Oct4 and Nanog

mRNA expression, which demonstrated again that the transfection of synthetic miR-302a-d &372
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FIGURE 18: Regulation of Oct4 and Nanog by miR-302a-d & 372. (A) qRT PCR analysis of Oct4A+B and
Nanog at day 3. L87 cells were transfected with 50 nM nonsense miR (neg), 50 nM miR-302a, 50 nM miR-372,
and a cocktail of 5x 10 nM miR-302a-d & 372 (cock). (B) gRT PCR analysis of Oct4A+B and Nanog at day 0 until
day 10. L87 cells were transfected with 5x 10 nM miR-302a-d & 372. Error bars represent SEM (n=3). (C) qRT
PCR analysis of Thy1 at day 3. L87 cells were transfected with 5x 10 nM miR-302a-d & 372. Control cells were
transfected with 50 nM nonsense miR (neg). Error bars represent SD (representative data).
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induced pluripotency characteristics in L87 and BJ-5ta cells. Accordingly, it was interestingly to

analyze how miR-302a-d & 372 regulated the expression of Oct4 and Nanog.

3.3.3. Oct4 Expression is Regulated by miR-302a-d & 372 Target mRNA Dnmt1l

Interestingly, the validation of miR-302a-d & 372 target mRNAs revealed that Dnmt1 can strongly
repressed by transfection of synthetic miR-302a-d & 372. Dnmt1 is key regulator of DNA methylation
as described earlier. Further, Oct4 and Nanog gene expression are regulated by DNA methylation.
Dnmt1 are responsible for the methylation of Oct4 and Nanog to inhibit their expression in somatic

cells. Therefore, Oct4 induction was studied in response to the inhibition of Dnmt1.

3.3.3.1. Regulation of Dnmtl Expression by miR-302a-d & 372

Dnmt1 expression in response to transfection of miR-302a-d & 372 was studied more intensively in
L87 cells and BJ-5ta cells. To distinguish the impact of the miR-302 cluster and miR-372, miR-302a as
a representative of the miR-302 cluster and miR-372 were analyzed in respect to their ability to
repress Dnmt1 at day 3. Dnmt1 mRNA was significantly repressed by miR-302a (-69.1+5.3%) at day 3
(FIG. 19 A), but was not affected by miR-372. The cocktail of miR-302a-d & 372 slightly altered but not

significantly lowered Dnmt1 transcript levels (FIG. 18 A). However, WB analysis of Dnmt1 protein
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FIGURE 19: Regulation of Dnmtl by miR-302a-d & 372. (A) qRT PCR analysis of Dnmt1 expression after miR
delivery. L87 MSCs were transfected with 50 nM nonsense miR (neg), 50 nM miR-302a, 50 nM miR-372, and a
cocktail of 5x 10 nM miR-302a-d & 372 (cock). At day 3, Dnmt1 expression was compared to delivery of
nonsense miR (neg) (left). Expression until day 10 was compared to day 0 (white). (B) WB analysis was used to
examine Dnmt1 protein expression in response to miR delivery. Expression was compared to day 0. Error bars
represent SEM (n=3). *p<0.05 versus neg/0d. Representative data are shown below. (C) WB analysis of human
BJ-5ta and murine 3T3-L1 fibroblasts after transfection with 5x 10 nM miR-302a-d & 372 (cock). Dnmt1 protein
expression was analyzed at day 3. Expression at day 0 served as a negative control (neg). Error bars represent
SEM (n=2).
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expression demonstrated significant repression (-57.8+15.3%) by miR-302a-d & 372 at day 3
(FIG. 19 B). Dnmt1 protein level was not affected by miR-302a or miR-372 alone. The cocktail of
miR-302a-d & 372 significantly reduced Dnmt1 protein level at day 5 (-73.0£19.5%) and more slightly
at day 7 to day 10. Dnmt1 protein was increasingly restored until day 10.

Regulation of Dnmt1 protein expression was additionally studied in human BJ-5ta and mouse
3T3-L1 fibroblasts. It was interestingly to analyze whether the way of action of human ES cell-specific
miR-302a-d & 372 is restricted to the human system. The function of the miR-302 cluster is different in
human and mouse pluripotent stem cells. Human ES cell-specific miR-302a-d & 372 strongly
repressed Dnmt1 in human fibroblasts, but not in mouse fibroblasts (FIG. 19 C). Together, strong
repression of Dnmt1 protein expression by miR-302a-d & 372 was demonstrated. Further analysis

were required to elucidate whether the function of Dnmt1 was repressed, too.

3.3.3.2. Luciferase Assay for Validation of miR-302a-d & 372 Target mRNA Dnmtl

Studies intensively described Dnmt1 downregulation in response to miR-302a-d & 372. The 3'UTR of
Dnmt1 mRNA was predicted to be a target of miR-302a-d & 372 containing a SCR. The luciferase
assay was designed to demonstrate that miR-302a-d & 372 directly bind to the predicted binding site
on the Dnmt1 mRNA. Modified pmiRGLO plasmids expressed renilla luciferase and firefly luciferase
reporter genes. The 3'UTR of the firefly luciferase gene contained a multiple cloning site (MCS). The
native Dnmt1 SCR of miR-302a-d & 372 was cloned into the MCS inside the 3'UTR of the firefly

luciferase gene to obtain pmiRGLO-Dnmt1 (FIG. 20 A). Both, renilla and firefly luciferases, were
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FIGURE 20: Direct interaction of mature miR-302a-d & 372 with the 3'UTR of Dnmt1l transcripts. (A) Design
of pmiRGLO-Dnmt1 reporter plasmid carrying the SCR and the opposite region of miR-302a-d & 372 coupled with
restriction enzyme sites for cloning. (B) Luciferase assay for Dnmt1 target gene verification. L87 cells were
co-transfected with 50 nM miR-302a, 50 nM miR-372, and 50 nM nonsense miR (neg) and luciferase reporter
pmiR-Dnmt1. As a positive control 50 nM miR-302a were co-transfected with pmiRGLO-302a (pos). One day after
transfection, luciferase activity was measured and compared to co-transfected pmiR-Dnmt1 and nonsense miR
(neg). Error bars represent SEM (n=3). *p<0.05 versus neg. (C) L87 and BJ-5ta cells were co-transfected with
pmiR-Dnmt1 and 5x 10 nM miR-302a-d & 372 (cock) or 50 nM nonsense miR (control, neg-1). A second negative
control was used by transfecting nonsense miRs and pmiRGLO-nonsense (neg-2). Luciferase activity was
measured on day later and compared to controls. Error bars represent SEM (L87 n=2; BJ-5ta n=3). *p<0.05
versus neg-2.
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constitutively expressed. Analysis of Luciferase activity was used to show whether the Luciferase
mRNA was repressed after delivery of miR-302a-d & 372. Renilla activity was used to normalize firefly
activity. L87 cells and BJ-5ta cells were co-transfected with miR-302a-d & 372 and pmiRGLO-Dnmt1,
pmMiRGLO-nonsense, or pmiRGLO-302a reporter vectors. A functional positive control was provided by
co-transfection of miR-302a and pmiRGLO-302a, which carries a miR-302a complementary sequence
to ensure most efficient binding. The pmiRGLO-nonsense plasmid carried a sequence not capable to
bind miR-302a-d & 372. Co-transfection of pmiRGLO-Dnmt1 and miR-302a (22.1£10.0%) or miR-372
(13.6+£13.6%) significantly reduced luciferase activity (FIG. 20 B). Interestingly, luciferase repression
by miR-302a using pmiR-Dnmt1 or pmiRGLO-302a was comparable. More efficient downregulation of
pmiRGLO-Dnmt1-driven luciferase activity (0+21.5%) was demonstrated by a cocktail of miR-302a-d &
372 (FIG. 20 C). Therefore, Dnmt1 was verified as a direct miR-302a-d & 372 target mRNA.

3.3.3.3. Oct4 Promoter Methylation is Regulated by miR-302a-d & 372

As Dnmt1 protein repression by miR-302a-d & 372 was demonstrated, its impact on DNA methylation
of the pluripotency marker Oct4 was analyzed. CpG methylation in the Oct4 promoter region was
studied in L87 cells in response to miR-302a-d & 372 delivery. Therefore, a real-time PCR-based
approach for the analysis of CpG methylation in the Oct4 promoter was designed (FIG. 21 A). DNA
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FIGURE 21: Regulation of the Oct4 promoter methylation by miR-302a-d & 372. (A) Scheme of primer
design for the analysis of CpG methylation in the promoter region of Oct4 (upper part). The primer pair yields a
350 bp fragment, which is part of the Oct4 promoter (lower part, underlined letters). CpGs are shown in blue and
red. For the red labeled CpGs no MSRE was available, which is indicated by crossed letters. Restriction sites of
suitable MSREs are highlighted in blue bold letters (Hin6l GCGC and Hpall CCGG). (B) Analysis of CpG
methylation in the Oct4 promoter of H9 ES cells and L87 MSCs (control cells). DNA was incubated with MSREs
(indicated as test) and further analyzed using real-time PCR. Mock-digested DNA served as a reference
(indicated as reference). Real-time PCR products were transferred on 1.5% agarose gel to confirm the PCR
fragment of 350 bp using a 100 bp DNA ladder. Reactions without template served as a negative control (neg).
(C) Quantification of CpG methylation after miR delivery using real-time PCR. L87 cells were transfected with 50
nM miR-302a and analyzed at day 5 (white bar). Further, cells were transfected with 5x 10 nM miR-302a-d & 372
(grey bars) and analyzed from day 5 to day 10. Quantification of CpG methylation in H9 and L87 cells served as a
control. Error bars represent SEM (n=3). *p<0.05 versus L87 cells.
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from H9 ES cells served as a control and carried hardly any methylated CpGs and no PCR fragment
was detectable in the test reaction on the agarose gel (FIG. 21 B). H9 ES cells were not separated
from feeder cells. This positive control sample therefore contained undifferentiated ES cells and
differentiated MEFs. Accordingly, quantification revealed that the control sample contains cells with
CpG methylation (51.3%) (FIG. 21 C). DNA from L87 cells carried methylated and not methylated
CpGs, which was demonstrated by a moderate number of amplicons in the test reaction on the
agarose gel (FIG. 21 B). Quantification revealed that CpG methylation in non-transfected L87 cells
was high (84.5%) (FIG. 21 C). Delivery of miR-302a strongly repressed CpG methylation (39.8+5.4%)
at day 5. A cocktail of miR-302a-d significantly reduced CpG methylation at day 5 (36.5£1.9%), day 7
(28.9+10.3%), and day 10 (27.944.5%). In summary, the percentage of methylated CpGs within the
Oct4 promoter DNA was strongly repressed by miR-302a-d & 372 delivery.

3.3.3.4. Regulation of Dnmt3a/b Expression by miR-302a-d & 372
Oct4 demethylation by repression of the miR-302a-d & 372 target Dnmt1 was demonstrated, but DNA
methylation is also achieved/regulated by other DNMTs and several co-factors. Therefore, a possible
regulation of Dnmt3a or Dnmt3b in L87 cells after miR-302a-d & 372 delivery was examined.
Dnmt3a/b mRNA levels were not significantly affected by miR-302a, miR-372, and the cocktail of
miR-302a-d & 372 at day 3 (FIG. 22A). However, Dnmt3a mRNA was slightly lowered by miR-302a.
Dnmt3a/b mRNA levels were analyzed until day 10 without any effect of the miRs on Dnmt3a/b
transcription. WB analysis verified that Dnmt3b protein is not down-regulated by miR-302a-d & 372
(FIG. 22 B). Accordingly, these data underscore that absent maintenance methylation by Dnmt1 and
not absent de novo methylation by Dnmt3a/b is responsible for DNA demethylation of Oct4.
Altogether, the analysis of miR-302a-d & 372 delivery showed efficient and functional miR
delivery capable to induce pluripotency characteristics in L87 and BJ-5ta cells. Importantly, only
transfection with miR-302a-d & 372 is not capable to reprogram these cells. Therefore, enhancement
of reprogramming was required. Accordingly, the application of additional non-viral reprogramming

methods to create a non-viral reprogramming strategy was necessary.
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3.3.4. Hypoxia Promotes Reprogramming

STEMcircles™ and miR-302a-d & 372 were introduced into L87 and BJ-5ta cells, but permanent
induction of ONSL was not achieved. Reprogramming by STEMcircles™ and miR-302a-d & 372 was
adjusted to maintain pluripotency characteristics in L87 and BJ-5ta cells. Therefore, hypoxia and

human ES cell-specific culture conditions were applied.

3.3.4.1. Hypoxia Promotes Induction of Reprogramming by miR-302a-d & 372

Induction of Oct4 transcription by miR-302a-d & 372 was achieved at day 3, but Oct4 expression
was not stably induced (see also FIG. 18 B). In order to maintain Oct4 expression, cells were cultured
under hypoxic and human ES cell-specific culture conditions including feeder cells, FGF2 treatment,
and the use of human ES cell-specific medium. Morphologic analysis showed that cell viability was
most probably not disturbed (APP. 6). Normoxia and ES cell-specific conditions maintained Oct4A
expression in BJ-5ta cells until day 7 after transfection with miR-302a-d & 372 (FIG. 23 A).
Interestingly, hypoxia induced Oct4A at day 7 with or without miR-302a-d & 372 delivery in the
presence or absence of ES-cell specific conditions (FIG. 23 B). Further, Nanog expression was
induced by hypoxia at day 7, but only in response to miR-302a-d & 372 delivery under standard
conditions. Induction of reprogramming factors Sox2 and Lin28 was not detected. Another
pluripotency-associated marker RNA exonuclease 1 (Rex1; alias Zfp42) was also not induced in BJ-
5ta cells. However, other pluripotency-associated marker namely, MYST histone methyltransferase 3
(Myst3; also known as Kat6A) and c-Myc were detected in BJ-5ta cells, but these markers were
already expressed in untreated cells (FIG. 23 B).

Together, the combination of miR-302a-d & 372 and ES cell-specific conditions preserved Oct4A
mRNA expression until day 7. The combination of miR-302a-d & 372 and hypoxia preserved Nanog
transcription until day 7. These data highlight the importance of both hypoxia and ES cell-specific
conditions, but hypoxia and ES cell-specific conditions together did not preserve Nanog mRNA

expression.

A normoxia B hypoxia
standard +FGF2 standard +FGF2

FIGURE 23: Induction of Oct4A and Nanog by miR-302a-d & 372 is regulated by ES cell-specific
conditions and hypoxia. Semi-quantitative PCR analysis of growth condition during miR-mediated induction of
Oct4 and Nanog in BJ-5ta cells. Further, expression of Sox2, Lin28, Rex1, c-Myc, and Myst3 was analyzed.
Non-transfected BJ-5ta cells and H9 human ES cells served as control cells. Non-template reactions served as a
negative control (neg). (A) BJ-5ta cells were transfected with 5x 10 nM miR-302a-d & 372 (miR), 50 nM nonsence
miRs (neg), and mock-transfected (mock) and cultured under normoxic conditions. At day 3, cells were seeded on
MEFs using standard medium (indicated as standard) and human ES cell-specific medium with FGF2 (indicated
as +FGF2). At day 7, cells were analyzed. (B) BJ-5ta cells were analyzed in response to hypoxic conditions.
Representative data (n=2).
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Additionally, the amount of detectable mature miR-302a after transfection of synthetic miR-302a
was analyzed in the presence of hypoxia. The amount of mature miR-302a at day 3 was lower in the
presence of hypoxia when 50 nM synthetic miR-302a were applied (FIG. 24 A). Treatment with lower
concentration, namely 10 nM synthetic miR-302a was not affected by hypoxia (FIG. 24 B). Therefore,
transfection of 5x 10 nM miR in a cocktail of miR302a-d &372 was almost unaffected by
hypoxia.Importantly, endogenous mature miR-302a was induced without miR delivery when hypoxia
and ES-cell conditions were combined (FIG. 24 C).

Altogether, these date revealed that the combination of miR-302a-d & 372, hypoxia, and ES
cell-specific conditions is challenging. However, application of hypoxia within a non-viral
reprogramming strategy was preferred because hypoxic standard conditions maintained both Oct4A
and Nanog mRNA expression induced by miR-302a-d & 372.

3.3.4.2. Hypoxia Promotes Induction of Reprogramming by STEMcircles ™

ONSL expression was efficiently induced by STEMcircles™ in L87 MSCs and BJ-5ta fibroblasts,
but only for short period of time. To preserve ONSL, hypoxia was applied in an approach for
STEMcircles™-based reprogramming. L87 and BJ-5ta cells were treated with STEMcircles™ under
hypoxic or normoxic conditions. Morphologic analysis indicated that their morphology was not affected
by hypoxia and GFP expression by STEMcircles™ was sufficiently induced (APP. 7). Introduction of
STEMcircles™ was sufficient to induce endogenous Oct4, Nanog, and Sox2 expression at day 3 after
transfection using hypoxic conditions (FIG. 25 A). General and endogenous Lin28 mRNA expression
was preserved in L87 cells, but decreased in BJ-5ta cells. In L87 cells, further gRT PCR analysis
revealed that hypoxia positively regulated ONSL expression after vector delivery. To evaluate whether
hypoxia could increase ONSL mRNA levels after STEMcircles™ delivery, the fold change of the
expression induced by hypoxia in comparison to normoxia was determined at day 1 (FIG. 25 B). OCT4
induction remained to be very low and Sox2 was also induced at a very low level even under hypoxic

conditions. However, Nanog expression dramatically increased in presence of low oxygen at day 1,
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while Lin28 levels were enhanced at a lower albeit suntil significant level. Further, hypoxia was shown
to be relevant for maintenance of Oct4 and Nanog expression until day 5 (FIG. 25 C). Under
normoxia, Oct4 mRNA was induced at day 1 and strongly reduced thereafter. In contrast, hypoxia led
to the prolonged expression of Oct4 induced by STEMcircles™ until day 3. At day 5, hypoxia slightly
increased Oct4 expression while an effect of STEMcircles™ could not be observed anymore. Nanog
mRNA induction and maintenance until day 5 were strongly promoted by hypoxia. Interestingly, Nanog
was decreased at day 3 and induced at day 5 under normoxia and hypoxia. Hypoxia improved or
preserved ONSL expression induced by STEMcircles™ delivery.

In summary, application of hypoxia within a non-viral reprogramming strategy was underscored

because hypoxia elevated/maintained both Oct4 and Nanog transcription induced by STEMcircles™.

3.3.4.3. Hypoxia Promotes Proliferation in MSCs
Preceding data suggested that hypoxia enhanced the reprogramming process and reprogramming is

associated with triggered cell cycle progression. Additionally, proliferation of primary somatic cells is
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FIGURE 25: STEMcircles ™-mediated induction of Oct4, Nanog, Sox2, and Lin28 is regulated by hypoxia.
L87 and BJ-5ta cells were transfected with STEMcircles™ (SC) and cultured under normoxic and hypoxic
conditions in standard media. (A) Semi-quantitative PCR analysis of general and the endogenous (en) ONSL
expression at day 3. Reactions without template served as a negative control (neg). Representative data (n=3).
(B) qRT PCR analysis of ONSL expression in L87 cells at day 1. Data are shown as fold change in comparison to
mock-transfected cells. Oct4A+B expression was examined. Error bars represent SD (n=3). *p<0.05 versus
normoxia. (C) gRT PCR analysis of Oct4A+B and Nanog expression from day 1 to day 5 after transfection with
episomal vectors. Control cells were mock-transfected (neg). Error bars represent SD. Representative data (n=3).
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often restricted to a few passages. Therefore, proliferation of L87 MSCs and primary MSCs was
investigated in the presence of hypoxia. Proliferation was increased in L87 MSCs by hypoxia
(FIG. 25 A). Ki67 staining detected mitotic divisions as a marker for proliferation. Correspondingly,
increased proliferation of primary MSCs was reflected by elevated expression of Poli and Mcmc5, two
genes responsible for cell cycle progression (FIG. 25 B). Importantly, proliferation is an important
characteristic of reprogrammed cells.

Altogether, the analysis of hypoxic condition after transfection with miR-302a-d & 273 or
STEMcircles™ demonstrated strong effects on the induction and preservation of Oct4 and Nanog
transcription. These effects were more stronger observed in L87 cells. Further, hypoxia enhanced
proliferation, which highlights again that hypoxia is a potent tool within a non-viral reprogramming
strategy. Nevertheless, hypoxia did not allow permanent induction of pluripotency characteristics

necessary for successful reprogramming

3.3.5. Small Molecules Promote Reprogramming

In order to preserve and to further induce pluripotency characteristics given by miR-302a-d & 273
or STEMcircles™, small molecules were applied because they are potent modulators of signaling
pathways involved in pluripotency and reprogramming (FIG. 3). Small molecules were applied in
different sets according to their way of function namely, epigenetic modulators, signal transduction
inhibitors, and kinase inhibitors (TAB. 1).

3.3.5.1. Epigenetic Modulators Promote Reprogramming

To study the effect of the above mentioned epigenetic modulators, first the appropriate
concentrations of each small molecule namely, SBT, RG, VPA, and BIX were studied. This was
important because epigenetic modulators are known to have cytotoxic side effects when they are
applied in to high concentrations. Concentrations described in the literature varied depending on the
cell type. Therefore, the morphology of L87 cells was intensively studied until day 12 after treatment
with epigenetic modulators using standard culture conditions (APP. 8). Low and high doses of
epigenetic modulators did not seem to affect L87 cell’s viability until day 12, but morphologic changes
were observed independently from normoxia and hypoxia (APP. 8/9). Cells accumulated and formed
tight packed clusters in the presence of epigenetic modulators at day 6, but it was not analyzed

whether this observation contributes to reprogramming. One important result was that L87 cells were
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FIGURE 26: Proliferation is regulated by hypoxia and FGF2. (A) Proliferation of L87 MSCs under normoxic
and hypoxic conditions. Proliferation was measured at day 7 by Ki67 staining and quantified using flow cytometry.
The geometric mean is demonstrated from one representative experiment (left) and fold change of relative Ki67
expression is shown in comparison to normoxia (right). Error bars represent SD (n=3). (B) Semi-quantitative PCR
analysis Poli and Mcm5. Primary MSCs were cultured under normoxia and hypoxia with FGF2 and analyzed at
day 7. Reactions without template served as a negative control (neg).
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Table 1: Different sets of small molecules regulating different signaling pathways

RESULTS

small molecule | abbreviation | way of action slrgle treatment
treatment by a set
RG108 RG' DNMT inhibitor 2-20uM 0.5 uM
BIX01294 BIX' HMT inhibitor 0.5-2uM 1-2uM
valproic acid VPA' HDAC inhibitor 0.002-0.5mM | 0.5 mM
sodium butyrate | SBT' HDAC inhibitor 0.3-3mM 0.1-0.5mM
BIO BIO? GSK3 inhibitor 2 uM 2 uM
Pifithrin alpha PFT? p53 inhibitor 10 uM 10 uM
BayK8644 BayK2 L-type Ca2+ channel activator | 2 uM 2 uM
PD0325901 PD’ MEK inhibitor 0.5 uM 0.5 uM
SB431542 SB® ALKS inhibitor 2 uM 2 uM
Thiazovivin THIA® ROCK inhibitor 2 uM 2 uM

1epigenetic modulators, 2signal transduction inhibitors, and *kinase inhibitors

Table 2: Epigenetic modulators were applied in different sets.

SBT wthout SBT and delayed VPA VPA and SBT together

set#l set#2 set#3 set#4 set#5 set#6 set#7

0dto7d 0dto7d 7dto27d 0dto5d 5dto7d

0.5mMSBT | 0.1 mMSBT | 0.3mMSBT | 0.3 mM SBT 0.5 mM SBT

8 UM RG 0.5 UM RG 0.5 uM RG 0.5 UM RG

2 uM BIX 1 uM BIX 1 uM BIX 2 uM BIX
0.5mMVPA | 0.5 mM VPA

much more sensitive to epigenetic modulators after transfection with miR-302a-d & 372 (APP. 9).
Accordingly, epigenetic modulators were applied in 7 different sets, which were applied in different
periods of time (TAB. 2).

L87 and BJ-5ta cells were transfected with miR-302a-d & 372 and treated with epigenetic
modulator set#1—set#7 in the presence of hypoxia because hypoxia was demonstrated to support
induction of Oct4 and Nanog subsequent miR-302a-d & 372 delivery in BJ-5ta and L87 cells
(FIG. 23/25). ES cell-specific conditions were applied to maintain reprogrammed cells (FIG. 27 A).
Application of set#1 (SBT without VPA) led to strong reduction of surviving cells in the presence or
absence of hypoxia in L87 and BJ-5ta cells (FIG. 27 B; APP. 10). Modulator set#2—#5 (SBT and
delayed VPA) preserved L87 and BJ-5ta cells transfected with miR-302a-d & 372 and supported the
formation of colonies around day 27 (FIG. 27 C). These morphology of colonies was very similar to
that of pre-iPS colonies. Small molecule set#2—#4 were applied until day 7. Cells were transferred to
MEFs at day 7 and set#5 was applied until clones were picked at around day 27. Colonies were cut
into pieces and seeded onto fresh MEFs (passage 1) without addition of small molecules (FIG. 27 C).
The procedure was sufficient to generate 49 clones (APP. 11). However, 25 out of 49 clones (about
50%) lowered or stopped proliferating within passage 1. Finally, a few clones were preserved until
passage 4 (FIG. 27 D) and AP staining demonstrated low AP activity in L87-derived colonies at day 60
(FIG. 27 E). AP activity was absent in non-treated L87 and BJ 5ta cells while human and mouse ES
cells showed high AP activity (APP. 12). Application of set#6-#7 (VPA and SBT together) did not allow
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the formation of colonies, but single cells harvested at day 26 showed AP staining (FIG. 27 F). Small
molecule set#6 was applied until day 5 and set#7 was applied until day 7. In summary, treatment of
L87 and BJ-5ta cells with epigenetic modulators was challenging, but treatment allowed the formation
and maintenance of colonies with an epithelial morphology after miR-302a-d & 372 delivery. Further,
hypoxia and ES cell-specific culture conditions were implemented to create a non-viral reprogramming
strategy. It was demonstrated that these BJ-5ta- and L87-derived cells acquired several pluripotency
characteristics, but permanent reprogramming was not achieved. Therefore, it was necessary to study
other small molecules to create a non-viral reprogramming strategy.

miRs + epigenetic modulatorset#2/3/4/5

A B BJ-5ta L87

miRs + epigenetic
modulator set#1

transfection of
miR-302a-d & 372
L

SBT

| RG
BIX
VPA

7d - MEFs
epigenetic
modulator set#1

- VPA

passage 1
27d ¢ - of
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37d ¢ passage 2

miRs + epigenetic
4 passage 4 modulator set#6 / 7 E

60d

FIGURE 27: Epigenetic modulators promote maintenance of undergoing reprogramming by miR-302a-d &
372 delivery. L87 and BJ-5ta cells were transfected with 5x 10 nM miR-302a-d & 372 and cultured in the
presence of MEFs, ES cell medium with FGF2, and hypoxia. Cells were treated with different sets (set#1-7) of
RG, BIX, VPA, and SBT. (A) Scheme of pre-iPS generation promoted by epigenetic modulators. (B) Analysis of
morphology after treatment with epigenetic modulator set#1 (without VPA). L87 cells are shown at day 3. Control
cells were not transfected. (C-E) Analysis of morphology and AP staining after treatment with epigenetic
modulator set#2-#5 (delayed VPA treatment). Epigenetic modulator SBT, RG, and BIX were supplemented until
day 7 using different concentrations. VPA treatment started at day 7. (C) Morphology of pre-iPS colonies obtained
from L87 and BJ-5ta cells at day 26. Picked colonies are shown attached to fresh MEFs at day 28. (D)
Morphology of pre-iPS clones at day 36. (E) AP staining of pre-iPS clones at day 60. (F) Analysis of epigenetic
modulator set#6 and set#7 (SBT and VPA together). Single cells obtained from BJ-5ta cells are shown at day 26.
Bars represent 100 ym.
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3.3.5.2. Signal Transduction Inhibitors Promote Reprogramming

Signal transduction inhibitors PFT, BayK, and BIO (TAB. 1) were analyzed because targeted
signaling pathways were thought to be responsible for pluripotency (FIG. 3). Treatment did not seem
to affect the morphology of L87 and BJ-5ta cells (FIG. 28 A). Again, a reduction of surviving L87 and
BJ-5ta cells was observed after delivery of miR-302a-d & 372 (FIG. 28 B/C). Therefore, hypoxia was
not applied aiming at the elevation of surviving cells. Signal transduction inhibitors were applied from
day 1 to day 7. Subsequently, cells were cultured under ES cell-specific conditions (FIG. 28 D). Similar
to epigenetic modulators, signal transduction inhibitors enhanced a given impulse by miR-302a-d &
372 allowing the formation of colonies at around day 27, but only BJ-5ta cells generated colonies with
AP activity (FIG. 28 E). L87-derived cells did not generate distinct clones. BJ-5ta-derived colonies
were picked around day 27, but obtained clones stopped growing after passaging.

Together, signal transduction inhibitors allowed the formation of colonies with pluripotency

characteristics subsequent transfection with miR-302a-d & 372, but again treatment with small

A pifithrin alpha BayK8644 BIO PFT, BayK, BIO
B miR + pifithrinalpha miR + BayK8644 miR + BIO miR + PFT, BayK, BIO
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FIGURE 28: Signal transduction inhibitors promote maintenance of pre-iPS colonies established by
mi-302a-d & 372 delivery. (A) Analysis of morphology after treatment with signal transduction inhibitors in BJ-5ta
cells at day 6. Media were supplemented with PFT, BayK, and BIO as indicated. (B) Morphological analysis of
BJ 5ta cells after treatment with signal transduction inhibitors and miR-302a-d & 372 at day 8. Cells were
transfected with 5x 10 nM miR-302a-d & 372 and cultured in the presence ES cell medium with FGF2 under
normoxia. Cells were transferred onto MEFs at day 7. (C) Morphological analysis of L87 cells after treatment with
signal transduction inhibitors and miR-302a-d & 372 at day 8. (D) Scheme of reprogramming promoted by signal
transduction inhibitors. (E) AP staining of colonies is demonstrated at day 26 before clones were picked. Bars
represent 100 um.
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molecules was not capable to induce permanent reprogramming of L87 and BJ-5ta cells. Therefore, it
was necessary to study the application of small molecules in combination with other non-viral

reprogramming methods.

3.3.5.3. Kinase Inhibitors Promote Reprogramming

The induction of Oct4 and Nanog by miR-302a-d & 372 was demonstrated in the present work, but
STEMcircles™ induced ONSL suggesting that these episomal vectors have a stronger initial impulse
towards reprogramming. Accordingly, the kinase inhibitors THIA, SB, and PD (TAB. 1) were applied
after STEMcircles™ delivery. THIA, SB, and PD are commercially provided as a set of molecules
suitable for a variety of studies, but reprogramming was not described. Therefore, morphological
analysis after single treatment or combined treatment was not addressed, but the set of kinase
inhibitors did not seem to affect cell's morphology.

STEMcircles™ express a GFP reporter, which allowed sorting of transfected and GFP-positive L87
cells (GFP") at day 3 (FIG. 29 A). BJ-5ta cells were not applied because STEMcircles™ delivery was
shown to be inefficient (FIG. 9 B), which hindered enrichment by cell sorting. GFP-positive cells were
reseeded onto feeder cells at day 3 and cultured under hypoxic and ES cell-specific culture conditions.
Kinase inhibitors were supplemented to the media from day 1 to day 7. The set of kinase inhibitors
maintained L87-derived cells and promoted the formation of colonies, which were picked at around
day 27. The number of colonies was comparable to the treatment by epigenetic modulators and
kinase inhibitors. Importantly, these colonies showed an epithelial morphology and a subset
additionally showed AP activity (FIG. 29 B). These pluripotency characteristics were maintained in a
subset of clones until passage 4 (FIG. 29 C). Morphological analyses demonstrated that clones lost

their epithelial morphology, formed clumps, and stopped proliferating (APP. 13).

transfection of
episomal vectors
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*3 de SB [2.0uM]
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FIGURE 29: Kinase inhibitors promote maintenance of colonies established by STEMcircles™. (A)
Scheme of reprogramming promoted by kinase inhibitors. L87 cells were transfected with episomal vectors and
GFP-positive cells were cultured in the presence of hypoxic and ES cell-specific conditions. Media was
supplemented with THIA, SB, and PD as indicated. (B) AP staining of colonies is demonstrated at day 26. (C)
Positive and negative AP staining of L87-derived clones at day 63. Bars represent 100 uym.
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In summary, kinase inhibitors allowed the formation of colonies with pluripotency characteristics
subsequent transfection with STEMcircles™, but again treatment with small molecules was not
capable to induce permanent reprogramming.

Altogether, the analysis of small molecules revealed that an impulse towards reprogramming given
by miR-302a-d & 372 or STEMcircles™ can be preserved for a period of time by epigenetic
modulators, signal transduction inhibitors, and kinase inhibitors. However, permanent induction of
pluripotency characteristics implicating successful reprogramming was not achieved. Importantly, the
obtained data recommended the study of subsequent application of all analyzed small molecules in
combination with other reprogramming methods to create a non-viral reprogramming strategy.

Up to this point of this study, successful induction of pluripotency characteristics in L87 and BJ-5ta
cells by STEMcircles™ or transfection of miR-302a-d & 372 was demonstrated, but these
characteristics were not maintained. Further, subsequent application of hypoxic and ES cell-specific
culture conditions and treatment with small molecules demonstrated that some of these characteristics
can be preserved for a limited period of time, but again permanent maintenance implicating successful

reprogramming was not achieved.

3.3.6. Subsequent Use of Non-Viral Methods Promotes Maintenance

Maintenance of L87- and BJ-5ta-derived clones was thought to be a necessary to complete
reprograming for establishment of permanent L87 and BJ-5ta iPS cell lines. Accordingly, subsequent
combination of all described reprogramming methods was studied suggesting that additive effects of

these methods would allow successful reprogramming.

3.3.6.1. Preservation of Oct4 by co-transfection of STEMcircles™ and miR-302a-d & 372

STEMcircles™ or miR-302a-d & 372 successfully induced endogenous expression of ONSL or
miR-302a-d & 372 in L87 and BJ-5ta cells. To enhance an initial impact towards reprogramming,
co-transfection aimed at elevating the induction of pluripotency factors, especially of Oct4.

Therefore, cells were co-transfected with both STEMcircles™ and miR-302a-d & 372 using the
established protocols described earlier. Transfected cells were cultured under hypoxic and ES
cell-specific conditions. Morphological analysis of co-transfected cells showed a strongly reduced
number of surviving cells (APP. 14). This observation was due to IF analysis in L87 cells
demonstrating that GFP expression was reduced at day 3 (FIG. 30 A). IF analysis of BJ-5ta cells is not
shown because the number of GFP-positive BJ-5ta cells was low even without co-transfection as
described earlier. Quantification by flow cytometry demonstrated that the number of GFP-expressing
L87 cells was lowered (up to 6.3 %) but the number of GFP-expressing BJ-5ta was not decreased
(FIG. 30 B). ONSL expression after co-transfection was demonstrated at day 3 under standard
conditions. Again, Lin28 transcripts were absent in hypoxia-treated BJ-5ta cells (FIG. 30 C).
Interestingly, Oct4 expression was elevated by co-transfection at day 7 when normoxic conditions
were applied (FIG. 30 D). Hypoxia adversely affected Oct4 expression after co-transfection.

Together, miR-302a-d & 372 transfection additionally to STEMcircles™ reduced the efficiency of
STEMcircles™, but Oct4 transcription was preserved in L87 and BJ-5ta cells suggesting a subsequent

application of these reprogramming methods.
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3.3.6.2. Culture Conditions Without Feeder Cells are Suitable for Reprogramming

The use of MEFs providing ES cell-specific culture conditions hampered the localization of
establishing BJ-5ta-derived clones. Further, MEFs provide a hard to standardize component in a
non-viral reprogramming strategy. Therefore, validation of feeder-free ES cell conditions suitable for
maintenance of pluripotent cells was analyzed.

Cultures without feeder cells requires coating of the culture surfaces with ECM compounds such as
MatrigeITM. In addition, MEF-conditioned medium or media compositions specifically designed for the
maintenance of ES and iPS cells are mandatory. The IMR90 iPS cell line was analyzed after 3
passages using MatrigelTM or growth factor reduced MatrigelTM combined with mTeSR1™ or
Nutristem™ ES cell medium. The morphology of IMROO iPS cells slightly varied between different
media but not between the different types of MatrigelTM (APP. 15 A). The mRNA expression levels of
common pluripotency factors were strongly affected (APP. 15 B). Interestingly, Oct4A and Sox2
mRNA transcripts were up regulated by MEF-conditioned medium, but it was not further analyzed
whether this observation contributes to reprogramming. Importantly, IF analysis underscored that
MEF-conditioned medium is suitable to replace mTeSR1™ (APP. 15 C). Together, MEF-conditioned

medium provides an alternative to commercially available media.

3.3.6.3. Repeated Transfection of STEMcircles™ Does Not Enhance Reprogramming
To enhance the effect of STEMcircles™, repeated treatment with these episomal vectors was

attempted to generate fully reprogrammed iPS cells. Transfection of STEMcircles™ was repeated
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FIGURE 30: Co-transfection of STEMcircles™ and miR-302a-d & 372 affects ONSL expression. L87 and
BJ-5ta cells were co-transfected with STEMcircles™ (SC) and miRs using standard procedures and cultured in
presence of hypoxia (hyp) and normoxia (norm) using standard media. (A) IF analysis of episomal vector-derived
GFP-expression in L87 cells at day 3. Bars represent 100 um. (B) Quantification of vector delivery by flow
cytometry at day 3. The percentage of events in parental population P3 is shown. (C) Semi-quantitative PCR
analysis of ONSL expression at day 3. H9 human ES cells served as a control. Reactions without template served
as a negative control (neg). (D) Semi-quantitative PCR analysis of Oct4A expression at day 7 after co-transfection
(co). GFP-positive cells were reseeded onto MEFs under ES cell-specific conditions and cultured with normoxia
or hypoxia. Control cells were transfected only with episomal vectors. Representative data (n=2).
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FIGURE 31: Repeated delivery of STEMcircles™ promotes maintenance of colonies. L87 and BJ-5ta cells
were transfected with STEMcircles™. Maintenance of colonies was performed under normoxic and ES
cell-specific culture conditions (indicated as MEFs) or MEF-conditioned culture conditions (indicated as
MEF-cond.). Small molecules were applied using concentrations described earlier (see also FIG. 26-28). (A)
Approach aiming at the induction of reprogramming by transfection at day 0, day 1, and day 3. Cells were
subsequently treated with epigenetic modulator SBT (0.5 mM; 10 d-13 d), signal transduction inhibitors (BayK,
BIO, PFT; 13 d-16 d), and kinase inhibitors &THIA, SB, PD; 16 d-19 d). (B) Morphological analysis of colonies
obtained after transfection with STEMcircles™ at day 0, day 1, and day 3. L87- and BJ-5ta-derived colonies are
showen from day 3 to day 47 or day 29. (C) Approach aiming at the induction of reprogramming by transfection at
day 0, day 4, and day 6. At day 3, GFP-expressing L87 cells were enriched by flow sorting while BJ-5ta cells were
not sorted for GFP. Kinase inhibitors were supplemented from day 3 to day 17 (D) Morphological and IF analysis
of colonies obtained after transfection with STEMcircles™ at day 0, day 4, and day 6. GFP-expressing cells are
demonstrated because they were not related to colonies. Maintenance of L87- and BJ-5ta-derived colonies is
shown at day 50. (E) Approach aiming at the induction of reprogramming by transfection at day 0, day 5, day 12,
and day 17. (F) Morphological ana!\xsis at day 24 and (G) semi-quantitative PCR analysis of Oct4A expression
after transfection with STEMcircles™ at day 0, day 5, day 12, and day 17. Bars represent 100 uM.
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within a short (3 days), a medium (6 days), and a long time period (17 days). At day 3, ES cell
conditions, normoxia, and treatment with small molecules were applied for maintenance of clones.
Again, GFP-expressing L87 cells were enriched by flow cytometry, while BJ-5ta cell were not sorted
due to their low transfection efficiency.

Transfections within 3 days changed the morphology of L87 and BJ-5ta cells (FIG. 31 A). Colony

formation was observed at around day 7. Afterwards, treatment with epigenetic modulator SBT
(0.5 mM; 10 d-13 d), signal transduction inhibitors (BayK, BIO, PFT; 13 d-16 d), and kinase inhibitors
(THIA, SB, PD; 16 d-19d) was applied. Propagation of L87-derived clones was achieved until
passage 5 while BJ-5ta-derived clones stopped growing at passage 3 (FIG. 31 B).
Transfection of STEMcircles™ repeated within 6 days generated colonies at day 6 (FIG. 31 C/D).
Interestingly, GFP expression was not localized in colonies but in single cells between the observed
colonies indicating that colony-derived cells lost forced expression of ONSL by STEMcircles™
(FIG. 32 D). These colonies were picked and cultured under normoxic and ES cell-specific conditions.
Treatment with kinase inhibitors until day 17 allowed propagation of L87- and BJ-5ta-derived clones
for a few passages, but these clones underwent cell death within passage 5.

Transfection within 17 days did not generate colonies until day 24 (FIG. 31 E). Interestingly,
semi-quantitative PCR analysis of these cells demonstrated that Oct4A was transcribed in L87 cells,
but Oct4A was absent in BJ-5ta cells (FIG. 31 G). In summary, repeated delivery of STEMcircles™

was not sufficient to enhance an initial impulse towards reprogramming.

3.3.6.4. Subsequent use of 6 Small Molecules Promotes Maintenance of ONSL Expression

Data obtained from co-transfection of STEMcircles™ and miR-302a-d & 372 suggested that
subsequent delivery of both would promote the preservation of Oct4A. Further, data obtained from
repeated STEMcircles™ delivery showed that subsequent treatment with kinase inhibitors and
transduction inhibitors is applicable during reprogramming, but another treatment strategy was
suggest to be more suitable. Together, these results suggested application of a non-viral
reprogramming protocol including (1) STEMcircles™, (2) miR-302a-d & 372, (3) kinase inhibitors, and
(4) signal transduction inhibitors (FIG. 32 A). At day 5, hypoxic and ES cell-specific conditions were
applied for maintenance of clones. Colonies of L87 cells were first observed at day 12 and clones
were picked around day 27 (APP. 16).

Subsequent treatment with vectors, miRs, and small molecules did induce Sox2 mRNA expression
at day 27 neither under normoxic nor under hypoxic conditions, but Oct4A, Nanog and Lin28 were
detected (FIG. 32 B). Nonetheless, Sox2 was absent and due to this observation clones stopped
proliferating at passage 3. Interestingly, cells studied under normoxia and without transfection of
miR-302a-d & 372 preserved ONSL expression until day 27 (FIG. 32 B). However, these clones also
stopped growing at passage 3. However, the subsequent combination of reprogramming methods
revealed the accumulation of pluripotency characteristics in L87 derivatives analyzed by the
expression of ONSL reprogramming factors. Unfortunately, the induction of permanent proliferating
clones was not achieved. Due to the ONSL induction, one can conclude that partial reprogrammed
cells were established.

Altogether, the analysis of non-viral reprogramming methods led to a protocol combining these
methods for the creation of a non-viral reprogramming strategy. Reprogramming methods namely,
delivery of STEMcircles™, delivery of miR-302a-d & 372, application of hypoxic and ES cell-specific
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conditions, and treatment with small molecules successfully induced some pluripotency characteristics

in L87 and BJ-5ta somatic donor cells.
Importantly, the generation of non-viral iPS cells aimed at their subsequent differentiation into the

pancreatic lineage. Pancreatic differentiation requires pluripotent stem cells such H9 human ES cells,
but fully reprogrammed cells were not generated from L87 and BJ-5ta cells. Further, generated clones
stopped growing after a some passages also preventing their use in pancreatic differentiation studies.

Due to these results, creation of a 3D pancreatic differentiation model had to be studied without own

generated iPS cells using human IMR90 iPS cells.
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FIGURE 32: Induction of Sox2 in pre-iPS clones is mediated by STEMcircles™ and subsequent treatment
with 6 small molecules. (A) Induction of Sox2 expression was analyzed in L87 using a protocol combining
subsequent treatment with (1) STEMircles™, (2) miR-302a-d & 372, (3+4) small molecules. Cells were cultured
normoxic (indicated as norm) or hypoxic conditions (indicated as hyp) and human ES cell-specific culture
conditions. GFP-positive L87 cells were sorted at day 3 and used in different protocols as indicated. ES
cell-specific conditions (indicated as MEF-cond.) were achieved by MEF-conditioned medium with FGF2 and
MatrigeITM. (B) Semi-quantitative PCR analysis of ONSL expression in L87-derived colonies at day 27. H9 human
ES cells (H9) served as a positive control. Reactions without template served as a negative control (neg).
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3.4. 3D Biological Matrices and ECs during Human Pancreatic Differentiation
The establishment of a 3D pancreatic differentiation model required mimicking of organotypic
properties of the endocrine pancreas in vitro. Therefore, a 3D biological scaffold and the co-culture
with ECs were suggested to be appropriate. Accordingly, applicability and suitability of 3D scaffolds
and co-cultures for 3D pancreatic differentiation models were studied intensively aiming at the creation
of strategy for the use of 3D biological matrices and co-culture conditions to generate

insulin-producing cells.

3.4.1. Production of 3D Biological Matrices from Porcine Jejunum

For the production of the 3D biological matrices, the donor material should have been (i) easy
accessible, (ii) easy to produce, and (iii) suitable for pancreatic differentiation. Porcine jejunum
satisfied these requirements. The donor material was obtained from suckling pigs or growth-restricted
pigs. Jejunum segments were decellularized leaving the 3D biological matrices (FIG. 33 A/B).
Sterilization and inactivating of antibiotics was achieved by electron-beams (20.1-30.3 kGy) because
matrices were heat sensitive (FIG. 33 C). Obtained matrices showed a homogenous morphology
(FIG. 33 D). Interestingly, extra cellular structures of blood vessels were sustained (FIG. 33 E).
Applicability of 3D biological matrices from porcine jejunum was demonstrated suggesting their

analysis during pancreatic differentiation.

3.4.2. 3D Differentiation of Mouse ES Cells into Pancreatic Progenitors
Mouse ES cells provided an appropriate model to study the general suitability of 3D biological

matrices for the induction of pancreatic progenitors.

3.4.2.1. Stem Cell Culture and Spontaneous Differentiation on 3D Matrices
The fundamental question was whether 3D matrices allow the culture and differentiation of ES cells.
Therefore, mouse CGR8-S17 ES cells were seeded onto 3D matrices and cultured in the presence of
stem culture medium. HE staining and SEM showed that ES cell colonies attached to the surface of
the 3D matrix, but immigrating cells was not observed (FIG. 34 A). The tight net of collagen fibers was
visualized by SEM. IF analysis revealed that ES cells sustained the stage-specific embryonic
antigen 1 (SSEA1), while endoderm marker Cxcr4 was absent (FIG. 34 B). Accordingly, the
undifferentiated status of CGR8-S17 cells was not affected by 3D culture conditions.

The spontaneous differentiation into derivatives of the 3 germ layers was achieved by the
generation of EBs. CGR8-S17 ES cells expressed Sox17-DSred at day 9 implicating the generation of

DE progenitors (FIG. 34 C). Further, the mRNA expression of endodermal, mesodermal, and

D
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FIGURE 33: 3D biological matrices from porcine jejunum. (A) Porcine jejunum during the decellularization
procedure. (B) Clean 3D biological matrices ready to use. (C) Electron-beam derived sterilization of 3D biological
matrices. (D) Surface of 3D biological matrices shown by light microscopy. (E) Extra cellular structures of blood
vessels. Matrices show structures of former venules and arterioles. Bar represents 100 pm.
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ectodermal markers was demonstrated due to the spontaneous differentiation (FIG. 34 D). However,
DE markers Foxa2 and Cxcr4 were not detected at day 9 indicating inefficient DE formation due to the
spontaneously induced differentiation. Importantly, differentiating cells immigrate into matrices
(FIG. 34 E/F). Together, these data suggest that 3D matrices are suitable for 3D ES cell differentiation.

However, directed pancreatic differentiation had to be analyzed.

3.4.2.2. Directed Pancreatic Differentiation without 3D Matrices

The directed pancreatic differentiation into DE progenitors was achieved by the generation of EBs
in the presence of activin A (FIG. 35 A). Control cells were spontaneously differentiated in the
presence of FCS. EBs were seeded at around day 9 when Sox17-DSred was strongly expressed.
Afterwards DE progenitors differentiated into the pancreatic lineage in the presence of a PDM.
Morphological analysis at around day 14 revealed the presence of small epithelial clusters also known
as islet-like clusters. Semi-quantitative PCR analysis at day 20 showed that the mesendoderm and

B Cc
\.-.

PN ——

SSEA1 DNA

0d 9d pos neg

Tuby . e

EScell Octt [ il
mesendo Bra ==
pE  Foxa2 [ Gl

e soxt7 [

e cxers [N =200

ecto shn [ —
meso FoxF1 _—
extraembr Sox7 =_

L

FIGURE 34: 3D biological matrices are adequate to culture and differentiation of ES cells. CGR8-S17
mouse ES cells were cultured on 3D matrices using stem culture medium or medium for spontaneous
differentiation. (A) HE staining and SEM of ES cell colonies (arrows) on 3D matrices with stem culture medium.
(B) IF analysis of undifferentiated ES cells. Murine pluripotency gene SSEA1 and early differentiation gene Cxcr4
(absent) are shown. Mouse spleen served as a positive control for Cxcr4 (lower box). (C) IF analysis of
spontaneously generated Sox17-DSred-positve DE progenitors at day 9. (D) Semi-quantitative PCR analysis of
spontaneous differentiation at day 9. The mRNA expression of mesendoderm (mesendo), definitive endoderm
(DE), ectoderm (ecto), mesoderm (meso), and extraembryonic (extraembr) was analyzed. RNA from mice tissues
served as positive controls (pos). Reactions without template served as a negative control (neg). Representative
data (n=3). (E) HE staining of vertical paraffin and (F) HE staining of horizontal paraffin sections at day 14 of
spontaneous differentiation. Emigrating cells are demonstrated in different magnifications. Bars represent 100 pm.
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endoderm markers Bra and Cxcr4 were expressed after spontaneous and directed differentiation
(FIG. 35 B). Importantly, the induction of Pdx1 mRNA indicated the presence pancreatic progenitors
(FIG. 35 B). Pancreatic exocrine marker Amy2 was not detected after directed differentiation

implicating a low number of pancreatic exocrine progenitors. However, pancreatic endocrine marker
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FIGURE 35: Directed differentiation generates DE for 2D and 3D pancreatic differentiation. CGR8-S17 cells
were cultured in hanging drops in CDM with 50 ng/ml activin A for directed differentiation of DE progenitors.
Control cells were spontaneously differentiated. (A) Morphology during 2D differentiation. At day 9, the formation
of EBs is demonstrated for directed and spontaneous differentiation. At day 9, EBs were cultured in pancreatic
differentiation medium (PDM). The morphology of outgrowing cells is demonstrated at day 14. (B)
Semi-quantitative PCR analysis of directed and spontaneous pancreatic 2D differentiation at day 20. The mRNA
expression of markers for mesendoderm (mesendo), definitve endoderm (DE), pancreatic progenitors (panc
prog), exocrine pancreas (exocr panc), ectoderm (ecto), and extraembryonic tissue (extraembr) is shown. RNA
from mice tissues served as positive controls (pos). Reactions without template served as negative controls (neg).
(C) Semi-quantitative PCR analysis of directed pancreatic differentiation on 3D matrices. Activin A-induced EBs
were seeded onto 3D matrices at day 9. Cells were cultured in PDM or a 1:1 mixture of PDM and ECGM until day
14. Cells were characterized by genes as indicated. Representative data (n=3). (D) IF analysis of directed
pancreatic differentiation on 3D matrices. Paraffin sections were stained for pluripotency genes Oct4A and
SSEA1, neuronal gene Tubb3, and DE gene Cxcr4 at day 14. Representative data (n=2). (E) Light microscopy
shows cavities on 3D matrices after separation of EBs at day 14. Bars represent 100 pm.
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Ngn3 was absent at day 20. However, the differentiation of CGR8-S17 cells into Pdx1-expressing cells
verified successful pancreatic progenitor formation under two-dimensional (2D) culture conditions.

Therefore, this verified protocol had to be transferred to 3D culture conditions.

3.4.2.3. 3D Differentiation into DE Progenitors with Co-Culture Media

Particularly because the pancreatic induction was demonstrated in 2D cultures, this protocol was
also applied for the 3D pancreatic differentiation of CGR8-S17 cells. EBs were transferred to matrices
at around day 9 when Sox17-DSred was strongly expressed. At day 14, semi-quantitative analysis
revealed that germ layer markers were down-regulated (FIG. 35 C). Albeit the expression of Oct4 and
Bra was detected, loss of Foxa2, Sox17, Cxcr4, Foxf1, and Shh suggested continuing differentiation of
germ layer progenitors on 3D matrices. IF analysis at day 14 demonstrated that a few
Oct4A-expressing cells were sustained, but SSEA1 was absent in differentiated cells (FIG. 35 D).
Differentiation on 3D matrices did not seem to induce formation of neuronal progenitors because
Tubb3 protein was absent. Interestingly, attached EBs formed cavities on 3D matrices suggesting that
these cells remodeled the structure of their surrounding ECM (FIG. 35 E).

Another fundamental question was whether co-culture conditions allow the pancreatic
differentiation of ES cells. Accordingly, EBs were seed onto matrices and cultured in co-culture
medium composed of 1:1 PDM and ECGM. Semi-quantitative PCR analysis at day 14 showed the
induction of Shh while Foxf1 remained absent and Sox7 was not elevated (FIG. 35 C). Albeit the
induction of ectoderm marker Shh was observed, the endoderm marker Cxcr4 was induced, too.

Together, these data provide evidence that differentiation of pancreatic endocrine cells can be
performed using 3D biological matrices and co-culture media. However, differentiation towards the

pancreatic lineage had to be studied more intensively in the human system.

3.4.2.4. Induction of DE Progenitors without EB Formation on 3D matrices

One basic idea was that DE progenitor formation can be achieved without EB formation, but
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FIGURE 36: Induction of DE progenitors on 3D matrices without EB formation. Directed differentiation of
CGR8-S17 ES cells on 3D matrices was analyzed. ES cells seeding on 3D matrices were treated with activin A,
nodal, and IDE1/2 as indicated. Control cells were spontaneously differentiated. (A) Semi-quantitative PCR
analysis of DE markers Sox17, Foxa2, Cxcr4, or extraembryonic endoderm marker Sdf1 at day 2. (B) gRT PCR
analysis of Sox17 mRNA levels at day 6. (C) Semi-quantitative PCR analysis of pancreatic marker Pdx1 at day
10. Reactions without template served as a negative control (neg). Representative data (n=2).
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efficiencies are very low when 2D culture conditions are applied. Therefore, it was interestingly to
study the generation of DE progenitors from ES cells, which were already cultured on 3D matrices.
Treatment with activin A, IDE1/2, and nodal was analyzed because they are generally applied for
the induction of DE progenitors. Interestingly, analysis of DE genes at day 2 demonstrated that Sox17,
Foxa2, and Cxcr4 were present only by treatment with activin A (FIG. 36 A). Sdf1 mRNA indicating the
presence of extraembryonic endoderm induced by spontaneous and directed differentiation.
Interestingly, qRT PCR showed highest Sox17 mRNA levels by activin A alone (FIG. 36 B). Further
differentiation revealed that the pancreatic progenitor marker Pdx1 was induced at day 10 only by the
presence of 3D matrices. (FIG. 36 C). Taken together, these data raise evidence that 3D pancreatic
differentiation might be successful without EB formation. However, this completely new approach had

to be analyzed separately.

3.4.3. Primary Endothelial Cells are Preserved under Co-Culture Conditions
The establishment of a 3D pancreatic differentiation model required the generation of primary EC
for the establishment of co-culture conditions during pancreatic differentiation. Primary MVECs were

obtained from skin biopsies and HUVECs were obtained from human umbilical cords.
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FIGURE 37: Primary MVECs and HUVECs maintain natural characteristics in vitro. ECs were characterized
by morphology and the expression of EC genes (A) Characterization of primary MVECs at passage 3. Semi-
quantitative PCR analysis shows the mRNA expression of EC markers. Reaction without template served as
negative control (neg). The morphology is demonstrated. IF analysis shows the protein expression of vVWF and
VEcad. (B) Characterization of primary HUVECs at passage 3. The morphology is demonstrated. IF analysis
shows the protein expression of VWF, Pecam1, and Vegfr2. (C) Characterization of commercially available
primary HDMECs at passage 3. The morphology and the expression of VWF and Pecam1 protein are
demonstrated. Bars represent 100 um.
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For the isolation of MVECs, skin biopsies from palms and plantar or from surgical removal of
excess skin were not suitable. Primary MVECs showed EC-like morphology and expressed several
EC markers on the mRNA level namely, von Willebrand factor (vWF), tunica internal endothelial cell
kinase 2 (Tie2; officially termed as Tek), ephrin receptors B2 (Ephb2) and B4 (Ephb4), endoglin (Eng),
platelet/endothelial cell adhesion molecule 1 (Pecaml), vascular endothelial cadherin (VEcad; also
known as Cdh5), and Vegfr2 (FIG. 37 A). Further, vWR, and VEcad protein expression was verified by
IF analysis. During further passages, proliferation was continuously decreased and the EC-like
morphology was getting lost related to the appearance of senescent cells. The age donors did not
have a significant impact on the number of isolated ECs, but differences were observed. HUVECs
showed a slightly different morphology, but morphology was typical for ECs (FIG. 37 B). The protein
expression of the crucial EC markers VWF, Peacml, and Vegfr2 was verified by IF analysis.
Commercially available HDMECs were analyzed as a positive control (FIG. 37 C) to ensure the
presence of natural characteristics in MVECs and HUVECSs.

Primary ECs retained natural characteristics, but there was a need to analyze whether these
characteristics were preserved in co-culture medium composed of 1:1 ECGM and HPDM. The mRNA
expression of VWF, Pecaml, Vegfr2, and VEcad was not affected by treatment with high glucose, 1:1
HPDM and ECGM, and HPDM alone (FIG. 38). Importantly, HPDM almost abolished protein
expression of VWF and Pecaml demonstrated by IF analysis (FIG. 38). ECGM and high glucose
slightly reduced the protein expression vVWF and Pecaml. However, IF analysis of 1:1 ECGM and

HPDM revealed that vWF and Pecaml proteins were abundantly expressed. In summary, successful
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FIGURE 38: Maintenance of primary ECs in pancreatic differentiation media. Analysis of culture conditions of
primary HDMECs at day 7. Cells were propagated using 4 different media: (1) Standard EC medium indicated as
ECGM, (2) ECGM supplemented with 50 mM glucose, (3) 1:1 mixture of ECGM and HPDM. (4) Pancreatic
differentiation medium indicated as HPDM. Semi-quantitative PCR analysis of EC gene expression is
demonstrated. Reactions without template served as a negative control (neg). IF analysis shows the protein
expression of VWF and Pecaml. Representative data (n=3). Bars represent 100 um.
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isolation and maintenance of primary ECs was demonstrated. Further, co-culture with ECs retaining

their natural characteristics is possible using a 1:1 mixture of ECGM and HPDM.

3.4.4. Pancreatic Differentiation of Human iPS Cells using Co-Cultures and 3D Matrices

For the establishment of a 3D pancreatic differentiation model, primary ECs, co-culture medium,
and 3D matrices were successfully established. Accordingly, co-culture with ECs and 3D matrices
were analyzed using IMROO0 iPS cells. Protein expression of pluripotency markers in IMR90 iPS cells
was demonstrated verifying their pluripotency, which is a prerequisite for successful pancreatic
differentiation (FIG 39). Importantly, as a positive control, the differentiation of IMR90 iPS into

pancreatic progenitors using 2D cultures was analyzed.

3.4.4.1. Pancreatic Differentiation of IMR90 iPS Cells

Differentiation of commercially available IMR90 iPS cells into pancreatic progenitors was analyzed
in 2D cultures to show that pancreatic progenitors can be derived from patient- and disease-specific
iPS. Further, successful generation of pancreatic progenitors in 2D culture should serve as a positive
control for the analysis of co-cultures with ECs and 3D differentiation on matrices.

In accordance with mouse pancreatic differentiation, directed pancreatic differentiation was induced
by activin A. Spontaneous differentiation was induced by FCS. Albeit the principal differentiation
protocol is very similar to that of mouse ES cells, human ES cells are generally differentiated without
EB formation. The directed differentiation generated small epithelial clusters at day 3 thought to be DE
progenitors (FIG. 40 A). In contrast, spontaneous differentiation generated cells with manifold
morphology and few small epithelial clusters were rarely detected at day 3 (FIG. 40 B). Cells with a

neuron-like morphology were observed at around day 7. The manifold morphology of spontaneously

differentiated cells was sustained during the entire differentiation.

Oct4A Nanog
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FIGURE 39: Pluripotency makers expressed in IMR90 iPS cells. IF analysis of transcription factors Oct4A,
Nanog, Sox2, c-Myc, Lin28, Rex1 and surface proteins Tra-1-81, SSEA4. Bars represent 100 um.
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FIGURE 40: Differentiation of human IMR90 iPS cells into pancreatic progenitors. Cells were differentiated
according to the pancreatic differentiation protocol and analyzed for their morphology and the expression of
lineage specific genes. Control cells were spontaneously differentiated. (A) Morphology od DE progenitors during
directed pancreatic differentiation. (B) Morphology of cells during spontaneous differentiation. (C)
Semi-quantitative PCR analysis of directed pancreatic differentiation. RNA from human tissues served as positive
controls (pos). Reactions without template served as a negative control (neg). Selected genes indicate the
presence of mesendoderm (mesendo), definitive endoderm (DE), endocrine cells (endocr), pancreatic progenitors
(panc prog), endocrine pancreatic progenitors (endocr prog), developing beta cells (beta cell dev), immature
alpha cells (alpha cell), immature beta cells (beta cell), exocrine pancreatic progenitor (exocr panc), immature
liver cells (liver), extraembryonic tissue (extraembr), mesoderm (meso), ectoderm (ecto), neuron progenitors
(neuron), glia progenitors (glia). Representative data (n=3). (D) Semi-quantitative PCR analysis of spontaneous
differentiation. (E) IF analysis of directed pancreatic differentiation. Staining of mesendoderm marker Bra and DE
markers Sox17, Cxcr4, and Foxa2 is demonstrated at day 3. Pdx1 is shown at day 9. (F) IF analysis of
spontaneous differentiation. Staining of Sox17 and neuronal marker Tubb3 is demonstrated at day 12. Bars
represent 100 um.
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Semi-quantitative PCR analysis of directed pancreatic differentiation until day 4 was used to
describe the development of multipotent progenitors an their development towards the pancreatic
lineage. Directed differentiation induced mRNA expression of the mesendoderm marker Bra and the
DE markers Foxa2 and Sox17 were induced (FIG. 40 C). IF analysis of Bra, Foxa2, Sox17, and Cxcr4
at day 3 verified the generation of DE progenitors (FIG. 40 E). Importantly, the Pdx1 mRNA was
induced at day 4 and Pdx1 protein was observed at day 9 by IF analysis (FIG. 40 C/E). Pdx1
expression indicates the formation of pancreatic progenitors. Accordingly, beta cell development
markers Nkx2.2 and Nkx6.1 and alpha cell development marker glucagon (Gcg) were induced on the
mRNA level at day 3 and day 4. These markers are necessary for the generation of pancreatic
endocrine progenitors. Ngn3 and Ins transcripts were not detected until day 4, but they are generally
associated with later stages of the pancreatic development. Pax6 and Map2 mRNA expression was
induced until day 4 because directed pancreatic differentiation strongly promoted the pancreatic
lineage, but other germ layer derivatives were also differentiated to a lower extend.

In contrast to the directed differentiation, spontaneous differentiation showed delayed and low
induction of Sox17 transcripts at day 7 (FIG. 40 D). Albeit the Nkx6.1 mRNA expression was
observed, the vast majority of lineage markers indicated the enhanced generation of mesoderm- and
ectoderm-derived cells until day 14. IF analysis at day 12 verified that spontaneous differentiation
barely generated Sox17-expressing cells (FIG. 40 F). Further, Tubb3 protein was strongly induced at
day 12 indicating the presence of many ectoderm derivatives. However, the analysis of directed
pancreatic differentiation successfully demonstrated the differentiation of IMROO iPS cells into DE
progenitors, which already expressed crucial pancreatic lineage markers. Accordingly, integration of

co-cultures in the established pancreatic differentiation protocol had to be analyzed.

3.4.4.2. Co-culture with ECs regulates pancreatic differentiation

The recent chapter described the successful differentiation of IMR90 iPS into pancreatic
multipotent progenitors. Further, this work described that the pancreatic differentiation of mouse ES
cells was not disturbed by a co-culture medium containing a 1:1 mixture of PDM and ECGM.
Additionally, this study demonstrated that the co-culture medium also preserved the natural
characteristics of primary ECs. The co-culture medium contained the full amount of pancreatic
differentiating agents and agents necessary for the maintenance of ECs. Together, obtained data
suggested the co-culture of pancreatic differentiating cells and ECs using the established co-culture
medium. The differentiation protocol aimed at the subsequent generation of multipotent progenitors at
around day 6, pancreatic progenitors at around day 9, and endocrine progenitors at around day 12,
which contributes to the in vivo development of pancreatic endocrine cells.

The morphology of co-cultures showed prominent clusters of small epithelial cells derived from
IMR90 iPS cells surrounded by HUVECs at day 6 and day 12 (FIG. 41 A). Semi-quantitative PCR
analysis of crucial pancreatic lineage markers at day 6 and day 12 showed that mesendodermal and
endodermal markers Bra, Sox17, and Foxa2 were preserved or induced until day 12 (FIG. 41 B),
which does not contribute to the differentiation into pancreatic progenitors. Further, non-pancreatic
endoderm markers Afp and Sdf were also preserved by co-cultures. The mRNA analysis of ectoderm
and mesoderm markers implicated that co-cultures generated ectodermal cells while mesodermal
differentiated cells were not induced. However, this observation contributes to the data obtained from

pancreatic differentiation without ECs. Interestingly, co-cultures induced Pdx1 mRNA expression at
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day 6 indicating the differentiation of multipotent progenitors. However, Pdx1 was absent at day 12.
Due to the downregulation of Pdx1 at day 12, Nkx6.1 expression was lowered, Gcg was
down-regulated, and Nkx2.2 mRNA remained absent at day 12. Albeit the pancreatic endocrine
marker Ngn3 was induced at day 12, its mMRNA expression was induced at low level.

In co-cultures with H9 ES cells, semi-quantitative PCR analysis at day 7 and day 13 showed that
mesendodermal and endodermal markers Bra, Sox17, and Foxa2 were not regulated (FIG. 41 C).
This observation contributes to pancreatic differentiation process. Further, Ngn3, Nkx6.1, and Gcg
transcripts were expressed at day 13, which contributes to the development of pancreatic endocrine
progenitors. However, the most crucial pancreatic marker Pdx1 were not induced in co-cultures.

Nkx2.2 mRNA remained absent while non-pancreatic markers including mesoderm marker Meox1
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FIGURE 41: Co-cultures with HUVECSs regulate pancreatic differentiation. IMR90 iPS and H9 ES cells were
differentiated according to the same pancreatic differentiation protocol. Co-culture with HUVECs (indicated as co)
started with the generation of DE progenitors at day 3 in iPS cells and at day 4 in ES cells. Differentiation without
HUVECs is demonstrated. Culture of HUVECs without stem cells served as a control. (A) The morphology of
HUVECs and co-cultures composed of IMR90 iPS cells and HUVECs is demonstrated at day 6 and day 12. Bars
represent 100 ym. Representative data (n=2). (B) Semi-quantitative PCR analysis of the co-culture containing
IMR90 iPS cells and HUVECs. Cells were analyzed at day 6 and day 12. (C) Semi-quantitative PCR analysis of
the co-culture containing H9 ES cells and HUVECs. Cells were analyzed at day 7 and day 13. Reactions without
template served as a negative control (neg).
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were preserved at day 7 and day 13. Together, the mRNA expression profile of IMR90 iPS cell and H9
ES cell co-cultures at day 12 and day 13 did not confirm efficient differentiation of pancreatic
endocrine cells.

As a control, IMR90 iPS and H9 ES were differentiated in the presence of the co-culture medium.
Semi-quantitative PCR analysis revealed the expression of Pdx1, Ngn3, Nkx6.1 in IMR90 iPS cells at
day 12 and in H9 ES cells at day 7 (FIG. 41 B/C). Importantly, these markers were induced together in
presence of the co-culture medium, but not in co-cultures.

The co-culture medium did not affect the morphology of HUVECSs until day 6, but some cells showed
morphological signs of senescence at day 12 (FIG. 41 A). The mRNA expression of lineage markers
differed between different isolates of HUVECs applied in different co-culture studies. This is
demonstrated in isolates used for the differentiation IMR90 iPS and H9 ES cells (FIG. 41 B/C).

Together, co-cultures including HUVECs induced or down-regulated mRNA expression levels of
pancreatic lineage markers in IMR90 iPS and in H9 ES cells, which does neither prevented nor
enhanced pancreatic differentiation. Accordingly, to improve the organotypic pancreatic differentiation,

the application of 3D matrices combined with co-cultures was suggested.

3.4.4.3. 3D Biological Matrices Require Co-Culture with ECs for Pancreatic Differentiation

Data obtained from 3D differentiation of mouse ES cells into pancreatic progenitors raised
evidence that these matrices would allow the further differentiation of IMR90 iPS cells into pancreatic
endocrine cells. Additionally, 3D matrices were suggested to improve the pancreatic differentiation of
co-cultures by mimicking a 3D organotypic scaffold. Therefore, 3D pancreatic differentiation of IMR90
iPS cell co-cultures including ECs was investigated. Cells were differentiated according to the
pancreatic differentiation protocol using the co-culture medium.

The fundamental question was whether co-cultured cells do remain viability after reseeding (at day
3) onto 3D matrices. Therefore, the viability of co-cultures on 3D matrices was analyzed at day 12
(FIG. 42 A-C). 3D matrices were shown to be completely covered with cells. As a control, MVECs or
DE progenitors were cultured in the presence of the co-culture medium, which demonstrated that 3D
matrices preserved their viability due to a low number of dead cells (FIG. 42 A). Importantly,
DE-derived cells generated clusters of cells similar to that observed in 2D cultures. These clusters
were observed in DE-derived cells and in co-cultures (FIG. 42 C). Interestingly, extra cellular
structures of vessels were also covered with viable cells, but no cell clusters were observed
(FIG. 42 B). Together, cells obtained from 3D pancreatic differentiation with or without MVECs
remained viable until day 12.

Semi-quantitative PCR analysis 3D pancreatic differentiation and 3D co-cultures revealed a
different expression pattern (FIG. 42 D). Albeit Map2 was expressed in 3D pancreatic differentiation,
other pancreatic and non-pancreatic lineage markers were absent at ay 6. Therefore, it remains
unclear, which direction of differentiation was induced. In contrast, 3D co-cultures induced the
endodermal markers Sox17 and Afp and the pancreatic markers Nkx6.1, Gcg, and Mist1 at day 6.
However, Pdx1 and Ngn3 mRNA expression was absent, which did not confirm efficient differentiation
of pancreatic endocrine cells. At day 12, except of Map2, again no lineage markers were detected.

Altogether, the analysis of organotypic culture approaches led to a protocol combining these
approaches in a strategy for the use of 3D biological matrices and co-culture conditions in an

organotypic pancreatic differentiation model. Established culture methods namely, the production of a
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3D biological matrix, the isolation of primary ECs, the establishment of 3D co-culture conditions, and
the differentiation of pancreatic progenitors from mouse/human ES and human iPS cells were shown
to be applicable and suitable for 3D pancreatic differentiation studies.

Importantly, the combination of organotypic culture methods aimed at the efficient differentiation of
pancreatic endocrine cells, but the expression of beta cell development markers was hardly improved.
Unfortunately, the obtained data indicate that the described combination of culture organotypic culture

models were unsuitable for the efficient generation of mature insulin-producing cells.
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FIGURE 42: Matrices preserve viability of co-cultured DE progenitors and MVECs. Human IMR90 iPS cells
were differentiated into DE progenitors until day 3. DE cells, primary MVECs, or both were seeded onto 3D
biological matrices. Cells were treated according to the pancreatic differentiation protocol. Their viability was
analyzed at day 12. Viable cells are stained by green fluorescence. Dying or dead cells are demonstrated by red
staining of the nuclei. (A) Cell viability assay of primary MVECs or DE-derived differentiated cells. (B) Cell viability
assay of DE-derived cells near to the extracellular structures of blood vessels. (C) Cell viability assay of
co-cultures at day 12. Bars represent 100 um. Representative data (n=3). (D) Semi-quantitative PCR analysis of
IMR90 iPS co-cultured with HUVECs on 3D matrices. Cells were differentiated according to the pancreatic
differentiation protocol, but co-culture with HUVECs (indicated as co) started at day 3 after the generation of De
progenitors. Cells were analyzed at day 6 and 12. Differentiation without HUVECs in co-culture medium is
demonstrated at day 6. Culture of HUVECs in co-culture medium served as a control. Reactions without template
served as a negative control (neg). Representative data (n=2).
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4. DISCUSSION

The invention of an organotypic model for the analysis of appearance, progress, and treatment of
diabetes requires the generation of iPS cells and their differentiation into the pancreatic lineage. The
present study demonstrated mandatory techniques for (i) the establishment of primary keratinocyte
cultures, (i) the non-viral generation of iPS cells, and (iii) the generation of pancreatic progenitors from
iPS cells. Combining of these techniques represents one approach to mimic patient- and disease-

specific pancreatic differentiation within a model for the analysis of diabetes.

4.1. Primary Keratinocytes are Adequate Donors for the Generation of iPS Cells

In the present study, efficient isolation and successful culture of primary keratinocytes was
demonstrated (FIG. 8). Keratinocytes are adequate donors for the generation of iPS cells because
reprogramming is 100-fold more efficient and 2-fold faster than reprogramming of fibroblasts (Aasen et
al., 2008; Ohmine et al., 2012). Additionally, keratinocytes are easy accessible because they are
obtained from hair follicles or skin biopsy without surgery. During reprogramming, keratinocytes do not
need to undergo mesenchymal to epithelial transition (MET) such as fibroblasts because they are
already epithelial. MET is a critical event during reprogramming of fibroblasts (Polo and Hochedlinger,
2010).

Isolation of primary keratinocyte from plucked hairs was demonstrated in the present study
(FIG. 8 A). Plucked hairs were cultured using an air-liquid interphase and low calcium concentrations
to obtain proliferating keratinocytes at the ORS. These culture conditions are also suitable to isolate
melanocytes from plucked hair (Savkovic et al., 2012). Low calcium concentrations contribute to
maintenance of undifferentiated epidermal progenitors (Vollmers et al., 2012). The use of an air-liquid
interphase and high calcium is suitable to generate epidermal equivalents (Vollmers et al., 2012).
Proliferating keratinocytes did not appear at the bulb region of plucked hairs (FIG. 8 E-F). Importantly,
plucking of hairs isolates mainly transit-amplifying keratinocytes with short-term culture potential,
whereas skin biopsies allow the isolation of bulge region-associated keratinocyte stem cells with
longer culture potential (Aasen and Izpisua Belmonte, 2010).

Successful keratinocyte isolation was demonstrated in the present study using 30-50 plucked hairs
from male and female healthy donors at the age of 22 to 41 years. At least 10 hairs are required to
generate primary keratinocyte cultures from donors at the age of 18 to 35 (Aasen and Izpisua
Belmonte, 2010). Successful isolation does not depend on the age of the donors (Sasahara et al.,
2009; Ohmine et al., 2012). For example, Ohmine and co-workers obtained keratinocytes from skin
biopsies of 56 to 78 year-old individuals. Keratinocytes are cultured using traditional feeder-dependent
methods (Rheinwald and Green, 1975) and feeder-free methods that do require low-calcium
chemically defined media (Tenchini et al., 1992). Feeder-free methods require more sophisticated
techniques and cells grow less well without feeder. For example, high-calcium induces differentiation
and loss of proliferation of keratinocyte stem cells. Therefore, ORS-derived keratinocytes obtained
within the present study were expanded on 3T3 L1 feeder layer to ensure efficient propagation.
Feeder-dependent keratinocyte cultures are well established (Reichelt and Haase, 2010).
Interestingly, 3T3 L1, 3T3 J2, and several MEFs are suitable for maintenance of keratinocytes and
pluripotent stem cells as well (Aasen and Izpisua Belmonte, 2010). However, Aasen and co-authors

reported that iPS cell lines could be generated without any feeder cells.
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Primary keratinocytes cultures generated in the present study grew in colonies (FIG. 8 I). According
to their morphology, these colonies were mainly classified as meroclones with low growth potential. In
accordance with the present results, Vollmers and colleges also demonstrated a prevalent formation
of meroclones (55%) after isolation of primary mouse keratinocytes even from the bulge region of hairs
(Vollmers et al., 2012). In 1987, Brandon and Green first described that the morphology of primary
keratinocyte colonies is associated with high, moderate, and low proliferation capacity (Barrandon and
Green, 1987). According to their morphology, colonies were are termed as holoclones, paraclones and
meroclones. Meroclones and paraclones are derived from trans-amplifying cells. Holoclones have the
largest growth potential because they are derived from Keratinocyte stem cells residing in bulb region
of hairs or in the basal layer of stratified skin (Rochat et al., 2007). Notably, the epidermis contains
several adult stem cells with different potentials to ensure the homeostasis of the skin barrier
throughout the human life (Blanpain and Fuchs, 2009). In the present study, primary keratinocytes did
proliferate until passage 3, which contributes to the idea that mainly trans-amplifying cells can be
obtained from plucked hairs.

Importantly, feeder-dependent conditions are not applicable in clinical practice. Isolation and
propagation of patient-specific cells as well as their application in regenerative treatment strategies
requires GMP-suitable conditions (Zhou et al., 2012). Feeder-free procedures are described but
obtained keratinocytes have a low proliferation capacity, which allows culture for up to 4 passages
(Aasen and Izpisua Belmonte, 2010). Currently, feeder-dependent cultures provide are more efficient
approach to study isolation, propagation and induction of reprogramming of primary keratinocytes.

The present study demonstrated successful isolation and propagation of primary keratinocytes
suitable for reprogramming studies. Even small amounts of primary keratinocytes are suitable for iPS
cells generation because one single hair was demonstrated to be enough for the generation of
keratinocyte-derived iPS cells (Aasen et al., 2008). However, more efficient isolation and culture
procedures would even improve the generation of iPS cells. Application of an air-liquid interface during
propagation of primary keratinocytes could preserve the proliferation capacity of primary keratinocytes.
Enhancement of proliferation is one critical step during reprogramming. Keratinocyte marker gene
Krt15 is predominantly expressed in keratinocyte stem cells and analysis of Krt15 expression would
offer a tool for the selection of keratinocytes with high proliferation potential (Tudor et al., 2007; Nowak
et al., 2008). The need of more suitable keratinocyte cultures conditions is supported by the fact that

viral and non-viral reprogramming are very inefficient procedures.

4.2. Cell Type-Specific Expression of Pluripotency Markers

The expression of 30 human ES cell-specific markers was analyzed in accordance with other
reports, which included all or some of these markers for the characterization of iPS cells (Takahashi
and Yamanaka, 2006; Takahashi et al., 2007). The set of markers included 6 core network
reprogramming factors. Currently, reprogramming is achieved by delivery of Oct4 in conjunction with
Sox2, Nanog, Lin28 (Thomson factors) or Sox2 Kif4, c-Myc (Yamanaka factors). Oct4 is the most

important marker, which is not exchangeable for reprogramming (Kim et al., 2009c).

4.2.1. Core Network Reprogramming Factors
In the present study, Oct4A and Oct4B expression was not detected in BJ-5ta cells and L87 cells

(FIG. 9 B). Oct4A and Oct4B detection by specific primers excluded Oct4 pseudogenes, which share
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high similarities (Pain et al., 2005; Suo et al., 2005). Pluripotent stem cells express both Oct4A and
Oct4B, but Oct4A expression is absent in several primary and permanent cells derived from cancer,
mononuclear cells, and adult stem cells (Campbell et al., 2007; Atlasi et al., 2008; Cantz et al., 2008).
Interestingly, Oct4 expression was reported in comparable primary and permanent cells (Tai et al.,
2005; Webster et al., 2007; Zangrossi et al., 2007), but not all studies differed between splice variants
(Cauffman et al., 2006; Tai et al., 2005; Liedtke et al., 2007). Oct4 can potentially encode 3 spliced
variants (Takeda et al., 1992; Atlasi et al., 2008). Oct4A, Oct4B, and Oct4B1 differ within their
N-terminal region resulting in at least 4 protein isoforms (Oct4A, Oct4B, Oct4B1-164, Oct4B-190)
(Cheong and Lufkin, 2011). Oct4A expression is restricted to pluripotent ES and embryonic carcinoma
cells (EC cells) (Scholer et al., 1990; Rosner et al., 1991; Matin et al., 2004; Campbell et al., 2007).
Further, Oct4A is present in human cancers such as benign and malign prostate glands (Sotomayor et
al., 2009). The transcript variants B and possibly B1 are not able to sustain ES cell self-renewal
(Mueller et al., 2009; Wang and Dai, 2010). Interestingly, the mRNA sequence of Oct4B1 is more
similar to Oct4B but expression is also restricted to ES and EC cells (Atlasi et al., 2008). Further
studies are needed to elucidate the function of Oct4B1 in pluripotent stem cells. In contrast to Oct4A,
the N-terminal domain of Oct4B has an inhibitory effect on the binding of Oct4B to Oct4-dependent
promoters (Cauffman et al., 2006; Lee et al., 2006) suggesting a different function of Oct4B.
Accordingly, Oct4B is expressed in progenitor and somatic cells (Mueller et al., 2009; Wang and Dai,
2010). In contrast to the human system, mouse ES and adult stem cells do express only one Oct4
transcript which is orthologous to human Oct4A (Atlasi et al., 2008). Accordingly, murine adult stem
cells express Oct4 (De et al., 2007; Ling et al., 2006). However, Oct4A is thought to be absent in
human adult stem cells. Therefore, the expression of Oct4A in human adult stem cells including MSCs
needs to be clarified when Oct4 expression is analyzed. Oct4 is the most important regulatory
molecule in toti- and pluripotent stem cells. The analysis of Oct4A represents the most reliable
approach to analyze Oct4 expression in the context of pluripotency.

Interestingly, the present study demonstrated that the Yamanaka factors c-Myc and Klif4 were
already expressed in L87 MSCs, BJ-5ta fibroblasts, and keratinocytes (FIG. 8). BJ-5ta and L87
immortalized cell lines were obtained by transformation of primary cells, which explains c-Myc and Klf4
expression (Thalmeier et al., 1994; Bodnar et al., 1998). Yee and co-workers also demonstrated
c-Myc and Klf4 expression in keratinocytes (Yee, 2010). The expression of c-Myc and Kif4 is
associated with but not restricted to ES cells. Proliferation and malignant transformation of somatic
cells is well known to be regulated by c-Myc and Kif4. The function of c-Myc and Kif4 is highly dose
and cell context dependent. Expression of c-Myc is present during pancreatic development as well as
in pancreatic ductal adenocarcinoma (Skoudy et al., 2011). Therefore, c-Myc is classified as an
oncogene. For example, breast cancer is related to increased c-Myc expression (Liao and Dickson,
2000) and lymphomas can derive from hematopoietic stem cells when c-Myc-triggered B cell formation
is not restricted by apoptosis (Strasser et al., 1996). Klif4 is also classified as an oncogene. For
example, laryngeal squamous cell carcinoma and ductal carcinoma of the breast with poor prognosis
are associated with KlIf4 expression (Foster et al., 2000). Accordingly, clinical application of human iPS
cells is problematic when oncogenes such as c-Myc and Kif4 are applied (Huangfu et al., 2008b).
During human embryogenesis, c-Myc binds to a large number of loci to guide proliferation. In adult

tissues c-Myc promotes differentiation of human epidermal stem cells (Gandarillas and Watt, 1997).
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KIf4 is highly expressed in gut and skin epithelia where it acts as an anti-proliferative factor (Shields et
al., 1996; Ghaleb et al., 2007). Importantly, KIf4 is involved in self-renewal of ES cells (Li et al., 2005;
Jiang et al., 2008). Together, c-Myc and Kif4 expression in L87, BJ-5ta, and other somatic donor cells
facilitates reprogramming.

The present study demonstrated that Thomson factors Sox2, Nanog and Lin28 were absent in
BJ-5ta cells and L87 cells (FIG. 9 B). Notably, Oct4, Nanog and Sox2 belong to the core pluripotency
network (Boyer et al., 2005; Loh et al., 2006; Wang et al., 2006). Importantly, Lin28 up regulates Oct4
expression in human ES cells (Qiu et al., 2010). Studies in Lin28 knockout mice revealed that Lin28
regulates developmental timing and growth because knockout mice were smaller and died early (Zhu
et al., 2010). However, Lin28, as well as c-Myc and KIf4, is expressed in cancer (Reya et al., 2001;
Clarke et al., 2006; Visvader and Lindeman, 2008). Interestingly, the human genome encodes two
paralogs Lin28 (also termed as Lin28A) and Lin28B (Guo et al., 2006). In the present study, primers
specifically detected Lin28 mRNA because Lin28 (and not Lin28B) is capable to reprogram somatic
cells. For example, Lin28B is involved in timing of puberty and determination of human height (Zhu et
al., 2010). However, both Lin28 and Lin28B are associated with cancer. Lin28 and Lin28B occur in
several tumors with approximately equally frequency (Piskounova et al., 2011). Importantly, Lin28 and
Lin28B are not expressed together, which is suitable to distinguish different classes of breast cancers
(Piskounova et al., 2011). Therefore, different regulatory mechanisms most probably regulate Lin28 or
Lin28B expression. Accordingly, the analysis of Lin28B expression is not important for the
characterization of pluripotency.

In the present study, keratinocytes expressed Oct4B, Nanog, Sox2, and Lin28 (FIG. 9 C), which
indicates the presence of keratinocyte stem cells in primary cultures. Another study by Sasahara and
co-authors verified expression of Oct4B, Nanog, and Lin28 in human keratinocyte stem cells
(Sasahara et al., 2009). The expression of these crucial reprogramming factors in primary keratinocyte
cultures correlates with more efficient reprogramming compared to fibroblasts (Aasen et al., 2008;
Ohmine et al., 2012). Correspondingly, reprogramming factors instead of Oct4, especially Oct4A,
might be dispensable for reprogramming of keratinocytes. According to that hypothesis,
Sox2-expressing mouse neural stem cells were recently reprogrammed without Sox2 delivery (Kim et
al., 2008). The different expression of pluripotency marker genes in L87 cells, BJ-5ta cells, and
keratinocytes is the rationale for the idea that the choice of the somatic donor influences the efficiency

and the quality of reprogramming.

4.2.2. Pluripotency-Associated Markers

In the present study, there was a set of 6 pluripotency markers (Rex1, Podxl, Gdf3, Dppa2/4,
Oct4A), which were not expressed in L87 MSCs, BJ-5ta fibroblasts, and keratinocytes (FIG. 9 B/C).
Rex1 is present in trophoblast tissues and in the ICM of the blastocyst (Rogers et al., 1991).
Therefore, Rex1 is a common pluripotency marker in human ES cells (Brivanlou et al., 2003). Rex1
knockout mouse ES cells fail to differentiate visceral endoderm and cell cycle progression is delayed
(Scotland et al., 2009). Bhandari and co-authors reported that Rex1 expression is required to preserve
the osteogenic differentiation potential in human umbilical cord blood-derived MSCs (Bhandari et al.,
2010). In contrast to that observation, human bone marrow-derived L87 MSCs did not express Rex1.
This contributes to the idea that reprogramming of umbilical cord blood-derived MSCs and adipose

tissue-derived MSCs is more efficient compared to bone marrow-derived MSCs. Comparison of MSCs
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originated from different tissues verified that c-Myc expression is high and Rex1 expression is low in
bone marrow-derived MSCs (Adegani et al., 2013). Interestingly, Adegani and co-workers
demonstrated that adipose tissue-derived MSCs express high levels of Sox2, Kif4 and Lin28. Further,
umbilical cord blood-derived MSCs express high levels of Oct4 and Rex1. However, these data
illustrate the differences between MSCs derived from different tissues. Podocalyxin-like (Podxl) is
expressed in human ES cells and early progenitors of bone marrow-derived MSCs (Lee et al., 2009).
Podxl was absent in L87 MSCs. Further, Podxl is a common marker for aggressive carcinomas
including those of breast, colon, and pancreas (Cheung et al., 2011; Dallas et al., 2012) and function
of Podxl remains to be clarified in human ES cells and carcinomas. Gdf3 is expressed in human ES
cells and in the early embryo (Clark et al., 2004). Gdf3 knockout mice develop developmental
abnormalities demonstrating the importance of Gdf3 expression (Caricasole et al., 1998). However,
Gfd3 is classified as an oncogene because it is expressed in several cancers such as breast
carcinomas (Ezeh et al., 2005). According to that observation, Nanog activates Gdf3 expression in
embryonic carcinoma cells (Park et al., 2012). Interestingly, Gdf3 inhibits growth of breast cancer (Li et
al., 2012). Therefore, Gdf3 expression might be a marker, which identifies iPS cells with low
tumorigenic potential. Developmental pluripotency associated 2 (Dppa2) and Dppa4 were both absent
in L87 MSCs, BJ-5ta fibroblasts, and keratinocytes. These factors regulate chromatin structures in
mouse and human ES cells. Dppa2 and Dppa4 are restricted to pluripotent stem cells suggesting that
these factors are involved in self-renewal and maintenance of pluripotency (Watabe, 2012). Double
knockout of Dppa2 and Dppa4 generated viable mice until birth but almost all mutant mice died
around birth with respiratory defect(Nakamura et al., 2011). Loss of Dppa4 expression induces
differentiation and loss of pluripotency of mouse ES cells (Masaki et al., 2007). According to that
observation, Monk and co-workers could demonstrate that the human homolog of Dppa2 is co-
expressed with Oct4 in human ES cells, in the blastocyst, and in primordial germ cells (Monk et al.,
2008). Importantly, Dppa2 is involved in normal lung development and pathogenesis of non-small cell
lung cancers (Monk and Holding, 2001). Therefore, Dppa2 and Dppa4 play an important role in ES
cells, normal development and tumorigenesis. Altogether, the pluripotency markers Rex1, Podxl,
Gdf3, Dppa2, and Dppa4 are the most important markers to analyze the induction of pluripotency in
L87, BJ-5ta, and most probably in other somatic cells. Analysis of associated signaling pathways will
help to understand process of reprogramming, especially of MSCs, fibroblasts and keratinocytes.

The majority of the analyzed pluripotency marker genes was expressed in L87 MSCs, BJ-5ta
fibroblasts, and keratinocytes (FIG. 9). These genes are involved in maintenance of pluripotency but
their expression is additionally crucial during development. For example, Nodal induces TGFB
signaling for differentiation of mouse and human ES cells into endoderm (Schroeder et al., 2006;
D'Amour et al., 2006). Inhibition of TGFf signaling inhibitors are suitable to replace c-Myc and Sox2
during retroviral reprogramming (Maherali and Hochedlinger, 2009). However, in the human system
Nanog was reported to be positively regulated being a direct target of activin A/TGF[ signaling (Xu et
al., 2008). Further, pluripotency of human ES cells was maintained by activin A/TGFf signaling in a
feeder free system (Beattie et al., 2005) and repression of TGFB was demonstrated to induce
mesenchymal progenitors (Mahmood et al., 2010). According to these observations Nodal expression
appears to be differentially regulated during early embryogenesis involved in maintenance of
pluripotency as well as during cell fate decisions.
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As described earlier, Oct4 transcript variants and isoforms do have very different functions during
induction, maintenance, and loss of pluripotency. Currently, there are no different Sox2, Nanog, Lin28,
c-Myc and KiIf4 transcript variants annotated on NCBI Reference Sequence database. In the present
study, primers specifically detected the annotated transcript variant as indicated. Importantly, little is
known about the influence of alternative splicing of core network pluripotency factors such as Sox2,
Nanog, Lin28, c-Myc, and KIf4. The impact of alternative splicing on reprogramming is currently not
well understood. Alternative splicing occurs in about 74% of the human genes (Johnson et al., 2003).
Not all exon changes result in a new protein isoform. Approximately 30% of alternative exons
introduce frame shifts and stop codons (Cheong and Lufkin, 2011). However, there is evidence that
alternative splicing and/or translation of different isoforms also occurs in Sox2, Nanog, Lin28, c-Myc
and KIf4. Interestingly, the Sox2 gene lays within a long non-coding RNA annotated as Sox2ot
(Amaral et al., 2009). In W9.5 mouse ES cells, Amaral and co-authors showed that alternative splicing
of Sox2ot generates different transcripts termed as Sox2 overlapping transcripts A (Sox2otA) and
Sox2otB. However, Sox2 and Sox2otA/B were differently expressed during EB differentiation of
mouse ES cells suggesting independent regulation. Another study by Das and co-workers reported
that J1 mouse ES cells do express different Nanog transcript variants termed as NanogA, NanogB,
and NanogC (Das et al., 2011). Importantly, Das and co-workers demonstrated that NanogB less
efficient preserves pluripotency. Alternative splicing of KIf4 was reported in human and mouse
pancreatic cancer cells, which expressed different transcript variants termed as Klif4wt, Kif4a, KIif4(3,
Klf4y, and KIf4 (Wei et al., 2010). However, Wei and colleagues showed that alternative splicing was
linked to the occurrence of DNA Polymorphisms within splice-regulatory protein-binding site of the Klf4
gene. Unfortunately, analysis of alternative splicing during reprogramming was not aim of the present
study. However, further analysis should include the analysis of alternative splicing because it is an
important regulatory mechanism during reprogramming.

In the present study, BJ-5ta and L87 cells revealed a very different expression of pluripotency
markers in comparison to human ES and iPS cells. Importantly reprogramming factors Oct4, Sox2,
Nanog, and Lin28 were absent. In contrast, keratinocytes expressed reprogramming factors instead of
Oct4A. This observation suggests a different importance of Oct4 transcript variants. Because retroviral
reprogramming of keratinocytes is more efficient, even non-viral reprogramming is most probably more

efficient when keratinocytes are used.

4.3. Non-Viral Reprogramming of L87 MSCs and BJ-5ta Fibroblasts
Currently, the use of MSCs and fibroblasts as suggested in the present study by the use of L87 and

BJ-5ta cells is reasonable. MSCs are the most commonly used cell source in regenerative medicine.
Obtained from various tissues including bone marrow, adipose tissue and peripheral blood, they can
be propagated in vitro and show a certain differentiation potential due to their multipotency. These
characteristics also make them ideal candidates for reprogramming strategies. Fibroblasts are the
most commonly used cell source for studies in reprogramming because they are easy to obtain from
several origins such as human adult skin fibroblasts, human neonatal foreskin fibroblasts, mouse tail
tip fibroblasts, and MEFs. However, successful iPS cell generation was reported from a variety of
different cell types and most probably every somatic cell type is suitable for the generation of patient-
and disease-specific iPS cells. Human iPS cells have been derived from several cell types including
dermal fibroblasts, keratinocytes, and MSCs (TAB. 3).
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TABLE 3: Different sources for the generation of iPS cells.

DISCUSSION

Donor

Method

Reference

primary human dermal fibroblasts
from T1D patients

retroviral; Oct4, Sox2, Klf4

(Maehr et al., 2009)

primary human neonatal dermal
fibroblasts

retroviral; Oct4, Sox2, Kif4,
c-Myc

(Lowry et al., 2008)

primary mouse pancreatic beta
cells

retroviral; Oct4, Sox2, Kif4,
c-Myc

(Stadtfeld et al., 2008)

primary human fetal neural stem
cells

retroviral; Oct4 or Oct4 and
Kif4

(Kim et al., 2009c)

primary mouse immature and

retroviral; Oct4, Sox2, Kif4,

(Hanna et al., 2008)

mature B cells c-Myc

primary mouse hepatocytes and retroviral; Oct4, Sox2, Kif4, ;

gastric epithelial cells c-Myc (Aoi et al., 2008)

primary human keratinocytes from | retroviral; Oct4, Sox2, KIf4, | (Aasen and Izpisua Belmonte,
plucked hair c-Myc 2010)

primary human cord blood retroviral; Oct4, Sox2, KIf4,

CD34-positive progenitors c-Myc (Takenaka et al., 2010)
primary mouse MSCs, tail tip retroviral; Oct4, Sox2, KIf4, .

fibroblasts, osteoblast progenitors c-Myc (Niibe et al., 2011)

primary human hair follicle MSCs (rflt\;c;\gral; Oct4, Sox2, Kif4, (Wang et al., 2012b)

Interestingly, iPS cells are known to retain a somatic memory but the impact on their
developmental potential needs to be clarified. Differentiation of iPS cells into neural and blood lineage
was described to be less efficient compared to human ES cells (Feng et al., 2010; Hu et al., 2010).
Recent studies explained transcriptional differences between human ES cells and iPS cells by
different DNA methylation and not by histone modification. According to that more recently iPS cells
were demonstrated to retain their promoter DNA methylation status of somatic genes (Chin et al.,
2009; Deng et al., 2009; Polo et al., 2010; Bock et al., 2011; Lister et al., 2011). Importantly, mouse
iPS cells showed an increased potential to differentiate into the donor cell type (Polo et al., 2010).
Most probably, a pool of validated cell types is necessary for reprogramming due to the desired cell
type after differentiation. However, hepatocyte-derived iPS cells were not more efficient than
fibroblast-derived iPS cells to differentiate towards endoderm (Ohi et al., 2011). Interestingly, somatic
memory genes were also associated with cancer (Chapman et al., 2008; Jung et al., 2008).
Reprogramming requires the induction of different pluripotency-associated properties depending on
starting cell type, which affects efficiency and kinetics of molecular reprogramming (Aoi et al., 2008;
Kim et al., 2008). Many different laboratories generated iPS cells but methods for calculating the
efficiency of reprogramming drastically varies between different techniques (Maherali and
Hochedlinger, 2008). It is difficult to draw an exact conclusion, which cell type is the most useful for
generation of iPS cells. Currently, efficiency and quality of reprogrammed cells is different for many
cell types and can be explained by different expression of pluripotency-associated genes affecting a
variety of reprogramming pathways.

Reprogramming changes several signaling pathways, prevents apoptosis, and modifies several

epigenetic modifications of DNA and histones. The delivery of ectopically expressed transcription
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factors modifies gene expression in somatic cells. Ectopic expression is achieved by viral vectors,
transposons, and episomal vectors (Gonzalez et al., 2011). However, reprogramming factors are
dispensable or exchangeable when treatment with small molecules, delivery of miRs, and/or hypoxia
are applied (Page et al., 2009; Li and Ding, 2010; Foja et al., 2013). Accordingly, application of non-
viral methods was analyzed in L87 and BJ-5ta cells.

4.3.1. Non-Viral Reprogramming Induced by Episomal Vectors

Non-viral episomal vectors such as plasmids or minicircles carrying pluripotency genes are able to
reprogram distinct types of human somatic cells. However, episomal vectors show low efficient
reprogramming compared to viral vectors. Episomal vector-derived reprogramming depends on
undisturbed uptake, access to nucleus, intracellular vector stability, and finally transcription and
translation efficiencies. Undisturbed uptake and access to the nucleus is ruled by the transfection

technique whereat vector stability and expression efficiencies depend on the vector design.

4.3.1.1. Comparison of Different Transfection Procedures

In the present study, Gene Pulser® Il was applied using several approaches with different settings
of pulse duration and electric field strength for delivery of episomal vectors into L87 cells with adverse
effects on cell viability (APP. 1). Another study by Helledie and co-authors also reported low cell
viability after electroporation of MSCs (Helledie et al., 2008). In the present study, adverse effects on
cell viability were most probably caused by not suitable protocols rather than by electroporation in
general. Pulse duration and electric field strength are key parameters and optimal settings are
required for preservation of cell viability and efficient transfection (Jordan et al., 2008). Nevertheless,
the choice of buffers, wave form of the given pulse, and the density of cells additionally alters
electroporation (Jordan et al, 2008). Additionally, application of other commercial
electroporation-based transfection techniques might be suitable. For example, nucleofection is
suitable for transfection of human MSCs yielding about 50% transfected cells (Aslan et al., 2006).
There are several techniques for transfection such as chemical transfection, electroporation,
nucleofection, and viral transduction with different efficiencies (Yates and Daley, 2006). However,
electroporation, and nucleofection are very often used for the delivery of nucleic acids into mammalian
cells. Technigues based on physical mechanism of electroporation are commercially available such as
Gene Pulser® (Bio-Rad, Miinchen, Germany), Amaxa Nucleafector (Lonza, Kéln, Germany), and
Neon Transfection System (Life Technologies, Darmstadt, Germany). The transfection efficiency
depends on the cell type as well as on the technique (Jordan et al., 2008). For example, human HL60
promyelocytic leukemia cells were transfected by different techniques yielding up to 3% transfected
cells by Amaxa Nucleofector and up to 23% transfected cells by Neon Transfection System (Chen et
al., 2010). In contrast, both techniques are very efficient in human adipose-derived stem cells yielding
more than 90% transfected cells (Bezaire et al., 2009). In a reprogramming strategy, the amount of
affordable primary cells is restricted and avoidance of cell death is very important. It is important to
highlight that chemical transfection is suitable to reduce cell toxicity. Accordingly, there is a need to
improve or replace electroporation methods for gentle and efficient delivery of STEMcircles™ into L87,

BJ-5ta, and other somatic donor cells.
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4.3.1.2. Comparison of Lipofection Techniques

In this work, liposome-based chemical transfection by INTERFERIn™ was demonstrated to be
suitable and applicable for transfection of STEMcircles™ into L87 MSCs (FIG. 10). Cell viability was
preserved and efficient lipofection of up to 28.5% was demonstrated in L87 MSCs. INTERFERin™ is a
liposomal cationic amphiphile transfection reagent for delivery of nucleic acids, especially small RNAs,
into mammalian cells in culture (Caffrey et al., 2011). Therefore, lipofection is suitable for delivery of
minicircles and miRs for reprogramming. Lipofectamine™ 2000 and Lipofetamine™ LTX transfection
reagents were less suitable in optimization assays for L87 MSCs. However, MSCs derived from other
donors were successfully transfected with Lipofectamine™ transfection reagents. Cell viability above
85% and efficiency between 2-35% pVAX-GFP-positive cells were reported by application of
LipofectaminewI 2000 in primary bone marrow-derived MSCs (Madeira et al., 2010). Other studies
reported application of LipofectanmineTM 2000 with efficiencies of 5-20% transfected MSCs (Gheisari
et al., 2008; Yang et al., 2009). According to these studies, transfection of L87 MSCs by
Lipofectamine™ reagents might be successful by currently unknown parameters of plasmid DNA, cell
amount, and volume of transfection reagent. However, different MSCs differ dramatically between
their properties (Hass et al., 2011), which is due to variable behavior in response to different
transfection reagents. Currently, different transfection reagents are commercially available. For
example, the FUGENE™ transfection reagent revealed up to 24% pmaxGFP-expressing murine MSCs
(Krause et al., 2011). Accordingly, another chemical transfection method possibly improves the
delivery of STEMcircles™.

Importantly, transfection reagents affect the differentiation of MSCs (Madeira et al., 2010), which
suggests that also reprogramming is altered by transfection procedures. Further studies are needed to
elucidate the impact of transfection reagents on cell's ability for reprogramming. In general, MSCs are
more sensitive to lipofection procedures than many other cell types (Krause et al., 2011). Therefore,
the established lipofection protocol for STEMcircles™ delivery into L87 MSCs is most probably
suitable for the preservation of L87 MSCs, BJ-5ta fibroblasts, and primary keratinocytes as well.

Episomal vector stability and expression efficiency depends on the vector design. Conventional
plasmids have lower transfection efficiencies and ectopic gene expression is lowered because of
exogenous silencing mechanisms (Chen et al., 2005). Minicircles are supercoiled DNA plasmids that
have no bacterial origin of replication and no antibiotic resistance genes. According to that, these DNA
molecules predominantly bear eukaryotic DNA. Silencing of episomal-derived gene expression is
mainly enhanced by bacterial DNA sequences (Chen et al., 2004). STEMcircles™ are minicircles
derived from P2PhiC31-LGNSO plasmids, which contain a single expression cassette for ONSL and
GFP each separated by self-cleaving 2A peptides (Jia et al., 2010). Further, the bacterial plasmid
backbone of STEMcircles™is included in attachment sites and removal is achieved by phage phiC31
integrase to obtain backbone-free minicircles. STEMcircles™ are used to produce iPS cells from
human adipose stem cells (Jia et al., 2010). However, the protocol is suited to human adipose stem
cells and efficiency is substantially lower (up to 0.004%) compared with viral techniques (Narsinh et
al.,, 2011). Narsinh and Jia mentioned limitations of the protocol and suggested further improvement
with small molecules to achieve more efficient reprogramming of other cell types.

In the present study, STEMcircles™-derived GFP expression was increased until day 3 yielding up
to 28.5% GFP-expressing L87 cells (FIG. 10 A). The number of GFP-positive cells was much lower in
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BJ-5ta cells (FIG. 10 B). GFP expression in L87 and BJ-5ta cells was decreased at day 7.
Accordingly, Jia and Narsinh mentioned sorting of GFP-positive cells because of moderate efficiencies
(Jia et al., 2010; Narsinh et al., 2011). In accordance with the present study, Jia and co-authors
observed a maximum of GFP-positive human adipose stem cells at day 3.

Loss of GFP expression indicates loss of STEMcircles™-derived gene expression in transfected
cultures. This observation shows that the host cells did not replicate STEMcircles™ to preserve
constant gene expression. Separation and loss of vectors occurred during cell division because no
selective culture conditions were applied. Additionally, DNA methylation silenced minicircles-derived
gene expression. However, loss of ectopic gene expression is needed for the differentiation of a
permanent iPS cell and therefore is crucial for iPS cell generation. For example, retroviral vectors are
almost silenced by the host (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). The application
of excisable lentiviral vectors improves the differentiation potential of iPS cells (Sommer et al., 2010).

4.3.1.3. Impermanent Induction of ONSL, KIf4, and c-Myc by Episomal Vectors

In the present study, gqRT PCR analysis demonstrated that STEMcircles™ only temporary induced
Oct4A and Sox2 mRNA expression in L87 cells and BJ-5ta cells (FIG. 11). Expression was almost lost
at day 5. Importantly, Oct4 and Sox2 expression rely on each other. For example, silencing of Oct4 or
Sox2 by RNA interference leads to reduction of both genes (Chew et al., 2005). Moreover, Oct4 and
Sox2 show similar expression pattern through pre-implantation development of mice (Avilion et al.,
2003) and Oct4-Sox2 heterodimers regulate expression of several pluripotency-associated genes
such as Oct4, Sox2, and fibroblast growth factor 4 (Fgf4) (Yuan et al., 1995; Tomioka et al., 2002;
Boyer et al., 2005). Taken together, preservation of STEMcircles™-derived Oct4 or Sox2 expression
requires stable preservation of both Oct4 and Sox2. According to that, Oct4A and Sox2 mRNA levels
analyzed in the present study were probably affected by absent Sox2 because Sox2 mRNA was
induced much lower compared to Oct4 mRNA. Interestingly, Oct4A and Sox2 mRNA induction was
delayed in BJ-5ta fibroblasts. Vector uptake and access to the nucleus required more time because
fibroblasts do have a lower division rate compared to MSCs. In accordance with that observation,
lipofection of DNA is less efficient when cells do not divide (Zou et al., 2010). Interestingly, Zou and
co-workers could show that only DNA but not RNA delivery is affected by proliferation suggesting that
access to the nucleus is hindered in non-dividing cells. Importantly, qRT PCR analysis demonstrated
that STEMcircles™-derived Oct4B, Nanog, and Lin28 mRNA expression was preserved until day 5 in
BJ-5ta cells. Nevertheless, Oct4A and Sox2 expression are required for induction of pluripotency in
L87, BJ-5ta, and other somatic cells.

KIf4 and c-Myc were already expressed in L87 MSCs and BJ-5ta fibroblasts suggesting that
induction of KIf4 and c-Myc is not required for reprogramming of these cells (FIG. 9B, 11 A/C).
According to that idea, delivery of reprogramming factors (instead of Oct4) is not necessary when
endogenous expression already exists (Kim et al., 2009c). In the present work, KIf4 and c-Myc mRNA
levels were temporary elevated after STEMcircles™ delivery but expression returned to levels of
non-transfected cells. Notably, different levels of Kif4 and c-Myc differently influence embryonic
development and malignancy of human cancers as well (Lin et al., 2012a; Hu et al., 2012; Strauss et
al., 2012). Currently, it is not clear whether different levels of endogenous Kif4 and c-Myc expression

differently support reprogramming.
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According to the data from gRT PCR analysis of L87 MSCs, IF analysis revealed that Oct4A, Sox2,

and Nanog were expressed at the protein level (FIG. 11 B/D). Further, transcription factors were
localized to the nucleus suggesting that host’'s gene expression was changed by ONSL. In the present
study, the Oct4 antibody detected amino acids 1-134 of the N-terminus of the Oct4A protein. In
accordance with our procedures, Atlasi and co-authors used the same Oct4A-specific antibody for the
analysis of Oct4A expression (Atlasi et al., 2008). Further, comparison with antibodies detecting the
C-terminus of Oct4 revealed that Oct4A and Oct4B are bond as well (Atlasi et al., 2008). Importantly,
Oct4B is mainly localized to the cytoplasm (Cauffman et al., 2006; Lee et al., 2006). However, protein
expression was rarely detected due to moderate transfection efficiencies measured in the present
study (up to 28.5% in L87 cells) and low reprogramming efficiencies (up to 0.004%) reported by Jia
and Narsinh (Jia et al., 2010; Narsinh et al., 2011).

Oct4A protein was detected in a few L87 cells at day 3 but in small colonies at day 7 suggesting
that Oct4A was permanently induced by STEMcircles™ in a subset of proliferating L87 cells
(FIG 11 B). In contrast, Sox2 and Nanog protein was detected in loose cells suggesting that protein
expression was not localized to proliferating colonies. Importantly, induction of proliferation is required
for the generation of iPS cells. Viral reprogramming by OSKM is more efficient when proliferation of
somatic donor cells is increased by accelerated cell cycle progression (Ruiz et al., 2011). Additionally,
cell cycle arrest inhibits successful iPS cell generation (Ruiz et al.,, 2011). However, Ruiz and
co-authors mentioned that the characteristic cell cycle signature of human ES cells is required for
reprogramming. Therefore, proliferation needs to be modified in context to properties of the somatic
donor cell. According to that, hyperproliferation is not valuable for efficient reprogramming (Xu et al.,
2013). Xu and co-authors reported that induction of proliferation by c-Myc decreased OSKM-mediated
viral reprogramming of MEFs because of hyperproliferation. Xu and co-workers could show that
ablation of c-Myc revealed lower proliferations rates and more efficient reprogramming. In the present
study, Oct4-stained colonies of proliferating L87 MSCs were not analyzed whether hyperproliferation
has occurred. It is important to analyze whether hyperproliferation affected efficient reprogramming of
L87 MSCs. In contrast, delivery of STEMcircles™ into BJ-5ta fibroblasts did not show
Oct4A-expressing small colonies at day 7 suggesting low proliferation capacities of transfected cells.
This observation is due to delayed induction of Oct4A mRNA. Enhancement of proliferation appeared
to be necessary for reprogramming of BJ-5ta cells.

BJ-5ta cells failed to express Sox2 and Nanog proteins after STEMcircles™ delivery (FIG. 11 D).
Most probably, Sox2 and Nanog mRNA levels were low leading to low protein expression. On the
other hand, inefficient translation of ONSL might have reduced ONSL protein levels. Recently, in silico
estimation of translation efficiency in human cell lines revealed that the majority of genes is expressed
in up to 5 cell types with comparable efficiencies (Stevens and Brown, 2013). Interestingly, a subset of
genes showed cell type-associated deviations possibly caused by different mechanisms for protein
degradation and/or translational control (Stevens and Brown, 2013). Further studies might clarify,
whether cell type-dependent translation efficiencies (of ONSL, Kif4, and c-Myc) affect reprogramming
of distinct cell types such as L87 MSCs and BJ-5ta fibroblasts.

Successful induction of endogenous ONSL expression clearly showed induction of pluripotency
characteristics in L87 MSCs and BJ-5ta fibroblasts. These data are consistent with studies, which also

used STEMcircles™ for reprogramming (Jia et al., 2010; Narsinh et al., 2011). Broad changes in the
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transcriptome of L87 cells and BJ-5ta cells most likely occurred induced by the endogenous ONSL
expression as an initial shift towards pluripotency.

Endogenous expression was analyzed to verify the transfected cells started their own gene
expression of ONSL (FIG. 12), which is one of the most crucial steps during reprogramming. ONSL
transcription factors directly bind to their own gene and to the 3 other factors to regulate gene
expression (Loh et al., 2006; Wang et al., 2006). According to that, ectopically expressed ONSL
induce endogenous ONSL expression in somatic cells. ldentification of endogenous Oct4 expression
did not differ between Oct4 transcript variants because Oct4 mRNA was absent in L87 cells and
BJ-5ta cells. RT-PCR analysis verified induction of Oct4A and Oct4B as well suggesting endogenous
induction of Oct4A and Oct4B. Other studies, which also used STEMcircles™, did not differ between
endogenous Oct4A and endogenous Oct4B expression as well (Jia et al., 2010; Narsinh et al., 2011).
It would be very interesting to determine the ratio of endogenous Oct4 transcript variants.

Lipofection of STEMcircles™ successfully generated ONSL-expressing ES cell-like cells. However,
permanent reprogrammed cells were not generated. Apparently, prolongation or enhancement of
ectopic ONSL expression was required. Following that idea, enhancement aimed by treatment with
human ES cell-specific miRs, hypoxia, human ES cell specific culture conditions, small molecule

media supplements, and repeated lipofection of STEMcircles™.

4.3.2. Non-Viral Reprogramming Induced by miR-302a-d & 372

Reprogramming factors do have many target genes for shifting the transcriptome of somatic cells
towards pluripotency. However, human ES cell-specific miR-302a-d & 372 also regulate the
expression of many genes, which is sufficient to shift the transcriptome of somatic cells as well.
Currently, there are different kinds of synthetic mature-like miRs commercially available differing
between their chemical modifications. In the present study, mature-like synthetic miR-302a-d & 372
were purchased from Ambion. Ambion’s Pre-miR™ miRNA Precurser Molecules are small, chemically
modified double stranded RNA molecules designed to mimic endogenous mature miRs expression.
One strand is identical to the mature miR-302a-d & 372 whereas the other strand is modified to
optimize uptake and processing of the double-stranded RNA molecule. Importantly, Pre-miR™ miRNA
Precurser Molecules are not hairpin constructs and should not be confused with pre-miRs. More
importantly, these mature-like miRs should not be confused with miR mimics. In contrast to mature-like
miRs, the miR mimic technology is an innovative and effective tool for gene silencing. Mimics act in a
gene-specific fashion. The 5’ end of miR mimics is designed to bind to a unique motif in the 3’ UTR of
one selected target gene (Wang, 2011). Importantly, reprogramming requires application of

mature-like miR-302a-d & 372 to broadly change mRNA levels in somatic cells.

4.3.2.1. Comparison with other Lipofection Techniques

Manufacturer’s instructions often suggest miR concentrations between 1-100 nM. In the present
study, cells were transfected with up to 50 nM miRs (FIG. 13). Accordingly, protocols established by
other groups usually do not use more than 50 nM miRs (Suzuki et al., 2009; Tili et al., 2011) because
higher amounts often lead to more adverse effects. However, the use of 100 nM miRs was
demonstrated to be suitable for the differentiation of mouse ES cells (Tay et al., 2008). In the present
study, miR-1 and its target gene Ptk9 were analyzed as positive controls to verify transfection

procedures for miR delivery (FIG. 13). Ptk9 encodes twinfilin-1, which is an abundantly expressed
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cytoskeleton regulatory protein and miR-1 is thought to induce cleavage of the Ptk9 mRNA (Lim et al.,
2005). However, miR-1 is not involved in reprogramming, it is an important regulator of cardiac
differentiation (Glass and Singla, 2011). In accordance with many other studies, Ptk9 mRNA was
down regulated in a dose-dependent manner. It is important to highlight that dose-dependent
repression of target mRNAs is one general characteristic of miRs. However, dose-dependent
differential target gene selection was reported (Shu et al., 2012). In the present study, Ptk9 mRNA
was repressed 48 h (about -90%) after transfection. Accordingly, Ptk9 mRNA repression (about -70%)
was reported 48 h after lipofection of A5 mouse cutaneous spindle cells (Fleming et al., 2013).
Importantly, Fleming and co-workers demonstrated that significant repression of other miR-1-related
target genes occurred 72 h after miR-1 delivery. Transfection of miR-1 (and Cy3™-labeld Anti-miR™
or miR-302a-d & 372) with INTERFERIN™ was applied in the present work and did not affect
morphology of L87 MSCs and BJ-5ta fibroblasts. Accordingly, other studies demonstrated treatment
with INTERFERin™ without adverse effects in MSCs and fibroblasts (Renaud et al., 2007; Wang et al.,
2012a).

Transfection of Cy3TM-IabeIed Anti-miRs™ allowed quantification of transfected cells by flow
cytometry yielding up to 97.4% dye-positive L87 MSCs (FIG. 14). These data are consistent with data
from lyer and co-workers, who also applied flow cytometry yielding more than 90% dye-positive cells
after transfection of FAM™-labeled Anti-miRs™ (lyer et al., 2012). In accordance with results obtained
from STEMcircles™ delivery, dye-labeled Anti-miRs™ were less efficient introduced into BJ-5ta cells.
Fluorescence was predominantly localized across the cytoplasm in L87 and BJ-5ta fibroblasts
suggesting efficient uptake and correct destination of miR delivery. Importantly, there is no evidence
that the use of Anti-miRs™ instead of miRs alters transfection efficiency. Therefore, data obtained by

transfection of dye-labeled Anti-miRs™ are transferrable to the delivery of miR-302a-d & 372.

4.3.2.2. Pluripotency Requires Human ES Cell-Specific miRs

The present study aimed at the induction of reprogramming using human ES cell-specific
miR-302a-d & 372. There are many human ES cell-associated miRs and many miRs are involved in
the regulation of induction, maintenance, and loss of pluripotency. Recently, a study by Suh and
co-workers revealed that about 14 miRs are expressed in a human ES cell-specific manner including
miR-302a-d & 372 (Suh et al., 2004). Suh and colleagues isolated 36 prevalent miRs from SNU-hES3
human ES cells, which were cultured on murine feeder layers. There were 20 miRs, which were not
observed in mammalian adult tissues and cell lines. Suh and co-authors showed that 3 miRs were
common between mouse and human ES cells namely, miR-296, miR-301, and miR-302a (miR-302 in
mice). Northern blot analysis of miRs in SNU-hES3 and MIZ-hES1 revealed 7 miRs, which were
specific to human ES cells namely miR-200c, miR-368, miR-154*, and miRs from the miR-371-373
cluster. Additionally, 7 miRs from the miR-302a-367 cluster were also strongly expressed in human ES
cells, but also present in EC cells. Together, 14 miRs are expressed in a human ES cell-specific
manner (termed as ES cell-specific) and 11 of these 14 miRs are processed from 2 primary transcripts
of the miR-371-373 and miR-302-367 cluster, respectively.

The expression of other ES cell-associated miRs such as miR-21, miR-301, miR-374 and miR-29b
is low in human ES cells but is abundant in feeder cells (Suh et al., 2004). Further, their expression
increases upon differentiation of human ES cells (Suh et al.,, 2004) suggesting a role in early

differentiation and development comparable to the let-7 cluster in C. elegans (Reinhart et al., 2000).
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Other miRs such as miR-16 were highly expressed in human ES cells and in several human cell lines,
which contributes to the idea that a set of miRs is dedicated to regulate general aspects of cell biology
also in human ES cells.

ES cell-specific miRs (i) preserve self-renewal, (ii) maintain the differentiation capacity, (iii) prevent
differentiation, and (iv) manipulate early cell fate decisions. In ES cells, self-renewal is restricted by the
progression of the cell cycle, which is composed of four consecutive phases: G1, S, G2, and M.
Mouse ES cells have cell cycle lengths of about ~12 h in contrast to murine somatic cells, which have
an average cell cycle length of about ~24 h. The short cell cycle of mouse and human ES cells is
achieved by a very short G1 phase and subsequent unrestricted G1 to S phase transition. In mouse
ES cells, the cell cycle is delayed in the absence of Dicer1, which is a master regulator of the miR
machinery (Liu et al., 2004). Defective Dgcr8 expression in mouse ES cells also lowered cell cycle
progression and arrested cells in the G1 phase (Wang et al., 2007). The RNA-binding protein Dgcr8
interacts with Drosha to enable processing of pri-miRs. Importantly, there is a set of miRs including
members of the miR-290-295 cluster (mouse homologue to miR-371-373 cluster) and the miR-302a-
367 cluster, which were able to compensate proliferation defects in Dicer1 and Dgcr8 mutant mouse
ES cells (Sinkkonen et al., 2008; Wang et al., 2008; Kim and Choi, 2012). In human ES cells, miR-372
targets Cdkn1a, which encodes p21 and negatively regulates G1 to S transition (Qi et al., 2009).
Another study by Dolezalova and co-workers demonstrated that DNA damage response-enhanced
cell cycle progression increased expression of the miR-371-373 and miR-302a-367 cluster and
depleted p21 expression (Dolezalova et al., 2012). Cell cycle progression is also preserved by miR-
372-mediated downregulation of Ccna1 (Tian et al., 2011). Other miRs such as miR-92a (Sengupta et
al., 2009), microRNA-195 (Qi et al., 2009) also promote cell cycle progression in human ES cells but
further studies are required to appreciate their impact on pluripotency in general. Together, human ES
cell-specific miR-302a-367 cluster and miR-371-373 cluster are key regulators of the cell cycle
implicating a major role during reprogramming.

The differentiation capacity of ES cells also relies on ES cell-specific miRs. Dicer1-deficient mouse
ES cells fail to express crucial early differentiation markers for lineage induction and specification
(Kanellopoulou et al., 2005). In the absence of Dicer1, several mesoderm and endoderm markers
were not induced (Bernstein et al., 2003). Wild type ES cells are capable to form EBs, which consist of
a heterogeneous mix of differentiating cells of all the three germ layers. Dicer1 knockout cells formed
EBs, which failed to grow after a few days (Bernstein et al., 2003). Prevention of differentiation is
another characteristic of ES cell-specific miRs. The miR-302a-367 cluster prevents DNA methylation,
which indirectly prevents differentiation (Lin et al., 2011). For example, the miR-302a-d & 372 do
repress neuronal ectoderm formation via downregulation of Nr2f2 (Rosa and Brivanlou, 2011).
Interestingly, the miR-302a-367 cluster targets BMP inhibitors in human ES cells to inhibit neural cell
fate determination (Lipchina et al., 2011). However, BMP signaling predominantly promotes
differentiation of ES cells suggesting that there are further mechanisms to prevent BMP signaling. It is
important to highlight that target genes directly involved in differentiation need to be identified.
Interestingly, early cell fate decisions in general depend on the presence of the miR machinery.
Maturation of miRs (and siRNAs) requires the Dicer1 enzyme and absence of Dicer1 leads to
embryonic lethality in mice (Bernstein et al., 2003). Ago2, which is responsible for cleavage of miRs

(and other RNAs), was shown to be crucial for mouse development (Liu et al., 2004). Accordingly, ES
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cells are viable without miRs, but they fail to preserve self-renewal and lose their differentiation
capacity in vitro (Calabrese et al., 2007). The present study aimed at the identification of
miR-302a-d & 372 target genes.

4.3.2.3. Reprogramming Requires miR-302a-d & 372

In accordance with the given literature, 5 human ES cell-specific miRs derived from the
miR-302a-367 and miR-371-373 cluster were applied in non-viral reprogramming because they are
potent regulators of pluripotency, namely miR-302a-d & miR-372 (FIG. 15). Importantly, human ES
cell-specific miRs are regulated by reprogramming factors. Oct4, Nanog, and Sox2 predominantly bind
to promoters of ES cell-associated miRs including the miR-302a-367 and miR-371-373 cluster
(Barroso-delJesus et al., 2008; Card et al., 2008; Marson et al., 2008). Therefore, several approaches
aim at the combination of miRs with other reprogramming techniques to improve efficiency and quality
of reprogramming. Viral reprogramming of MEFs by retroviruses was more efficient when synthetic
miRs from the miR-290-295 cluster were transfected (Judson et al., 2009). Further, viral mediated
expression of the miR-302a-367 cluster and depletion of Hdac2 was sufficient to generate iPS cells
from MEFs and human dermal fibroblasts (Anokye-Danso et al., 2011). Besides the
miR-302a-367cluster, expression of miR-25 was useful for more efficient reprogramming when
retroviral vectors were applied in mouse fibroblasts (Lu et al., 2012). MicroRNA-25 targets ubiquitin
ligases, which are proposed to be regulators of Oct4 and c-Myc. Another approach reported that
Nanog expression was indirectly up regulated by miR-214 in ovarian cancer cell lines (Xu et al.,
2012a). Xu and co-authors suggested that Nanog induction was achieved by miR-214-mediated
repression of the p53 signaling pathway. Reprogramming is still challenging, because the underlying
mechanisms have yet to be fully elucidated (Sridharan and Plath, 2008; Okita and Yamanaka, 2011).
It is important to highlight that efficient miR delivery and preservation of functional miRs (as mentioned
before) as well as repression of unwanted targets is required for miR-mediated reprogramming (Guan
et al., 2013). It is highly debated as to which step in the reprogramming process is the most crucial.
However, ES cell-enriched miRs are immediately elevated during reprogramming and miRs therefore
appear to be a powerful tool for non-viral reprogramming.

ES cell-associated miRs were reported to be sufficient for reprogramming on their own. Human and
mouse adipose stromal cells were transfected with synthetic mature-like miR-200c, miR-302a-d,
miR-369, and miR-369* to generate iPS cells (Miyoshi et al., 2011). However, the efficiency was very
low (>0.01%). Interestingly, the transfection of miRs into human dermal fibroblasts only generated
partially reprogrammed cells because these cells failed to induce teratomas. The expression of
miR-200c is abundant in ES cells and thought to be ES cell-specific (Suh et al., 2004). By contrast,
miR-369 expression is low in human ES cells (Suh et al., 2004). More recently, the miR-200 family,
including the miR-200c-141 cluster, was shown to be involved in EMT and MET as well (Korpal et al.,
2008). Further analysis are required to verify whether miR-200c and miR-369 promote reprogramming

in general. Most probably, reprogramming of adipose stromal cells was ruled by miR-302a-d.

4.3.2.4. Target Genes of miR-302a-d & 372
The present study also aimed at the prediction and verification of unknown miR-302a-d &372 target
genes. Identifying of miR target genes is challenging because analysis rely on base pair

complementary between mature miRs and 3'UTRs of mRNAs. Conservation of genes between
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different species and/or secondary structures of mRNAs are included to narrow prediction results.
Different algorithms of prediction tools allow some mismatches and the penalty of mismatches is
different. Currently, there are several miR target prediction tools available online or provided for
download. There are at least 4 very popular methods for miR target gene prediction (Le and Bar-
Joseph, 2013), which are available online namely miRanda (John et al., 2004), Target Scan (Lewis et
al., 2005), PicTar (Krek et al., 2005), and MicroCosm (Griffiths-Jones et al., 2006). In the present
study, Target Scan, PicTar, and MicroCosm (not miRanda) were applied, which is consistent with
other reports such as target prediction of human ES-cell-specific miR-200c (Rebustini et al., 2012).
Interestingly, there are target prediction tools such as miRWalk (Dweep et al., 2011), which compare
prediction results from own and third party target prediction tools. It is important to highlight that miR-
302a target gene prediction by miRWalk and 9 third party prediction tools (not linked to MicroCosm)
provides only 2 common genes namely derlin 2 (Derl2) and B cell translocation gene 1 (Btg1). Derl2 is
involved in the homeostasis of the ER suggesting involvement in general aspects of biology.
Interestingly, Btg1 counteracts proliferation (Lundin et al., 2012) and repression by miR-302a might be
important for reprogramming. Analysis of miR-372 by miRWalk revealed no common target genes but
2 genes were predicted by 9 out of 10 prediction tools namely profilin 2 (Pfn2) and E2F transcription
factor 5 (E2F5). Pfn2 is involved in actin polymerization suggesting involvement in general aspects of
biology. Interestingly, E2F5 is involved in cell cycle regulation in a variety of human tissues and
targeting by miR-372 appears to be suitable for reprogramming. Nevertheless, further analysis will
elucidate whether Btg1 and/or E2F5 are involved in the regulation of pluripotency. However, target
prediction leads to many false positive and some false negative results (Betel et al., 2010). False
positive results depend on the short length of miRs. False negative probably result from conservation
analysis, which might be conflicting because not well-conserved real targets genes might be excluded.
According to that, analysis in plants identified not well-conserved real miR-targets (Barakat et al.,
2007) suggesting the presence of evolutionary young (not conserved) miR target genes in animals as
well. Together, circumstantial verification of miR-302a-d & 372 targets was required.

Target gene prediction by Target Scan, PicTar, MicroCosm, and EIMMo (FIG. 15) provided
hundreds of possible target genes but most probably, a subset of these predicted genes is really
regulated by miR-302a-d & 372. EIMMo target prediction was applied because the EIMMo algorithm
includes analysis of pathways, in particular those of the KEGG pathway database (Gaidatzis et al.,
2007). However, the EIMMo did not provide certain target genes, which are obviously involved in
reprogramming. Importantly, different prediction tools provided conflicting results. Prediction by
MicroCosm included Dnmt1, Ccna1, and Wdr61 (not KIf13). In contrast to that observation, Target
Scan, PicTar, and EIMMo included prediction of KIf13 without Dnmt1, Ccna1, and Wdr61. Because
target prediction tools use different algorithms and updates are released frequently, miR-302a-d &372
target gene prediction generates different possible target genes depending on the current status of
available target prediction tools. For example, Ccna1l is confirmed by miRanda and miRWalk target
gene prediction. Several studies aggregate results from different databases to broaden the number of
predicted targets for example for array analysis. In contrast to that, the present study needed to
narrow the number of possible miR-302a-d & 372 targets and aggregation of results was unneeded.
Importantly, datasets, which were obtained from Target Scan, PicTar, MicroCosm, and EIMMo, were

filtered for target genes, which are involved signaling pathways responsible for induction, maintenance
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and loss of pluripotency. Accordingly, KIf13, Dnmt1, Ccna1, and Wdr61 were selected for validation
(FIG. 15). KIf13 is a member of the KLF-family of zinc finger transcription factors and binds GC-rich
DNA in a sequence specific manner (McConnell and Yang, 2010). Dnmt1 is responsible for CpG
methylation of the DNA during mitosis in adult cells (Qin et al., 2011). Dnmt1 preserves the
methylation status of the DNA, which contributes to the regulation of gene expression. Ccna1 is crucial
for G1-S transition and for entering the M-phase of the cell cycle in vertebrates, especially in the germ
line (Wolgemuth, 2011). Wdr61 is a regulator of transcriptional processes and are involved in events
downstream of RNA synthesis, such as RNA surveillance (Zhu et al., 2005).

The present study verified currently unknown but predicted miR-302a-d & 372 target genes namely
KIf13, Dnmt1, Ccna1, and Wdr61 (FIG. 16). Transfection of miR-302a, miR-372, and a cocktail of
miR-302a-d & 372 was applied. Both, miR-302a and miR-372, strongly repressed target mRNAs at
day 3 but target gene expression returned at day 5. This study revealed that the miR cocktail
elongated strong target gene repression until day 13. Different cocktail concentrations repressed
targets in a dose-dependent manner. Therefore, functional miR-302a-d & 372 was proven according
to data obtained from miR-1 delivery. It is important to highlight that strong mRNA repression (more
than -50%) only occurs in a minor subset of about 150 genes (Baek et al., 2008). The majority of miR
target genes (several hundreds) is regulated more modestly yielding about -30% downregulation
(Baek et al., 2008). Moderate repression for example is suitable to target mRNA levels to ensure
optimal protein expression in switch and tuning interactions (Bartel, 2009). However, strong repression
of target genes by miR-302a-d & 372 suggests robust downregulation of Ccna1, Kif13, Dnmt1, and
Wdr61 mRNA and alteration of pluripotency signaling pathways.

It is important to highlight that this study does not provide characterization of all members of the
miR-302a-367 and the miR-371-373 cluster. The pri-miR-302a-367 (302b*-302b-302c*-302c-302a*-
302a-367) is transcribed from chromosome 4 (Suh et al., 2004). Target recognition of miR-302a is
most probably very similar to that of miR-302b-d because they are highly homologous (Suh et al.,
2004). Function of miR-367 appears to be different because the seed sequence 5-AUUGCAC-3’
(2-8 nt) differs from miR-302a-d suggesting different target genes. The pri-miR-371-373 (371-372-
373*-373) is encoded on chromosome 19 (Suh et al.,, 2004). Mature miR-302a-d & 372 share the
same seed sequence 5-AAGUGCU-3' (2-8 nt). Interestingly, miR-373 but not miR-367 and not
miR-371 (5-CUCAAAC-3’; 2-8 nt) also contains the same seed sequence and miR-373 expression is
restricted to human ES cells (Suh et al., 2004). However, expression of miR-373 was reported to be
very low (Suh et al., 2004) suggesting insignificant impact on the transcriptome of human ES cells.
Accordingly, miR-373 was not included into the miR-302a-d & 372 cocktail used in this study. In
contrast, there is evidence that even low expressed miRs might have biological significant functions
suggesting the analysis of miR-373.

In the present study, repression of Ccnal by miR-372 was demonstrated (FIG. 16 B). This is in
accordance with previous studies in HelLa cells (Tian et al., 2011). However, miR-302a less efficient
repressed Ccnal mRNA (FIG. 16 A). Inefficient repression of Ccnal by miR-302a was recently
demonstrated in human ES cells by Card and co-workers, which reported that miR-302a is not
capable to repress Ccna1l protein within 3 days (Card et al., 2008). Differences probably result from
low homology of miR-302a and miR-372. Importantly, atypical sites within the mature miR sequence

might have improved interaction of miR-372 and Ccnal mRNA. The presence of supplementary
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and/or compensatory (atypical) sites is thought to be present in a minor subset of miRs (about 4%)
(Bartel, 2009). In the present study, target gene prediction by MicroCosm revealed the presence of
atypical 3’ compensatory sites in mature miR-302a-d & 372. Therefore, there is a need to investigate
mechanisms behind these atypical sides. Interestingly, data from the present study suggest that
efficacy differs between miR-302a-d. Efficacy probably depends on atypical sites. Mature miR-302a
repressed Ccna1l at day 3 but expression returned at day 5. The miR cocktail including miR-302b-d
counteracted Ccna1 repression at day 3 leading to delayed but more stable repression at day 5 until
day 13. One can conclude that miR-302b, miR-302c, and/or miR-302d differently (more and less
efficiently) regulate Ccnal mRNA repression as well as the repression of other target genes. Thus,
atypical sites within miR-302b-d might be responsible for delayed and more efficient Ccna1

repression.

4.3.2.5. Induction of Endogenous miR-302a-d & 372 by Autoregulation

In the present study, mature miR-302a-d & 372 were highly enriched at day 1 in L87 and BJ-5ta
cells (FIG. 17 E). It was reasonable that a subset of detected miRs at day 1 represent transfected
synthetic mature-like miR-302a-d & 372. The majority of studies proof the presence of synthetic miRs
from day 1 until day 3 after miR delivery without extended time course analysis. Importantly, the
present study demonstrated that mature miR-302a-d & 372 were detectable for up 13 days suggesting
endogenous expression of mature miR-302a-d & 372. Accordingly, the present study verified induction
of the miR-302a-367 cluster. Expression of pri-mir-302a-367and pre-miR-302a-d and 372 was
immediately induced at day 1 after miR delivery (FIG. 17 D/F). Thereafter, endogenous expression
continuously decreased. In the present study, human ES cell-specific culture conditions were applied
to preserve endogenous miR-302a-d & 372 levels. MEF culture was applied at day 6 after miR-302a-d
& 372 delivery. Importantly, MEF culture was suitable to elevate precursor miR-302a & c-d & 372
expression at day 8. Subsequently, mature miR-302a-d &372 were present at day 8. However,
induction was not permanent because mature and precursor miRs were strongly reduced at day 13.
These results indicate that MEF culture is suitable to enhance induction of miR-302a-d & 372 but
MEFs do not preserve expression of these miRs. One can suggest that MEFs indirectly promote
expression of miR-302a-d & 372. MEFs up regulate certain pluripotency-associated transcription
factors, which are responsible for miR-302a-367 and miR-371-373 in human ES cells (Barroso-
delJesus et al., 2008; Card et al., 2008; Marson et al., 2008). Currently, there is no evidence that
MEFs directly mediate induction or elevation of miR-302a-d & 372. Thus, mature and precursor miR
induction needs to be combined with other reprograming methods even including MEF cultures.

Importantly, endogenous expression of mature miR-302a-d & 372 was induced at different levels
(FIG. 17 E). These data contribute to the expression pattern of miR-302a-d & 372 in SNU-hES3
human ES cells, which do express miR-302a-d & 372 at different levels (Suh et al., 2004). One can
conclude that L87 and BJ-5ta cells directed a desired expression level regarding natural miR levels of
human ES cells. This conclusion is supported by that fact that certain miRs from the miR-302a-367
cluster are differently regulated by ultraviolet radiation or chemotherapeutic agents (Zheng et al.,
2011; Dolezalova et al.,, 2012; Zhang et al., 2013a). Dolezalova and co-workers could show that
ultraviolet radiation of human ES cells particularly increased miR-302c and miR-302d. Another two
studies reported that chemotherapeutic agents Epirubicin and Clioquinol differently induce miR-302b
and miR-302c.
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In the present study, synthetic mature-like miR-302a-d & 372 induced the expression of the
miR-302a-367 and miR-371-373 cluster. This observation contributes to the idea that miR genes can
be permanently activated by autoregulation. The expression of miR genesis thought to be regulated by
their own promoter region and gene expression is expected to mimic molecular mechanisms found in
protein-coding genes. Interestingly, several studies showed that autoregulation of intragenic miR
genes is regulated by their host genes. Intragenic miR genes (particularly intronic miRs) reseed within
known mRNA transcripts and experimental and computational results demonstrated that these miRs
are co-transcribed with their host gene (Bosia et al., 2012). For example, intronic miR-388 supports
own gene expression and expression of apoptosis-associated tyrosine kinase (Aatk) by silencing
genes that are functionally antagonistic to the Aatk mRNA (Barik, 2008). However, the miR-302a-367
and the miR-371-373 cluster are thought to be intergenic miR genes, which are transcribed
independently from surrounding genes. Further, common mechanisms for autoregulation of intergenic
miRs are not likely suggesting a certain mechanism for autoregulation of miR-302a-d & 372. Such
mechanism is currently unknown but common target gens might be involved. Importantly, lessons from
intragenic miR genes help to elucidate autoregulation of the miR-302a-367 and miR-371-373 cluster.

Interestingly, the present study revealed that miR-302a-d up regulates miR-372 expression
(FIG. 17 B). Further, detailed analysis revealed that miR-302a does not induce miR-372 (FIG. 17 C)
suggesting that miR-302b-d are involved in upregulation of miR-372. The underlying mechanisms
remained to be clarified. However, upregulation of mature mir-372 might have result from upregulation
of pri-miR-371-373. The transcription of pri-miRs is similar to that of mRNA. Importantly, like protein-
coding genes, promoters of miR genes contain CpG islands, TATA box sequences, initiation
elements, and histone modifications (Ozsolak et al., 2008). Therefore, these data suggest analysis

whether miR-302b-d regulates pri-miR-372 expression.

4.3.2.6. Indirect Regulation of Oct4, Nanog, and Thy1l

This study demonstrated that induction of endogenous miR-302a-d & miR-372 expression is
associated with induction of Oct4 and Nanog expression (FIG. 18 A/B). Oct4 was identified as an
early marker for induction of reprogramming and Nanog was subsequently induced. In accordance
with these results, Rosa and co-workers demonstrated upregulation of Oct4 after transfection of
miR-302a-d into HEK-393T cells (Rosa and Brivanlou, 2011). Subsequent Nanog induction occurs to
be plausible because Nanog gene expression requires binding of Oct4-Sox2 Heterodimers to the
Nanog promoter (Loh et al., 2006). Accordingly, Nanog activation also implicates induction of Sox2
expression, but further studies are needed to verify this presumption.

In the present study, the fibroblast marker gene Thy1 was down regulated by miR-302a-d & 372
delivery (FIG. 18 C). Thy1 (also classified as CD90) is a glycophosphatidylinositol-anchored
glycoprotein expressed on the surface of fibroblasts and other somatic cell types (Ramirez et al.,
2011). Importantly, Ramirez and co-authors demonstrated that the lack of Thy1 correlates with high
proliferation, migratory capacity, and upregulation of TGF[ signaling in lung fibroblasts of patients
suffering from idiopathic pulmonary fibrosis. Accordingly, downregulation of Thy1 is a potent marker
for dedifferentiation during reprogramming of somatic cells. Thy1 is not predicted to be a target gene
of miR-302a-d & 372. Further, Thy1l and miR-302a-d & 372 obviously do not share signaling
pathways, which contributes to the idea that Thy1 is a general marker for the differentiation status of

every Thy1-positve somatic cells. Taken together, non-viral delivery of human ES cell-specific
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miR-302a-d & 372 was capable to convert somatic cells into ES cell-like cells because exclusive

properties of human ES cells were induced in both L87 MSCs and BJ-5ta fibroblasts.

4.3.3. Dnmtl Repression by miR-302a-d & 372 Regulates Oct4 Induction

In the present study, Oct4 induction was achieved by upregulation of miR-302a-d & 372. The
questions remained how miRs were able to induce Oct4 expression. Detailed pathway analysis of
miR-302a-d & 372 target genes raised evidence that miR-mediated regulation of Dnmt1 expression
subsequently regulates Oct4. Dnmt1 is responsible for maintaining methylation during replication and
predominantly methylates hemimethylated DNA. The enzyme is capable of transferring a methyl group
to a 5 cytosine of one CpG dinucleotide. S-adenosyl methionine (SAM) is required as the methyl
donor. In humans and in other mammals, 70-80% of CpGs are methylated (Takai and Jones, 2002).
Interestingly, the amount of CpGs in the human genome is much lower as expected by chance.
Methylated cytosines are mutational hotspots, which has led to CpG depletion during evolution (Takai
and Jones, 2002). Importantly, CpGs occur within clusters and are located near the transcription start
site of genes. DNA with more than 200 bp, a CG content higher than 50%, and an observed
CpG/expected CpG ratio above 0.6 is defined as CpG island (Takai and Jones, 2002). CpG islands
occur within 300-3000 bp long DNA fragments in or near to approximately 40% of promoters of the
mammalian genome and about 70% of human promoters have a high CpG content (Saxonov et al.,
2006). Methylated CpG islands are potent repressors of gene expression being a wide spread
mechanism for gene regulation. Notably, the Oct4 promoter region contains a CpG island, which is
methylated during differentiation to repress Oct4 transcription (Park et al., 2013). Thus, the present

study searched for a Dnmt1-dependent mechanism regulating Oct4 expression.

4.3.3.1. Dnmtl Regulation by miR-302a-d & 372

The present study demonstrated that Dnmt1 protein levels were strongly repressed by miR-302a-d
& 372 in human somatic cells (FIG. 19 B). This repression suggests even low Dnmt1 enzymatic
activity. It is important to highlight that low Dnmt1 activity does not only affect the Oct4 promoter, it
does affect the whole genome with maybe unpredictable side effects. However, Dnmt1 is weakly
expressed in human ES cells (Okano et al., 1999; Sayin et al., 2010; Sayin et al., 2010) suggesting
that repression of Dnmt1 is suitable to mimic the epigenetic status of pluripotent stem cells.
Interestingly, miR-302a-d & 372 did not repress Dnmt1 mRNA levels suggesting that Dnmt1 mRNA
was not degraded. Repression of Dnmt1 protein is due to inhibition of Dnmt1 translation. In contrast to
the miR cocktail, high concentrations of only miR-302a down regulated Dnmt1 mRNA levels. The miR
cocktail (each 10 nm) and miR-302a (50 nM) were applied at the same concentration suggesting that
this observation is associated with high miR-302a molarity. Accordingly, many studies reported that a
change in miR molarity can lead to different targeting of mMRNAs. For example, let-7 significantly down
regulated Dicer1 only at low concentrations whereat c-Myc was only repressed by high let-7
concentration (Shu et al., 2012). The results of the present study raise evidence that each miR of the
miR-302a-d & 372 cluster has a different potential to repress Dnmt1 and other shared target genes.

Interestingly, the present study did not verify Dnmt1 protein repression in 3T3-L1 mouse fibroblasts
suggesting that regulation by miR-302a-d & 372 relies on species-specific mechanism (FIG. 19 C).
Accordingly, the human ES cell-specific miR-371-373 cluster is not expressed in mouse ES cells

because it is the human homologue to the mouse ES cell-specific miR-290-295 cluster. Studies by
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Brautigam and co-workers demonstrated in mouse ES cells and P19 embryonic carcinoma cells that
expression of the miR-371-373 cluster is differently regulated in mouse and the human pluripotent
cells (Brautigam et al., 2013). Therefore, function of miR-372 most probably differs between both
species. The function of miR-302a-367 cluster most probably also differs between both species. The
miR-290-295 cluster and the miR-302a-367 are suggested to act almost redundantly in the mouse
system (Wang et al., 2008). Accordingly, mouse ES cells do only express moderate levels of the
miR-302a-367 cluster (Brautigam et al., 2013). In the mouse embryo, the expression of the
miR-302a-367 cluster is more restricted and excluded from preimplantation stages (Brautigam et al.,
2013). A variety of studies intensively described species-specific gene regulation in mouse and human
ES and iPS cells. However, there is a need to clarify different functions of miR-302a-d & 372 in mouse
and human pluripotent cells.

Data obtained from the present study revealed short-term repression of Dnmt1 (FIG. 19 B). This
observation is due to short-term induction of endogenous pre-miR-302a-d & 372 suggesting that
retained Dnmt1 expression is most probably not a result of a miR-independent endogenous regulation.
Importantly, Oct4 is regulated by a self-sustaining circuitry consisting of positive autoregulatory
mechanisms and feed-forward loops (Jaenisch and Young, 2008). Accordingly, short-term repression
of Dnmt1 and subsequent short-term Oct4 expression should be suitable for permanent Oct4
induction. However, the recovery of the Dnmt1 expression associated with the Oct4 downregulation
suggests that not only Oct4, but also other pluripotency factors are involved in maintaining the
repression of Dnmt1 in pluripotent stem cells. Detailed analysis on Dnmt1 promoter binding sites will
help to predict involved pluripotency factors.

Importantly, the present study demonstrated for the first time that Dnmt1 is a direct target gene of
miR-302a-d & 372. Luciferase 3'UTR assays proofed interaction with miR-302a-d & 372 to the Dnmt1
mRNA (FIG. 20). Interestingly, another study reported Dnmt1 protein repression after
plasmid-mediated expression of the miR-302a-367 cluster in human hair follicle cells (Lin et al., 2011).
In contrast to the present study, Lin and co-authors suggested that Dnmt1 protein repression was
subsequently regulated after miR-mediated repression of Kdm1a (also known as Aof2). Importantly,
Lin and co-workers applied Target Scan and PicTar databases for Kdm1a target gene prediction,
which (in accordance with own results) do not predict Dnmt1 as target of miR-302a-d. Accordingly, the
study of Lin and co-workers did not include 3'UTR analysis of Dnmt1. Therefore, combined with data
from the present study, miR-302a-d most probably targets Kdm1a to accelerate Dnmt1
downregulation. This model suggests that miR-302a-d affects expression of different targets within the
Dnmt1 signaling pathway. According to this model, Dnmt1 protein was not affected by miR-302a or
miR-372 alone suggesting the presence of unknown Dnmt1-associated target genes. One can
conclude that miR-302a-d & 372 might similarly act on other ES cell-associated signaling pathways.

The present study verified Dnmt1 as a target gene using luciferase 3'UTR assays (FIG. 20). The
cocktail of miR-302a-d & 372, miR-302a, and miR-372 very efficiently repressed luciferase
transcription of the reporter plasmid. The cocktail more efficiently repressed luciferase transcription
than single use of miR-302a or miR-372, which mirrors results from Dnmt1 protein analysis.
Interestingly, luciferase repression using pmiR-302a carrying a miR-302a complementary strand was
as efficient as repression using pmiR-Dnmt1 containing a mature sequence from the Dnmt1 3'UTR.

This observation validates that binding of the seed region and interaction of the compensatory sites of
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miR-302a-d & 372 is sufficient to obtain maximal Dnmt1 repression. It is important to highlight that
miR-302a-d & 372 almost silenced luciferase activity, which is in accordance with other reports (Zeng
and Cullen, 2003). The present study included the analysis of luciferase repression in the presence of
doubled miR-302a-d & 372 binding sites leading also to almost silenced luciferase activity (data not
shown). Nevertheless, this approach became unnecessary but was designed because repression of
mRNAs and their translation also depends on the number of miR binding sites. For example, the
3'UTR of TGF beta receptor 2 (Tgfbr2) contains 2 miR-302a-d & 372 binding sites predicted by Target
Scan. It is important to highlight that in vivo behavior of miRs is usually more ineffective leading to low
or moderate repression of gene expression (Bartel, 2009). Presumably, efficient downregulation of
Dnmt1 presented in this work might not mirror the in vivo behavior of miR-302a-d & 372.
Downregulation of Dnmt1 during early embryogenesis is most probably regulated by additional
signaling pathways besides repression by miR-302a-d & 372.

The pmiR-GLO vector, which was used in the present study, encodes both Firefly luciferase for
3 UTR analysis and Renilla luciferase for normalization. Luciferase 3’'UTR assays are described by
several approaches including vectors such pGL2 (Sun et al., 2010), pGL3 (Sengupta et al., 2009),
pGL4 (Yoo et al.,, 2012), pLightSwitch (Xu et al., 2012b), psiCHECK-1/2 (Yang et al., 2013),
pMIR-REPORT (Papagregoriou et al., 2012), and pmiR-GLO (Guo et al., 2013; Zhang et al., 2013b).
In contrast to Sun and co-workers, application of pGL2 was challenging and generation of reporter
vectors was not successful within the present study (data not shown). In the present study, luciferase
3'UTR assays were performed in L87 MSCs and BJ-5ta fibroblasts to underline suitability of observed
regulatory mechanisms. Interestingly, similar studies are usually performed in easy to transfect
HEK293T human embryonic kidney cells (Ouyang et al., 2012; Zhang et al., 2013b), but other cell
types have been described such as mouse keratinocytes (Fleming et al., 2013) and human ES cells
(Sengupta et al., 2009). However, there is no evidence that the cell type or even the type of the
reporter vector influences the way of function within 3’UTR analysis. However, improved reporter
vectors carrying both firefly luciferase and Renilla luciferase produce more reliable data.

The present study applied the pmiR-GLO vectors carrying a short sequence of the Dnmt1 3'UTR
(FIG. 20 A). This short sequence contained the SCR and the opposite region of the miR-302a-d &
372, which is in accordance with other studies. Importantly, the opposite region included atypical
3’ compensatory sites of miR-302a-d & 372. In accordance with the present work, other researchers
successfully applied luciferase-based 3' UTR analysis. For example, Lin and co-workers performed
3'UTR assays most similar to the present approach. Porcine granulose cells were transfected with the
pmiR-GLO vector carrying the predicted miR-26b binding site (44 nt) of ataxia telangiectasia mutated
(Atm) (Lin et al., 2012b). However, other approaches included large parts or even the whole 3’'UTR of
the target MRNA of interest. Sengupta and co-workers performed 3'UTR assays in H1 human ES cells
transfected with the pGL3 vector carrying about one quarter of the tumor protein 57 (p57) 3'UTR
(206 nt) within the 3’'UTR of the firefly luciferase (Sengupta et al., 2009). Normalization was performed
by delivery of a second pRL-TK vector encoding TK-driven Renilla luciferase. Another approach
performed 3'UTR assays in C5N mouse keratinocytes and A5 mouse squamous carcinoma cells using
the pGL3 vector carrying about one third of the p54 (also known as Est1) 3UTR (1278 nt) within the
3'UTR of the firefly luciferase (Fleming et al., 2013). Fleming and co-workers performed delivery of the

pRL-TK vector for normalization. Interestingly, a study by Ouyang and co-authors in HEK293T cells
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applied pRL-TK carrying the whole 3'UTR (2373 nt) of B cell CCL/lymphoma 2 (Bcl2) without

normalization (Ouyang et al., 2012). Application of longer 3UTR sequences is more reliable for
mimicking the in vivo behavior of a certain miRs because they allow interaction of secondary mRNA
structures and RBP. The secondary structures of mRNAs influence gene expression, mRNA stability,
and mRNA decay (Wu and Brewer, 2012). Therefore, it is reasonable that miR binding is altered by
secondary mRNA structures. Moreover, binding of miRs to the target mRNAs is known to be regulated
by specific binding proteins. For example, ELAV-like RBP 1 (Elavl1, also known as HuR) is one
common RBP, which binds to AU-enriched sequences in mRNAs and Elavi1 is thought to protect
mRNAs from degradation (Gorospe et al., 2011; Meisner and Filipowicz, 2010). Further, Elavl1
specifically interacts with the 3'UTR of the c-Myc mRNA to allow repression by let-7b/c (Kim et al.,
2009a). Interestingly, c-Myc repression is also regulated by another RBP. RBP L11 binds to the c-Myc
mRNA and recruits a miR-24-loaded RISC (Challagundla et al., 2011). Subsequently, the c-Myc
translation is inhibited by miR-24. Together, it remains to be clarified whether strong miR-302a-d &
372-mediated Dnmt1 repression observed in the present study is regulated by secondary mRNA

structures and/or certain RBPs.

4.3.3.2. Oct4 Promoter Methylation is Regulated by Dnmt1l

Oct4 promoter analysis, performed in the present study, focused on the analysis of the 5
regulatory domains of the Oct4 promoter (FIG.21). Oct4 expression is orchestrated by CpG
methylation targeting different sites within the Oct4 promoter. Eukaryotic promoters are composed of a
core promoter and different 5’ regulatory domains and at least 10 different eukaryotic promoter are
classified (Gagniuc and lonescu-Tirgoviste, 2012). The core promoter is composed of promoter
elements such as TATA box or initiator element (INR) (Gagniuc and lonescu-Tirgoviste, 2012).
Interestingly, like about 90% of the human genes, Oct4 has a TATA-less core promoter with several
regulatory elements located within the first 250 bp (Nordhoff et al., 2001; Carninci et al., 2006).
However, 5 regulatory domains play a central role in driving cell-type-specific gene expression.
Importantly, 5’ regulatory domains contain several transcription factor binding sites classified as
enhancers, silencers, and insulators. The human genome encodes about 20 000- 25 000 genes and
about 400 000 putative human enhancer-associated modifications of histones and DNA are annotated
by the ENCODE project (Calo and Wysocka, 2013). For example, RNA polymerase llI-associated
factor complex (PAF1C) binds to the Oct4 enhancer stabilizing the open chromatin structure in ES
cells to up regulate Oct4 gene expression (Ding et al., 2009). The pafic is at least composed of 5
known binding proteins. Knockdown of Paf1c components performed by Ding and colleagues affects
Oct4 expression. The diversity of different epigenetic mechanisms demonstrates that Oct4 promoter
DNA methylation is a key regulator of Oct4 gene expression.

The present study focused on the analysis of CpG methylation within the conserved region 4 (CR4)
of the Oct4 distal enhancer. It is important to highlight that CpG methylation of CR4 has been poorly
described in the literature. Therefore, the analyzed Oct4 promoter sequence (-2623/-2273 nt of
Genbank sequence AJ297525) identical to human chromosome 6 (alternate assembly
HuRefrefAC_000138.1) included CR4 (-2557/-2426 nt). The analyzed sequence contained 5 CpGs
(FIG. 21 A). Enhancers typically reside in distance of several 100 nt to the promoter, which remains
true for the Oct4 enhancer elements. The Oct4 promoter contains 2 enhancer elements, the distal (1A

site) and the proximal (2A site) enhancer (Nordhoff et al., 2001). Distal and proximal enhancer are

103



DISCUSSION

capable to drive Oct4 expression in ES and EC cells (Nordhoff et al., 2001). Importantly, it is well
described that the distal and the proximal enhancer becomes methylated during embryonic
development (Pan et al., 2002). Oct4 enhancer activity is temporal and spatial regulated during
embryonic development. Moreover, the distal enhancer drives Oct4 expression in the morula, the ICM,
and in primordial germ cells whereas the proximal enhancer guides Oct4 expression in the epiblast
(Nordhoff et al., 2001). Comparison of human, mouse, and bovine Oct4 promoters revealed 4
conserved regions (CR1-4) (Nordhoff et al., 2001). The proximal enhancer contains CR1 and CR2 and
the distal enhancer includes CR3 and CRA4. Interestingly, there is an E-box in CR4 (and in CR2 and
CR3). The E-box binds transcription factors of the basic helix-loop-helix family such as c-Myc (Levine
and Tjian, 2003) contributing to the idea of a pluripotency network. Taranger and co-workers reported
CpG methylation within the Oct4 promoter sequence (-1748/-1510) containing CR2 and CR3 in
response to RA (Taranger et al., 2005). Accordingly, another study by Smith and co-authors reported
RA-induced methylation of certain CpGs in the Oct4 distal (-2317, -1399) and proximal (-759, -231)
enhancer but not in CR4 (Smith et al., 2010). Together, studies by others suggest that CpG
methylation in the Oct4 distal enhancer and particularly in CR4 is regulated independently from RA-
induced differentiation and is even more important for ES cells than for epiblast stem cells.

The present study recommends that the distal enhancer significantly regulates the Oct4 promoter
(FIG. 21 C). Currently, insulator and silencer elements have not been described within the Oct4
promoter. 5’ regulatory domains such as insulators are capable to block function of enhancers. For
example, in HCT116 human colon colorectal carcinoma cells repression of Dnmt1 lowers CpG
methylation of a certain insulator located within the telomerase reverse transcriptase (Tert) promoter,
which enables binding of a certain Tert repressor (Georgia et al., 2013). Silencers are bound by
repressors to restrict gene expression and can be found several 100 nt upstream of the gene, within
introns and exons, or within the 3'UTR. The majority of repressors are constitutively expressed, only
allowing activation of a certain gene by either inhibiting the enhancer or by activating an silencer
(Ogbourne and Antalis, 1998). For example, the neuronal-restrictive silencer factor (NRSF), which is
encoded by the RE1-silencing transcription factor (Rest) gene, is constitutively expressed in ES cells
to permanently repress neuronal genes that are essential for localization of neuronal tissues
(Ogbourne and Antalis, 1998). Interestingly, the Oct4 promoter contains a transcription factor AP-2Yc
(Tcfap2c) binding site and luciferase assay revealed that Tcfap2c binds the Oct4 promoter for
repression. However, detailed analysis in mouse zygotes and ES cells could not verify that Tcfap2c is
responsible for Oct4 silencing (Choi et al., 2013). Notably, there is evidence that other genes such as
caudal type homeobox 2 (Cdx2) (Choi et al., 2013) target the Oct4 promoter at an unknown binding
site. Possibly, detailed epigenetic studies may elucidate unknown insulators and silencer.

The present study quantified loss of Oct4 promoter methylation in a time course after treatment
with miR-302a-d & 372 (FIG. 21 C). In L87 MSCs, the Oct4 promoter was methylated about 85% and
Oct4 expression was absent. Another study in rat MSCs by Duan and co-workers reported CpG
methylation of the Oct4 promoter (-85, -293) with comparable amounts yielding about 79% of CpG
methylation (Duan et al., 2012). Treatment of miR-302a-d & 372 lowered Oct4 promoter methylation
down to about 30% sufficient to induce Oct4 gene expression. This is due to data from Dnmt1 protein
analysis within the present study demonstrating that Dnmt1 protein expression was strongly
repressed, but not silenced by miR-302a-d & 372 (FIG. 19 B). Importantly, quantification of CpG
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methylation did not differ between CpGs within the analyzed promoter sequence. On the one hand,
one can conclude that almost all cells did not fully lose CpG methylation. On the other hand, only
asubset of cells might have completely lost CpG methylation. Accordingly, the remaining 30% CpG
methylation could also be explained by the presence of not transfected cells bearing fully methylated
Oct4 promoters. Modern sequencing methods are required to answer these questions accordingly.
Importantly, even H9 human ES cells showed about 30% promoter methylation, which can be
explained by the presence of MEFs, which do have methylated Oct4 promoters. Further studies
should include separation of MEFs.

In accordance with the present study, several studies by others reported Oct4 promoter DNA
demethylation during reprogramming (Aasen et al., 2008; Aoi et al., 2008; Huangfu et al., 2008a; Kim
et al., 2009c). Interestingly, bisulphate sequencing is most often applied for the analysis of DNA
methylation. Bisulphite treatment of DNA or a desired PCR fragment converts cytosine within CpGs to
uracil by deamination of 5-methylcytosine (5-mC). Subsequently, the DNA can be analyzed for the
presence of uracil conversion using a variety of techniques such as direct sequencing,
high-throughput screening by pyrosequencing, or methylation specific primers. Importantly,
quantification of CpG methylation is challenging when direct sequencing is applied because of the low
number of replications. Further, bisulphate conversion is generally limited by uracil conversion of
non-CpG 5-hydroxymethylcytosine (5-hmC), incomplete conversion caused by incomplete DNA
denaturation (Fraga and Esteller, 2002), and up to 90% DNA degradation (Grunau et al., 2001). The
presence of 5-hmC is thought to prevent maintenance methylation by Dnmt1 (Huang et al., 2010).
Further, 5-hmC in CpGs differs dramatically between different cell types yielding about 5% in ES cells
or about 20% in cerebellar Purkinje cells (Huang et al., 2010). Bisulphite-independent methods
provide one opportunity to obtain more reliable data for quantification of CpG methylation. The present
study applied bisulphite-independent DNA digestion by MSREs and subsequent real-time-based
quantification of CpG methylation using the OneStep quthyITM Kit (FIG. 21). Similar approaches with
other genes of interest were recently applied by others (Sanders et al., 2012; van et al., 2012; Rao et
al., 2012). However, even if MSRE-based CpG analysis leads to more reliable data, MSREs only

target a subset of possible CpG motifs narrowing their field of application.

4.3.3.3. Dnmt3a and Dnmt3b are Not Essential for Oct4 Promoter Methylation

The human genome encodes Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, and Dnmt3I (Sayin et al., 2010).
Loss of Dnmt1, Dnmt3a and Dnmt3b leads to variety of developmental defects (Okano et al., 1999).
Dnmt3a knockout mice die after birth and Dnmt3b knockout mice are viable but suffer from several
developmental defects (Okano et al., 1999). In the present study, miR-302a-d & 372 did not affect
Dnmt3a and Dnmt3b mRNA levels (FIG. 22). This observation suggests that Oct4 promoter DNA
demethylation did not depend on failed de novo methylation. Dnmt3a and Dnmt3b are responsible for
de novo DNA methylation of the Oct4 promoter and subsequent downregulation of Oct4 expression
during differentiation (Butler et al., 2012). However, de novo methylation of Oct4 is regulated by
Dnmt3a and Dnmt3b during reprogramming (Pawlak and Jaenisch, 2011). Interestingly, Dnmt3b
protein was increased after transfection of miR-302a-d & 372 in the present study (FIG. 22 B), but
more detailed analysis are required to verify the induction of Dnmt3b by miR-302a-d & 372. Dnmt3b is
suggested to be a target of Oct4 (Tan et al.,, 2013), which might contribute to Oct4 induction by
miR-302a-d &372 (FIG. 18 B). Additionally, Dnmt3b is one pluripotency-associated marker gene
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(Takahashi et al., 2007). Several studies well described that Dnmt1 is predominantly dedicated to
maintenance methylation. Further on, Dnmt1 maintenance methylation sufficiently represses Oct4
expression in somatic cells starting during early embryonic differentiation (Hattori et al., 2004).
Accordingly, there is no evidence that either Dnmt3a or Dnmt3b are particularly involved in the Oct4
promoter demethylation after induction of reprogramming by miR-302a-d & 372.

The present study did not include the analysis of Dnmt2 expression levels because it is not
essential for DNA methylation. Dnmt2 has strong sequence similarities with Dnmt1, Dnmt3a, Dnmt3b,
and Dnmt3l, but maintenance and de novo methylation are not affected in Dnmt2 knockout mouse ES
cells (Okano et al., 1998). Interestingly, Dnmt2 is present in many human tissues, but at very low
levels (Sayin et al., 2010). Dnmt2 lacks the regulator amino terminal, but the enzyme is capable of
methylating DNA suggesting that Dnmt2 might be involved in DNA repair of a few special target sites
(Sayin et al., 2010). However, a common target of Dnmt2 is the 5’ cytosine of aspartic acid in transfer
RNAs (tRNAs) (Sayin et al., 2010). Accordingly, Dnmt2 is officially termed as tRNA aspartic acid
methyltransferase 1 (Trdmt1). The present study did also not include the analysis of Dnmt3| because it
is not catalytically active and acts as cofactor for the de novo methyltransferases Dnmt3a and Dnmt3b
(Arand et al.,, 2012). Dnmt2 and Dnmt3l are somehow involved in epigenetic patterning, but their
impact on maintenance and de novo methylation remains to be clarified. In accordance with the
literature, there is no evidence that Dnmt2 or Dnmt3| are directly involved in the methylation of the
Oct4 promoter.

The present study did not differ between different isoforms of Dnmt1, Dnmt3a, and Dnmt3b. The
expression of different isoforms is one mechanism to restrict epigenetic modification to distinct
chromatin structures. Dnmt1 is expressed by at least 3 different isoforms. Dnmt1s is constantly
expressed in embryonic and adult somatic cells but Dnmt102 and Dnmt102 are restricted to oocyte
and embryo (Giraldo et al., 2013). There is the possibility that even alteration of distinct Dnmt3a and
Dnmt3b isoforms is involved in Oct4 promoter methylation. Dnmt3a is expressed by at least 2 different
isoforms in mice and humans and Dnmt3a2 is the major isoform in J1 mouse ES cells (Chen et al.,
2002). Contradictory, Dnmt3a was detected at low mRNA levels and approaches to detect Dnmt3a
proteins in L87 and BJ-5ta cells failed because of low Dnmt3a protein content (data not shown). It
remains to be clarified whether delivery of miR-302a-d & 372 affects even low Dnmt3a protein
expression. Dnmt3b is expressed by over 30 different isoforms, which are generated by alternative
splicing and/or alternative promoter usage (Gordon et al., 2013). These variety of isoforms includes
active and inactive molecules, which interact with several cofactors for epigenetic modification of
certain DNA patterns and histones (Gordon et al., 2013). Detailed analysis of Dnmt3b isoforms might
lead to the identification of ES and iPS cell-associated Dnmt3b isoforms. Importantly, it remains to be
elucidated, which isoforms of Dnmt1, Dnmt3a, and Dnmt3b are involved in ES cell-specific epigenetic
patterning including Oct4 regulation. Importantly, there are other demethyltransferases such as
methyl-CpG binding domain protein 2 (Mbd2) and lysine (K)-specific demethylase 3a (Kdm3a; also
known as Jmjd1a) (Li and Zhao, 2008). According to the literature, it is unlikely that only Dnmt1
predominantly regulates Oct4 promoter methylation. Moreover, DNA methylation does not only
depend on the activity of DNA methyltransferases. Interestingly, methylated DNA recruits methyl-CpG

binding proteins (MBDs) to improve gene repression (Li and Zhao, 2008). Research on
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demethyltransferases and MBDs might reveal a new approach for more directed Oct4 activation
during reprogramming.

The present study did not include analysis of Oct4-related histone modifications. Importantly,
because Oct4 expression was induced by miR-302a-d & 372, histone modifications of the Oct4-related
chromatin were most probably indirectly and/or subsequently adjusted after miR-302a-d & 372
delivery. For example, histone demethylation by Jumonji domain 1a (Jmjd1a) and Jmjd2c is necessary
for Oct4 upregulation (Loh et al., 2007). Histone demethylation removes repressive H3K9me in the
chromatin downstream of the promoters of Oct4, Nanog, and other pluripotency-associated marker
genes (Butler et al., 2012). In contrast, H3K9me of the Oct4-related chromatin is mediated by the
histone methylatransferase G9a (Feldman et al.,, 2006). It is important to highlight, that histone
modifications such as methylation, acetylation, ubiquitination, SUMOylation, crotonylation,
butyrylation, propionylation, citrullination, ADP-ribosylation, phosphorylation, and glycosylation have
been shown to be potent regulators of gene expression (Musselman et al., 2012). Histone
modifications allow activation as well as repression of gene expression. Histone methylation and
acetylation are most frequently and Oct4 expression predominantly depends on histone methylation
and acetylation (Herrmann et al., 2013). Mono-, di-, or tri-methylation is responsible for activation and
repression as well. Activation is achieved by methylation of H3(K4,K36,K79), H3(R17,R23), and
H4(R3). Repression is caused by methylation of H3(K9,K27), H4(K20). Interestingly, acetylation
generally activates gene expression by acetylation of H3(K9,K14,K18,K56), H4(K5,K8,K13,K16).
However, it would be interesting to analyze even rare histone modifications during reprogramming.
There is a need to analyze how miR-302a-d & 372 changed the chromatin status of Oct4 and to

identify these miR-regulated histone marks.

4.3.4. Hypoxia Facilitates Non-Viral Reprogramming

The oxygen supply is different within the human body and depends on the co-localization of
oxygen-providing blood vessels. Fibroblasts are typically localized to the connective tissue, which
abundantly contains capillaries responsible for proper oxygen supply in healthy human beings. In
contrast, bone marrow derived MSCs typically reseed within a hematopoietic stem cell niche providing
a microenvironment with a limited oxygen supply. Even MSCs derived from mesenchymal stem cell
niche (such as adipose tissue-derived MSCs) reside within hypoxic conditions (Mohyeldin et al.,
2010). Accordingly, low oxygen supply also improves preservation of explanted umbilical cord
blood-derived MSCs (Shima et al., 2009). The present study applied 5% oxygen to mimic hypoxic
culture conditions of the mesenchymal stem cell niche. The in vivo microenvironment of human bone
marrow-derived MSCs provides1-9% oxygen to constitute a physiologic normal oxygen level (Simon
and Keith, 2008; Chow et al., 2001; Mohyeldin et al., 2010). Despite these findings, very little attention
has been paid to the metabolic milieu of fibroblasts and the MSC niche when cells are used as a
somatic donor for reprogramming. The present study examined whether hypoxic culture conditions not
only would improve culture of MSCs, but whether it would also promote reprogramming of BJ-5ta
fibroblasts and L87 MSCs. Analysis of hypoxic culture conditions extensively applied within the
present study, aimed at the facilitation of a strong initial reprogramming impulse given by
STEMcircles™ and/or miR-302a-d & 372. Combination of hypoxia with miR delivery, episomal vectors,
or other non-viral reprogramming techniques was demonstrated and offers a promising opportunity to

trigger efficiency and quality of non-viral reprogramming.
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4.3.4.1. Hypoxia-Induced Oct4A and Nanog expression

Importantly, in the present study, hypoxia induced Oct4A and Nanog expression in L87 MSCs
independently from other non-viral reprogramming techniques (FIG. 23, 25 C). Studies in primary
human bone marrow derived MSCs also demonstrated induction of Oct4 and Nanog by hypoxic
conditions (Foja et al., 2013). Interestingly, Oct4A but not Nanog expression was induced in BJ-5ta
cells (FIG. 23) suggesting that immaturity of MSCs might contribute to hypoxia-mediated induction of
Nanog and reprogramming factors in general. In accordance with the present study, hypoxic culture of
primary human dermal and muscle-derived fibroblasts induced Oct4 (Page et al., 2009). In conflict with
own results, Page and co-authors reported the induction of Nanog, which could be explained by the
use of primary fibroblasts and/or the use of fibroblasts of a different origin. In contrast to the present
study, Page and co-authors described application of glass surfaces, which were frequently applied
within the present study without any effect (data not shown). The present study revealed that Sox2
was not induced by hypoxia in BJ-5ta fibroblasts and L87 MSCs (FIG. 23, 25 B). Importantly, the study
by page and co-workers verified that Sox2 is not induced in dermal and muscle-derived fibroblast.
These observations do not contribute to studies in other cell culture models. It has been shown that
human ES cells cultured under hypoxic conditions for 3 d expressed higher levels of the pluripotency
factors Oct4, Nanog and Sox2 (Forristal et al., 2010). This induction was mediated by
hypoxia-inducible factor 2a (Hif2a). Likewise, Mathieu and co-workers revealed Hifla and Hif2a
mediated induction of Oct4 and Nanog in the human lung adenocarcinoma cell line A549 cultured at
2% O,, while Sox2 was induced by HIF1a (Mathieu et al., 2011). Naturally, human ES cells and
carcinoma cells harbor more pluripotency-associated properties than the multipotent MSCs explaining
the deviating results. Importantly, stabilization of hypoxia-inducible factors (HIFs) is necessary for the
expression of Oct4, Nanog and Sox2 (Mohyeldin et al., 2010), which clearly shows that hypoxia

regulates pluripotency in human ES cells and the generation of iPS cells.

4.3.4.2. Hypoxia Improves Induction of Oct4A and Nanog by miR-302a-a & 372

In the present study, miR-302a was induced in L87 MSCs only by hypoxia and human ES
cell-specific conditions (FIG. 24 C). According to this observation, another study demonstrated
miR-302a-d & 372 induction in primary human bone marrow derived MSCs by similar conditions (Foja
et al.,, 2013). The miR-302 cluster positively regulates Oct4 expression by suppressing Nr2f2, a
member of the nuclear orphan receptor family of transcriptional repressors (Kuo et al., 2012).
Therefore, the induction of Oct4 in MSCs and fibroblasts may be also explained by the
hypoxia-mediated induction of the ES-specific miR-302-367 cluster.

Importantly, hypoxia combined with delivery of 5x 10 nM miR-302a-d & 372 revealed prominent
Nanog expression demonstrated at day 7 in BJ-5ta fibroblasts (FIG. 23 B). Analysis of L87 MSCs
demonstrated miR-mediated induction at lower levels later than day 7 (FIG. 18 B). One can conclude
that application of miR-302a-d & 372 and hypoxic conditions led to additive effects on the induction of
Oct4A and Nanog. Recently, another study in 11 cancer cell lines reported that hypoxia, through HIFs,
can induce a human ES cell-like transcriptional program, including the miR-302-367 cluster and the
reprogramming factors Oct4, Nanog, Sox2, Kif4, and c-Myc (Mathieu et al., 2011). Further Mathieu
and co-authors demonstrated more efficient iPS cell generation from A549 somatic donors when

retroviral expression of HIF1a and HIF2a and lentiviral expression of ONSL was combined. Data from
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the present study contribute to the hypothesis that HIFs and ES cell associated miRs target similar

signaling pathways.

4.3.4.3. ES cell-Specific Conditions Improve Oct4A Induction by miR-302a-a & 372

Transfection of miR-302a-d & 372 was applied under normoxic conditions to verify that induction of
Oct4 depends on hypoxic conditions. Of course, ES cell-specific conditions are necessary for the
preservation of ES and iPS cells. Interestingly, the present study revealed that even ES cell-specific
but normoxic conditions enabled Oct4A induction by miR-302a-d & 372 in fibroblasts (FIG. 23 A). In
contrast to hypoxia, Nanog and other reprogramming factors were not induced. Interestingly, another
study demonstrated that ES cell-specific conditions were also required for induction of Oct4 in human
dermal fibroblasts by transfection of miR-302a-d combined with miR-200c, miR-369, and
miR-369*(Miyoshi et al., 2011). Miyoshi and co-workers also reported induction of Nanog and other
reprogramming factors, which may depend on the different somatic donor, different provider of
synthetic miRs, and a different transfection protocol. However, Oct4A induction by miR-302a-d & 372
under ES cell-specific conditions raised evidence that induction of reprogramming is even improved by
ES cell-specific conditions.

4.3.4.4. Hypoxia Improves Induction of ONSL by STEMcircles™

L87 and BJ-5ta cells were transfected with STEMcircles™ and the impact of hypoxia on ONSL
induction was analyzed within the present study (FIG.25). Data obtained from L87 MSCs
demonstrated that hypoxia up regulates STEMcircles™-induced endogenous Nanog and Lin28 levels
(FIG. 25 B). Further, endogenous Nanog levels were preserved by hypoxia. This contributes to
induction of Nanog in L87 MSCs only by hypoxia demonstrating that episomal reprogramming and
hypoxia led to additive effects on the induction of Nanog. It is reasonable that elevated Lin28 levels
result from high Nanog transcription levels rather than from hypoxia. There is no evidence that Lin28 is
regulated by HIFs or other hypoxia-related pathways (Mohyeldin et al., 2010). Further, the Lin28
promoter is occupied by Nanog and other reprogramming factors(Marson et al., 2008). There is the
possibility that hypoxia even have induced other pluripotency-associated genes also enhancing Lin28
expression. Treatment with STEMcircles™ under hypoxia did not elevate endogenous Oct4 and Sox2
expression levels in L87 MSCs. It is important to highlight that Oct4 expression was not up regulated
but preserved (FIG. 25 B/C). It is possible that hypoxia even preserves Sox2 expression because it is
also regulated by HIFs (Mohyeldin et al., 2010), which needs to be analyzed. It is not clear whether
significant levels of Sox2 and Oct4 transcription factors have been expressed. Maintenance of
pluripotency is not a binary on-off system. It has been described by others that moderate levels of
Oct4 keep ES cells pluripotent but higher or lower levels are associated with differentiation (Niwa et
al., 2000; Karwacki-Neisius et al., 2013). Accordingly, Oct4 induction might have reached levels
sufficient for induction of pluripotency. There is a need to clarify whether significant levels of Sox2 and
Oct4 have been expressed even in a low number of cells. However, preservation of Oct4 expression
contributes to induction of Oct4 in L87 MSCs only by hypoxia demonstrating that episomal
reprogramming and hypoxia led to additive effects on the induction of Oct4. In conclusion, hypoxia
enhanced (Nanog, Lin28) and preserved (Nanog, Oct4) the induction of reprogramming factors by

STEMcircles™ suggesting a general effect on episomal vector-based reprogramming strategies
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making this approach also available for those cell source that previously have not been amenable for
episomal reprogramming.

In contrast to L87 MSCs, BJ-5ta fibroblasts failed induction of Lin28 when STEMcircles™ were
transfected under hypoxic conditions (FIG. 25 A). Importantly, Page and co-workers even mentioned
that Lin28 induction depends on the origin of fibroblasts. Hypoxia induced Lin28 in dermal fibroblasts
but not in muscle-derived fibroblasts (Page et al., 2009). BJ-5ta lung fibroblasts are suggested to be
more similar to muscle-derived fibroblasts. Failed induction of Lin28 might contribute to the
observation by Pandit and co-workers, which reported that the Lin28 antagonist let7 hinders
differentiation of myofibroblasts (Pandit et al., 2010). Let7 is known to be a counterpart of Lin28 and
interplay of both ensures appropriate stem cell functions such as prevention of stem cell growth
(Thornton and Gregory, 2012). As mentioned before, there is no evidence that Lin28 is regulated by
HIFs (Mohyeldin et al., 2010). Accordingly, further studies are required to characterize the impact of

hypoxia on fibroblasts especially during early reprogramming.

4.3.4.5. Hypoxia is Capable to Enhance Proliferation

To assess enhanced proliferation by hypoxia, primary bone marrow derived MSCs were applied in
the present study because they rapidly lose their capacity to expand and to differentiate into desired
cells types within less than 15 passages (Digirolamo et al., 1999; Vacanti et al., 2005). The primordial
status of MSCs usually is preserved until passage 5 and deregulated during the following passages
leading to actin accumulation, reduced adherence and reduced telomerase activity (D'lppolito et al.,
2004; Vacanti et al., 2005). Culture of primary MSCs as well as of MSC lines routinely is performed
under normoxic conditions (Rastegar et al., 2010). However, these culture conditions are associated
with adverse effects such as the gradual loss of their growth and phenotypic characteristics (Bruder et
al., 1997; Tsai et al., 2011). Hypoxia increases the population doubling rate of primary bone marrow-
derived MSCs of diseased individuals (Foja et al.,, 2013). This is in agreement with findings by
Grayson and co-authors, who showed a clear link between 2% oxygen and the enhancement of
proliferation of MSCs from healthy individuals (Grayson et al., 2007). Tsai and colleagues
demonstrated inhibition of senescence and maintenance of MSC properties in the presence of 1%
oxygen (Tsai et al., 2011). In the present study, the MSC-specific morphology of primary MSCs was
preserved (data not shown). Enhancement of proliferation in the present study was verified by the
expression of Poli and Mcmb5, two factors crucial for DNA replication (FIG. 26 B). Studies by others
also reported induction of Poli and Mcm5 during reprogramming of mouse fibroblasts and
B lymphocytes using retroviral vectors demonstrating that both are essential markers to detect
enhanced proliferation during iPS cell generation (Mikkelsen et al., 2008; Ruiz et al., 2011). Together,
these data from the present study reveal that even less stringent, easily achievable hypoxic conditions
result in an improvement of the MSC culture.

Another approach of the present study verified hypoxia-mediated enhanced proliferation in L87
MSCs by Ki67 staining (FIG. 26 A). The name Ki67 is derived from the prototype monoclonal
antibody-producing clone 67 developed in Kiel, Germany. Antibodies against the Ki67 (also known as
MKI67) protein detect proliferating cells (Hua et al., 2013). Another study by Ghule and co-workers
reported that increased Ki67 staining is associated with reprogramming of fibroblasts (Ghule et al.,

2011) and absent Ki67 staining in MSCs is associated with senescence (Shibata et al., 2007).

110



DISCUSSION

Therefore, hypoxia-induced Ki67 might demonstrate that hypoxia even contributes to reprogramming
of L87 cells and BJ-5ta cells.

Enhanced proliferation might have been subsequently occurred after hypoxia-mediated induction of
a few signaling pathways including HIFs, miR-302a-d & 372, and Oct4 and Nanog. HIFs are broadly
involved in cell cycle regulation in order to allow wound healing and many other physiological
processes (Semenza, 2011). The miR-371-373 and miR-302a-367 clusters are involved in the
enhancement of cell cycle progression as already mentioned (Tian et al., 2011; Dolezalova et al.,
2012). Cell cycle regulation by reprogramming factors was previously demonstrated by Zhang and
co-authors, which reported that Nanog is directly involved in G1 to S transition in human ES cells by
binding to cyclin-dependent kinase 6 (Cdk6) and cell division cycle 25a (Cdc25a) (Zhang et al., 2009).

Together, these data from the present study emphasize that it is possible to support
reprogramming of somatic cells very efficiently by modifying the in vitro culture conditions. Hypoxia
enhanced proliferation and enhanced or preserved a subset of reprogramming factors induced by
miR-302a-d & 372 or STEMcircles™. However, the present study revealed that Sox2 was not induced
or elevated neither by hypoxia nor by hypoxia combined with STEMcircles™ and miR-302a-d & 372 in
BJ-5ta fibroblasts and L87 MSCs. On the other hand, cells used in the present study either exhibited
abundant expression of c-Myc and Kif4 that are routinely used for reprogramming strategies or these 2
factors were easily induced by hypoxia alone. Recently, Nemajerova and co-authors suggested that
there is a partial functional redundancy between Sox2 and Klif4 (Nemajerova et al., 2012). Therefore,
Sox2 expression may not be a prerequisite for induction of successful reprogramming and delayed
induction of Sox2 might be successful using additional non-viral reprogramming techniques.

4.3.5. Small Molecules Facilitate Non-Viral Reprogramming

The present study demonstrated that sets of epigenetic modulators, signal transduction inhibitors,
and kinase inhibitors were suitable to preserve AP-positive pre-iPS colonies after delivery of
miR-302a-d & 372 or STEMcircles™. Clonal growth and proper proliferation are prerequisites for
reprogramming representing fundamental properties of pluripotent stem cells. However, fully
reprogrammed iPS cells were not generated because proliferation stopped within the first 10
passages. Colonies of pre-iPS cells are therefore categorized as partially reprogrammed bearing only
a subset of pluripotency-associated properties.

The present study revealed that L87 and BJ-5ta cells were much more sensitive to epigenetic
modulators after transfection procedures (FIG. 27 B). This observation highlights again the massive
impact even of optimized delivery protocols. There is no evidence that hypoxia affected treatment with
epigenetic modulators. Moreover, hypoxia possibly contributed to cell viability. Interestingly, senescent
cells with flat cell morphology were rarely detected but cell debris was observed. This observation can
be explained by another study using a p53 deficient cell culture model, which demonstrated that
hypoxia suppresses conversion from cell cycle arrest to cellular senescence (Leontieva et al., 2012).

Small molecules are organic compounds regulating a variety of physiological processes with high
specificity. These are termed as small molecules because of their low molecular weight. The absolute
molecular weight of small molecules is differently described ranging from 500 to 900 Da (Leeson and
Springthorpe, 2007; Skaper et al., 2009). However, these molecules rapidly diffuse across the cell
membrane due to their small size. Recently published studies used a several cell types and a number
of small molecule concentrations depending on the used protocol (Lyssiotis et al., 2011; Nie et al.,
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2012; Walia et al., 2012). Analysis of small molecules was extensively applied within the present study
to promote a strong initial reprogramming impulse given by STEMcircles™ or miR-302a-d & 372. The
application of epigentic modulators (RG108, VPA, SBT, BIX), signal transduction inhibitors (PFT,
BayK, BIO), and kinase inhibitors (THIA, SB, PD) was investigated (TAB. 1). The use of different
molecule sets aimed at the alteration of different signaling pathways, which regulate epigenetic
patterning of DNA and their histones, control apoptosis, and induce or prevent differentiation.
However, combining of small molecules is challenging because of undesired events leading to cell

toxicity.

4.3.5.1. Epigenetic Modulators Enhance Colony Formation

Epigenetic modulators predominantly regulate epigenetic patterning in order to enable or improve
reprogramming (Huangfu et al., 2008a). Further, VPA, RG, BIX, and SBT have been applied by others
instead of certain reprogramming factors during viral reprogramming but with lowered efficiencies
(Huangfu et al., 2008b; Shi et al., 2008).

Morphology changed and accumulation of treated cells within cell aggregates was observed
demonstrating a strong impact of single treatment with VPA, RG, BIX, and SBT (APP. 9). It remains
unclear whether this atypical morphology of L87 and BJ-5ta cells contributes or affects induction of
reprogramming. Analyzing effects and side effects of small molecules is challenging because these
molecules are most often identified by chemical screens and their function is only subsequently
described (Federation et al., 2013). VPA and SBT are currently used as drugs and RG and BIX are
analyzed by clinical trials for example for the treatment of psychiatric disorders (Abel and Zukin, 2008).

VPA treatment using a broad range of different concentrations (2 uM-2 mM) was shown in the
present study to be suitable for treatment of L87 MSCs and BJ-5ta fibroblasts (APP.9). This
observation is due to several studies using a variety of different concentration ranging from 0.5-1 mM
(Huangfu et al., 2008a; Huangfu et al., 2008b), 0.5-10 mM (Cipro et al., 2012), 0.2-4 mM (Teng et al.,
2010), or using 1 mM VPA (Tang et al., 2004). Further, VPA enables viral reprogramming using only
Oct4 and Sox2 (Huangfu et al.,, 2008b). Detailed studies by others in P19 mouse embryonic
carcinoma cells recently described that VPA up regulates Oct4 expression to enhance reprogramming
(Teng et al., 2010). Accordingly, VPA was shown to sustain self-renewal of MEFs under hypoxic
conditions (Lee and Kim, 2012). Importantly, VPA also induces differentiation and apoptosis in cancer
cells (Tang et al., 2004). Therefore, VPA treatment under hypoxic conditions was analyzed by others
answering the question whether VPA-induced apoptosis of cancer cells was counteracted by hypoxic
conditions in solid tumors (Cipro et al., 2012). Cipro and co-authors reported that hypoxia elevated
apoptosis during VPA treatment. They explained their observation by the fact that hypoxia via HIF1a is
capable to stabilize p53 (An et al., 1998), which is a key regulator inducing apoptosis. In contrast,
hypoxia counteracts apoptosis and drives proliferation in stem cells and cancer cells as described
earlier. However, more detailed analysis of VPA is required to understand its bivalent behavior in
different cell culture models.

RG was applied within the present study using concentration between 2.0-20.0 uM without adverse
effects (APP. 9). Studies by others applied 0.04 uM (Shi et al., 2008), 3 uM (Szablowska-Gadomska
et al., 2012), 10 uM (Brueckner et al., 2005), 100 uM (Stresemann et al., 2006), and up to 500 yM RG
(Pasha et al., 2011). Further, RG and BIX together enable viral iPS cell generation only by Oct4 and
KlIf4 (Shi et al., 2008). Interestingly, high RG using 500 uM was sufficient to convert skeletal muscle
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cell into iPS cells without viral delivery of transgenes (Pasha et al.,, 2011). Pasha and co-workers
demonstrate that cell type specific optimization can result in successful reprogramming.

BIX treatment in the present study was analyzed using a broad range of concentrations
(0.5-2.0 uM) without affecting cell viability (APP. 9). Other studies reported the use of 1 yM BIX (Shi et
al., 2008; Medvedev et al., 2011), 1.25 yM (Culmes et al., 2013), and 5 yM BIX (Yang et al., 2012).
Further, enhanced reprogramming by BIX was previously reported by others (Shi et al., 2008;
Medvedev et al., 2011). Treatment of bone marrow-derived MSCs with BIX induced cardiac properties
suggesting that BIX somehow reprogrammed MSCs (Mezentseva et al., 2013). BIX is a G9a HMT
inhibitor. G9a is responsible for H3K9me1/2 required for euchromatin (Chang et al., 2009). Repression
of G9a might prevent gene expression of differentiation-associated genes. However, BIX-mediated
G9a repression also induces contrary effects. Adipose-derived MSCs more efficiently differentiate into
endothelial cells in the presence of BIX (Culmes et al., 2013). Inhibition of G9a using BIX blocks
proliferation of ovine smooth muscle cells (Yang et al., 2012). Detailed analysis on molecular
mechanisms behind G9a inhibition by BIX would help to understand contrary observations.

SBT was applied using 0.3-1.0 mM without negative effects on treated cells in the present study
(APP. 9). This observation contributes to reports suggesting the use of 0.1-10.0 mM (Biermann et al.,
2011), 2.0-5.0 MM (Kato et al., 2011), and 2.5-5.0 mM SBT (Winbanks et al., 2013). Sendai
virus-mediated reprogramming is improved by SBT (Trokovic et al., 2012). This observation can be
explained by SBT-mediated repression of apoptosis. SBT preserves acetylation of H3K9. Accordingly,
it is reasonable that up regulated genes are somehow involved in the regulation of proliferation and
apoptosis. SBT does delay spontaneous cell death of primary rat retinal ganglion cells (Biermann et
al., 2011). This neuroprotective effect was confirmed by others demonstrating enhanced proliferation
through upregulation of brain-derived neurotrophic factors (Bdnf) in rats (Kim et al., 2009b). SBT can
regulate a variety of physiological processes such as proliferation of muscle cells and apoptosis of
immune cells (Berni et al., 2012). Interestingly, another study by Kato and co-workers demonstrated in
endometrial cancer cells that SBT is also suitable to suppress proliferation (Kato et al., 2011). One can
conclude that the effect of SBT varies between different cell types.

Combined treatment with 2 or more small molecules (e. g. RG and VPA) was challenging (FIG. 27,
APP. 9). Interestingly, the use of small molecule sets is poorly described. Combined treatment
provokes unknown side effects. However, application of a set molecules is reasonable. The use of low
amounts of both 1.0 mM BIX and 0.04 uM RG together was recently described in MEFs (Shi et al.,
2008). Accordingly, sets applied in the present study contained low amounts of small molecules and
adverse effects were avoided using less than 0.5 mM VPA, 0.5 uM RG, 1.0 uM BIX, and 0.3 mM SBT.
However, it remains to be clarified whether every small molecule has a significant biological impact
because fully reprogrammed iPS cells were not established.

Epigenetic modulators were combined with miR-302a-d & 372 delivery. Importantly, colonies with
moderate AP-staining were obtained from L87 cells (FIG. 27). Cells underwent cell death within the
first 10 passages suggesting that these cells were not fully reprogrammed. It is important to highlight
that treatment by different sets of epigenetic modulators was intensively studied. Variation of treatment
strategies did not improve the induction of ES cell-like colonies. This observation is most probably due
to the less specific mode of action as described earlier. Targeting DNA or histone modifying enzymes

regulates several epigenetic patterns. Not all epigenetic modification promote reprogramming. VPA is
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mood-stabilizing and pain-relieving drug with teratogenic and neuropsychiatric side effects upon in
utero exposure (Jacob et al., 2014). Teratogenic side effects in vivo might contribute to VPA'’s ability to
enhance of reprogramming. Jacob and co-authors used a zebrafish model to show that VPA is
responsible for indirect silencing of Achaete-scute family basic helix-loop-helix transcription factor 1
(Ascl1), a gene regulating neuronal differentiation (Jacob et al., 2014). However, VPA even prevents
proliferation of pericytes involved in wound healing (Karen et al., 2011), inhibits angiogenesis suitable
for anticancer therapy (Michaelis et al., 2004), and affects stellate cell activation in liver fibrosis
(Mannaerts et al., 2010). Accordingly, VPA-mediated alteration of epigenetic patterning regulates
several off target signaling pathways when reprogramming is desired. The same most probably is true
for RG, BIX, and SBT because these molecules also change epigenetic patterning of the whole
genome. Accordingly, one can conclude that combined treatment with VPA, RG, BIX, and SBT led to
accumulation of side effects counteracting reprogramming. The enhancing effect on reprogramming of

epigenetic modulators is predominantly described using single treatment approaches.

4.3.5.2. Signal Transduction Inhibitors Enhance Colony Formation

In contrast to epigenetic modulators, combined use of PFT, BayK, and BIO did not affect cell
viability (FIG 28 A) suggesting that these small molecules bear a lower potential of toxicity. Modifying
of signaling pathways indeed is less toxic because DNA and histones are not affected. The small
molecules PFT, BayK, and BIO were shown to regulate pluripotency-related signaling pathways but
whether they support non-viral reprogramming had to be clarified.

Application of PFT in L87 MSCs is supported by another study in bone marrow derived MSCs,
which demonstrates preserved proliferation and reduced apoptosis after PFT treatment (Yan et al.,
2011). Recent studies also revealed that the p53 signaling pathway counteracts pluripotency (Lin et
al., 2005) and reprogramming (Zhao et al., 2008; Kawamura et al., 2009; Utikal et al., 2009) as well.
Lin and co-workers reported that Nanog is repressed by p53 (Lin et al.,, 2005). Kawamura and
co-authors enhanced viral reprogramming in the absence of c-Myc by treatment with p53 siRNA.
Treatment of L87 and BJ-5ta cells with 10.0 yM PFT is comparable to other studies using
10.0-20.0 uM (Abdelalim and Tooyama, 2012), 20.0 uM (Yan et al., 2011), and 20.0 uM PFT (Deng et
al., 2012). Importantly, PFT was recently applied in buffalo fetal fibroblasts to increase efficiency of
iPS cell generation (Deng et al., 2012). Nonetheless, in the present study human pre-iPS colonies
underwent cell death within the first 10 passages. One can implicate that PFT is not suitable for
human iPS cell generation. Accordingly, PFT was demonstrated to reduce the proliferation capacity of
human ES cells (Abdelalim and Tooyama, 2012) implicating a bivalent impact even on
reprogramming. It is important to remark that cell death is mediated by a variety of also
p53-independent signaling pathways. However, there is a need to proof whether PFT is a suitable tool
for p53 repression.

BayK is a rampant tool to analyze second messenger signaling by calcium in neural cells (Rushton
et al., 2013). Calcium ions directly for example via protein kinase C or indirectly through calmodulin
regulate gene expression, cell division, and cell signaling. Studies in mice using P19 embryonic
carcinoma cells and adult MSCs demonstrated that especially L-type calcium channels are involved in
neurogenesis (Resende et al., 2010). Resende and co-workers further showed that the L-type agonist
BayK increases neuronal differentiation. Another approach by Wamhoff and co-workers revealed that

L-type calcium channels also stimulate differentiation smooth muscle cells (Wamhoff et al., 2004).0One
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complete different approach used BayK and BIX to enable reprogramming only by Oct4 and Sox2 (Shi
et al., 2008). According to Shi an co-authors, 2.0 yM BayK were applied in the present study, which is
comparable to differentiation studies using 1.0 yM (Rushton et al., 2013), 5.0 yM (Wambhoff et al.,
2004) and 10.0 uM (Resende et al.,, 2010). Currently, there is no model to describe how BayK
promotes reprogramming. Analysis of BayK target genes is required to optimize treatment procedures.

BIO has not been described to promote viral reprogramming strategies, but GSK3 inhibition is
essential for maintenance of pluripotency as described earlier. However, BIO promotes
reprogramming mediated by cell fusion (Lluis et al., 2008). Proliferation is also stimulated by BIO
demonstrated in immortalized pancreatic MSCs (Cao et al., 2012). The concentrations used by others
such as 0.1-1.0 uM (Holowacz et al., 2013), 0.5-2.0 yM (Lian et al., 2012), and 3.0-10.0 uyM (Kirby et
al., 2012) support the use of 2.0 uM BIO in the present study. Interestingly, mouse adult neural stem
cells even require GSK3 inhibition but GSK3 downregulation is different between different sources of
neural stem cells (Holowacz et al., 2013). This observation suggests that it is important how GSK3
inhibition is achieved to sustain a certain reprogrammed stem cell. Further, GSK3 inhibition by BIO in
human ES cell stem cultures stimulates induction of cardiac differentiation (Lian et al., 2012)
suggesting that BIO treatment does not only interact with signaling pathways contributing to stem cell
preservation. Interestingly, a competitive study in moue ES cells demonstrated different behavior of 3
different GSK3 inhibitors BIO, CHIR99021, and SB216763 (Kirby et al., 2012). Kirby and co-workers
reported that not BIO but SB216763 could replace LIF supplementation. Accordingly, the use of other
signal transduction inhibitors including GSK3 needs to be considered.

It is important to underscore that treatment with miR-302a-d & 372 combined with PFT, BayK, and
BIO was capable to induce AP-positive colonies within 30 days (FIG. 28 C-E). Interestingly, in contrast
to the majority of the present data, AP-positive colonies were obtained from BJ-5ta fibroblasts and not
from L87 MSCs (FIG.28 E). This observation contributes to other studies, which reported
reprogramming of BJ-5ta fibroblasts (Warren et al., 2010). However, picked colonies did not preserve
clonal growth hindering passaging of these partially reprogrammed cells. According to the given
literature, one can debate about the set of signal transduction inhibitors. Nonetheless, a strong impact
on the generation of AP-positive colonies was demonstrated making treatment with signal transduction

inhibitors a powerful tool within a non-viral reprogramming strategy.

4.3.5.3. Kinase Inhibitors Enhance Colony Formation

The present study showed that STEMcircles™-induced AP-positive colonies can be maintained
after treatment with THIA, SB and PD kinas inhibitors but cells underwent cell death within the first 10
passages (FIG. 29). Therefore, these pre-iPS colonies were not fully reprogrammed. In contrast to
that, another study by Lin and co-workers reported successful reprogramming of human fibroblasts
using retroviruses and treatment with THIA, SB, and PD (Lin et al., 2009). However, successful
reprogramming operated by Lin and co-workers most probably dependent on the use of viral vectors.
Nagy and co-authors reported non-viral Piggy Bac-induced reprogramming of equine fibroblasts via
treatment with 5 small molecules including THIA, SB, and PD (Nagy et al., 2011). Importantly, Nagy
and co-workers combined treatment with 2 signaling transduction inhibitors namely, GSK3 inhibitor
CHIR99021 and TGFp inhibitor A83-01. One can conclude that treatment with additional small

molecules enabled successful iPS cell generation by Nagy and colleagues.
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The present study applied 2 yM THIA, which is commonly used to improve survival of human ES
and iPS cells after passaging by targeting the ROCK (Sebastiano et al., 2011). Interestingly, there is
evidence that THIA is less important for induction of reprogramming. Merkl and colleagues reported
that rat iPS cells can be obtained using a non-viral plasmid carrying OSKM, but THIA did not enhance
the efficiency (Merkl et al., 2013). Accordingly, another study used SB, PD, and SBT instead of THIA
promote reprogramming of human fibroblasts by a viral expression vector (Zhang et al., 2011).
Reprogramming studies by others applied comparable amounts of 0.5-2.0 yM THIA (Lin et al., 2009;
Zhang et al., 2011; Merkl et al., 2013).

PD treatment in the present study was carried out using 0.5 yM PD according to concentrations
used by others. Fussner and colleagues applied 0.5 yM PD in mouse partial reprogrammed cells
(Fussner et al., 2011). Another protocol was published using 1 uM PD for viral ONSL induction (Si-
Tayeb et al., 2010).

Treatment with 2.0 yM SB in the present study was applied according to studies by Nagy and Lin
as described earlier. Importantly, Ichida and co-workers applied 25 yM SB to replace Sox2 but they
also described that lower concentrations do promote reprogramming (Ichida et al., 2009). Interestingly,
SB is also a potent tool to enhance neural induction in human ES cells when culture conditions
contribute to neural lineages (Denham et al., 2012), which might contribute to the idea of combined
treatment with a set of kinase inhibitors or other small molecules.

Together, improved reprogramming by kinase inhibitors is described in the present study and by
others using different reprogramming procedures. Furthermore, a strong impact on the generation of
AP-positive colonies mediated by small molecules was described making them a powerful tool within a

non-viral reprogramming strategy.

4.3.5.4. STEMcircles™ and Small Molecules Preserve Colonies

In order to establish a non-viral reprogramming strategy, reprogramming tools described within the
present study were combined. Preservation of ONSL reprogramming factors was induced and
preserved only by episomal vectors and small molecules (FIG. 32 B). However, even combining of
reprogramming techniques did not reveal a non-viral reprogramming strategy for the generation of
permanent iPS cell lines. Nevertheless, based on the present study, a general strategy for the use of
non-viral methods to reprogram human somatic cells was established (FIG. 43). The endogenous
expression of ONSL or OSKM is a prerequisite for reprogramming as describe earlier. Prominent
endogenous induction is required and most often achieved by delivery of vectors, which ectopically
express the reprogramming factors. STEMcircles™ induced endogenous ONSL in L87 MSCs and
BJ-5ta fibroblasts intensively described within this study. Accordingly, the present study recommends
the use of episomal vectors to induce a strong initial impulse towards reprogramming.

In the present study, the repeated treatment with STEMcircles™ did not lead to additive effects
(FIG. 31). Contrary, repeated transfection of STEMcircles™ for successful reprogramming using
different somatic donors was recently described by other studies (Jia et al., 2010; Narsinh et al.,
2011). Even sorting of STEMcircles'-positive cells for subsequent treatment was not successful
(FIG. 31 C-E). These data suggest that the impact of episomal vectors on reprogramming is not
sufficient to fully reprogram L87 and BJ-5ta cells. Currently, there is no report providing successful
STEMcircles™-based reprogramming of donors similar to those used in the present study. This

contributes to the hypothesis that subsequent treatment with different non-viral methods is required.
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The co-transfection of STEMcirclesTM and miR-302a-d & 372 did not lead to additive effects on the
induction of ONSL (FIG. 30 C). Moreover, the transfection efficiency of STEMcirclesTM was affected
(FIG. 30 A/B). These results provide the hypothesis that subsequent application of reprogramming
methods is more reasonable. According to this hypothesis, another study successfully applied
expression of the miR-302 cluster after transposon-based OSKM induction (Grabundzija et al., 2013).
Nevertheless, the induction of endogenous miR-302a-d & 372 is a prerequisite for reprogramming.
Zhang and co-workers demonstrated that reprogramming is hindered by knockdown of the miR-
302-367 cluster expression using transcription activator-like effectors (TALE) or TALE nucleases
(Zhang et al., 2013c). Accordingly, the present study verified that endogenous miR-302a-d & 372
provides a strong initial impulse towards reprogramming (FIG.43). The ftransfection of
miR-302a-d & 372 induced promising ES cell-like properties in L87 MSCs and BJ-5ta fibroblasts, but
treatment less efficiently induced reprogramming factors described in the present study. A lower
impact on reprogramming factors can be explained by miR’s indirect mode of action. Together, human
ES cell-specific miRs are a potent tool for the generation of non-viral iPS cells, but more suitable
combining with other non-viral methods needs to be established.

Enhancement sustains clonal growth of pre-iPS cells, which express pluripotency-associated
factors including reprogramming factors. In the present study, treatment with kinase inhibitors and
signaling transduction inhibitors enabled growth of pre-iPS, but treatment without small molecules did
neither preserve Sox2 nor Oct4A expression (FIG. 32 B). Accordingly, another study applied MEK and
GSKa3 inhibition in mouse blastocysts to elevate the amount of Oct4-expressing cells (Van der Jeught
et al., 2013). Therefore, application of small molecules is recommended to enhance clonal growth and
gene expression of pluripotency factors (FIG. 43).

It is important to note that maintenance of pre-iPS cells is challenging because pre-iPS cultures
contain partially and fully reprogrammed clones. For maintenance of fully reprogrammed cells, human
ES cell-specific culture conditions are suitable to sustain the proliferation capacity, the expression of
pluripotency factors, and the enzymatic activity of AP (FIG. 43). The present study successfully
applied MEF-conditioned medium and matrices in order to prevent MEF-dependent culture conditions

(FIG. 32, APP. 15). Recently, another study even applied similar culture conditions for the generations

strong impulse enhancement maintenance

Day 0-9 Day 10-29 Day 30-50
induction of enhancementof maintenance of
pluripotency factors pluripotency factors pluripotency factors
induction of clonal growth enzymatic activity of
endogenous human AP in human ES cells

ES cell-specific miRs proliferation under

human ES cell-specific
culture conditions

FIGURE 43: Strategy for the use of non-viral methods to reprogram human somatic cells. Reprogramming
of somatic cells is suggested to require three steps to obtain fully reprogrammed cells. Once given in a first step
of reprogramming, a strong initial impulse needs to be enhanced in a second step. At least maintenance of
pre-iPS clones is required in a third step. The most important features of cells during reprogramming are
highlighted below the time line.

117



DISCUSSION

of iPS cells (Grabundzija et al., 2013). It is important to note that the establishment of feeder-free
chemically defined culture conditions suitable to preserve pluripotency. The present study used IMR90
iPS cells cultured on Matrigel™ and mTeSR1™. The use of other chemically defined media such as
Essential 8™ and other matrices such as vitronectin was recently described (Chen et al., 2011).
However, long-term culture of human ES and iPS cells is frequently done using irradiated or mitotically
inactivated MEFs even in this study.

In the present study, hypoxia was combined with a few non-viral methods without beneficial effects
on reprogramming. There are different explanations for this observation. On the one hand hypoxia
might have elevated stress-related failed behavior. One can suggest that application of hypoxia might
be more suitable during enhancement or maintenance of reprogramming. One the other hand, daily
change of media was not applied under hypoxic conditions limiting the effect of hypoxia.

Together, the production of a permanent iPS cell line was hindered by two crucial road blocks.
After isolation of pre-iPS cell clones, (i) proliferation was lowered and (ii) cells underwent cell death
within 10 passages.

4.3.5.5. Affords to overcome partial reprogramming

This study presented a reprogramming strategy for the use of non-viral methods but only partial
reprogramming was achieved. Non-viral reprogramming methods generate a lower and more time
restricted impact on somatic cells than viral vectors for the expression of ONSL or OSKM. Signaling
transduction and kinase inhibitors appear to be very potent reprogramming tools because conversion
of partial reprogrammed cells into fully reprogrammed cells was described by MEK and GSK3
inhibition in mice (Fussner et al., 2011). It is important to note that current approaches aim at the
improvement of recently described non-viral or viral but not integrative approaches even by small
molecule treatment. The use of Sendai virus was combined with kinase inhibitors virus (Kahler et al.,
2013). Therefore, the order of reprogramming methods or the way of treatment rather than the choice
methods most probably is responsible for failed full reprogramming.

In accordance with the literature, further optimization of small molecule concentrations might reveal
cell type-tailored treatment procedures more suitable for non-viral reprogramming. It is important to
highlight that there are several small molecules suitable and not suitable for iPS cell generation
(Federation et al., 2013). For example, Azacytidine is a DNMT inhibitor suitable to increase viral iPS
cell generation by OSKM (Mikkelsen et al., 2008). However, Azacytidine incorporates into the DNA
because it is a chemical analogue of the cytidine base. Low levels induce hypomethylation of the DNA
because methylation of the Azacytidine is not possible. Importantly high levels prevent DNA synthesis.
According to the described molecular mechanism, treatment using Azacytidine was not mentioned in
the present study. Application of iPS cells for disease modeling requires unaffected patient DNA.

There are supplements, which might be suitable for reprogramming of L87 and BJ-5ta cells. For
example, treatment with vitamin C might be suitable for prevention of apoptosis during reprogramming
(Esteban et al., 2010; Blaschke et al., 2013). Treatment using mitogenic supplements such as N2 and
B27 supplements were suitable for non-viral reprogramming of rat MSCs (Merkl et al., 2013). Another
study combined GSK3 inhibition with a TGF inhibitor A83-01 was (Nagy et al., 2011). Accordingly,
application of modified small molecule sets should be analyzed in further studies.

It is important to note that there is no clear approach to overcome partial reprogramming.

Nevertheless, further affords might include the modulation of minor signaling pathways not directly
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linked to reprogramming. It was reported that low pH can trigger the non-viral induction of iPS cells
obtained from a distinct mouse lymphoblast population expressing protein tyrosine phosphatase,
receptor type C (Ptprc; also known as CD45) (Obokata et al., 2014). Another example, the
tricarboxylic acid cycle-associated genes are down regulated during reprogramming suggesting a
crucial role of mitochondria and oxidative stress (Ohmine et al., 2012). Besides p53-mediated
signaling, other pathways regulating senescence and apoptosis such as retinoblastoma protein
regulating cyclin-dependent kinases (Ohmine et al., 2012) might be a suitable target for non-viral
reprogramming. Another afford relays on the fact that old murine somatic donors are much harder to
reprogramming compared to young donors (Li et al., 2009). Elucidating of molecular mechanisms
might help to remove road blocks of reprogramming. Notably, media used for different studies vary
between their contents making them more or less suitable for a certain cell type. However, the cause
of compatibility is often poorly understood.

Partial reprogramming is not sufficient when a pluripotent stem cell model is required as it was
aimed in the present study. However, there is the possibility to immediately apply partial iPS cells for
differentiation studies without a stable state of pluripotency. This hypothesis is verified by Zou and
co-workers reporting direct conversion of fibroblasts into neuronal progenitors using reprogramming
factors and neuronal lineage factors as well (Zou et al., 2014). Another approach demonstrated direct
conversion of fibroblasts into hepatic-like cells by the forced expression of liver-associated
transcription factors (Ji et al., 2013). Accordingly, even partial non-viral reprogrammed iPS cells bear a

promising potential.

4.4. Pancreatic Differentiation of iPS Cells

The iPS cell technology generates disease-specific stem cells suitable for disease-specific
differentiation. Most importantly, the iPS cell technology is the only approach capable to generate
pluripotent stem cells from adult and therefore fully characterized patients. However, the growing
number of studies using iPS cells is due to a growing number of differences between iPS and ES
cells. Accordingly, ES cells represent a gold standard of pluripotency implicating that ES cells are a
more reliable tool for differentiation studies mimicking the in vivo development. It is important to notice
that more than 60 disease-specific ES cell lines have been established for genetic disorders such as
Duchenne and Becker muscular dystrophy, fragile-X syndrome, Huntington disease, and T1DM
(Verlinsky et al., 2005; Aran et al., 2012; Jang et al., 2012). Preimplantation genetic diagnosis was
used for screening of genetic disorders and subsequent selection of diseased embryos for the
generation of disease-specific ES cell lines. In Germany, the generation of ES cell lines after
preimplantation genetic diagnosis is prohibited by law because of numerous unsolved ethical and legal
issues. These embryos are protected by the Embryo Protection Act (ESchG) and the Preimplantation

Diagnostic Act (PraimpG). Notably, the number of registered ES cell lines in the EU (www.hescreg.eu)

and the number of ES cell lines worldwide is continuously growing (Aran et al., 2012). ES cell lines
from T2DM patients have not been described but one can predict that currently unknown or poorly
described T2DM-associated DNA variations will be found in recently established ES cell lines.
However, mouse ES cells are frequently used instead of human ES cells to study general aspects of
the mammalian development. Moreover, mouse ES cells represent a potent tool to verify general
applicability of the present culture models. Caution must be exercised in extrapolation of data obtained

from mouse ES cells because there are differences between mouse and human ES cells and
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organogenesis of the pancreas (Ginis et al., 2004; Bonal and Herrera, 2008). However, general
aspects of DE progenitor formation and pancreatic induction are most similar in between the mouse
and the human system (Bonal and Herrera, 2008). Together, the combined use of iPS cells and ES
cells remains to be the most reliable approach to study pancreatic differentiation in the context of
diabetes. Nevertheless, pancreatic differentiation of iPS and ES cells needs to be improved by more
suitable 3D culture conditions. Therefore, it is reasonable that the present study applied IMR90 iPS

and H9 ES cells to study organotypic pancreatic differentiation.

4.4.1. Pancreatic Differentiation on 3D Matrices

The raw material for the production of 3D biological matrices had to be (i) easy accessible, (ii) easy
to produce, and (iii) suitable for pancreatic differentiation. Notably, porcine jejunum is easy accessible.
The evaluation of processing and suitability of matrices is however more challenging. The present
study verified that 3D biological matrices can be easily obtained from porcine jejunum (FIG. 33).
Porcine jejunum was already applied for the generation of decellularized matrices within a biological
vascularised scaffold (Schanz et al., 2010). This biological scaffold developed by Schanz and
co-workers is suitable for human organotypic models of liver, intestine, trachea, and skin. Importantly,
the applicability of porcine jejnum-derived matrices for pancreatic differentiation was first analyzed in

the present study.

4.4.1.1. Advantages of 3D Biological Matrices

To understand the importance of the ECM provided by biological matrices, it is necessary to
highlight how ECM molecules are involved in embryogenesis. ECM matrix proteins include
glycosaminoglycans and proteoglycans, glycoproteins, and collagens. These molecules are important
physiological regulators guiding proliferation and differentiation of stem cells during embryogenesis
and growth. Laminin appears early at the 2-cell stage in mice (Goh et al., 2013b). Fibronectin and
collagen IV occurs during formation of the ICM in murine blastocysts (Goh et al., 2013b). Fibronectin
and collagen IV knock outs are embryonic lethal (Rozario and DeSimone, 2010). ECM molecules are
adhesive substrates, which track migratory cells such as pancreatic progenitors. Structures provided
by the ECM are needed to build tissue boundaries, to preserve plasticity of the developing and adult
organ, to allow degradation of cells. These essential functions are required in the pancreas and in
every other organ of the human body. The ECM controls tissue-specific interactions of growth factors
and receptors. Pancreatic islets are embedded in a vascular niche providing ECM proteins secreted
by ECs. Laminin binds to alpha6betal-integrin on beta cells and collagen IV binds to
alpha1beta1-integrin, both necessary for pancreatic development (Nikolova et al., 2007). Alpha1- and
beta1-integrin knock outs are embryonic lethal (Rozario and DeSimone, 2010). The ECM is capable to
regulate growth factor release and organizes morphogen gradients. Together, these functions
described above are necessary for the pancreatic development in vivo and in vitro.

It is important to note that SEM visualized the structure of decellularized porcine jejunum revealing
a tight framework of ECM compounds (FIG. 34 A). Such a framework allows spontaneous immigration
and accumulation of pancreatic progenitors to form 3D cell agglomerates. Similar to the present study,
high resolution microscopic techniques were also applied by others to study the structure of other
biological matrices. For example, decellularized lung matrices produced by Jensen and co-workers

showed a tight framework of ECM compounds almost similar to the present data (Jensen et al., 2012).
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The present study verified immigration of mouse ES cells into 3D matrices and agglomeration of cells
in creases and grooves (FIG. 34 E/F). Immigrating cells are a prerequisite for 3D organotypic
differentiation. There is evidence that 3D matrices are suitable to guide self-organizing assembly of
organotypic equivalents (Woodford and Zandstra, 2012). Accordingly, 3D matrices should principally
allow immigration and agglomeration of seeded cells to mimic a 3D culture environment.

The present work described culture of mouse ES cells in 3D matrices without induction of
differentiation (FIG. 34 B). This observation is verified by another study applied decellularized matrices
instead of MEFs for the stable propagation of human ES cells (Abraham et al., 2010). The present
study also demonstrated that 3D matrices can be applied for the differentiation into all 3 germ layers
(FIG. 34 C/D). Interestingly, biological decellularized matrices obtained from murine lung (Jensen et
al., 2012) and kidney (Ross et al., 2009) have been shown to support proliferation and differentiation
of mouse ES cells as well. The protocol of Jensen and co-authors for lung decellularization was
slightly different using sodium deoxycholate but in addition to Triton X-100, sodium chloride, and DNA
removal by DNase within a 24 h protocol. Ross and colleagues applied a protocol almost similar to
Ross and colleagues. One can conclude that the treatment with detergents somehow modifies the
ECM proteins. However, there is no evidence that a certain decelluraization protocol is more or less
suitable for culture or differentiation of a certain cell type.

The differentiation of pancreatic progenitors in 3D porcine matrices raises questions whether these
matrices can be applied as xenotransplants. Importantly, the clinical application of porcine matrices is
challenging because of concerns about the immunogenicity. Currently, several studies focus on the
preparation of immunogen-reduced matrices such as from porcine liver (Park et al., 2013). General
applicability for transplantation is needed to be analyzed in animal models. One can predict that
progenitors will be capable to maturate inside the animal because the in vivo maturation of human
pancreatic progenitors has been described in mice (Kroon et al., 2008; Rezania et al., 2012).

One alternative to the use of decellularized matrices is the use of 3D biomaterials, which have
demonstrated promising effects on the culture and the differentiation of pluripotent stem cells. The
application of polyethylene glycol hydrogels, synthetic polymers, and natural polymers has been
described in the context of culture or differentiation of pancreatic derivatives. Interestingly, 3D culture
conditions allow 3D differentiation of stem cells and the preservation of primary pancreatic cells. For
example, Hydrogels were applied to preserve pancreatic progenitors obtained from E15 rat embryos
(Mason et al., 2009). The presence of collagen | in hydrogels promotes the differentiation of pancreatic
precursor cells into glucose-responsive beta-like cells (Mason et al., 2009). Natural polymer scaffolds
made of dextran and gelatin were applied for the differentiation of adipose tissue-derived stem MSCs
into islet-like cells (Aloysious and Nair, 2013). Polymer microbeads modified with pancreas-specific
ECM compounds were successfully applied to enhance stability and insulin production of rat beta cells
(Li et al., 2013). Together, several promising 3D biomaterials have been described but mimicking the
complex architecture of natural 3D structures and the sophisticated composition of organ-associated
ECM is challenging. Further studies might investigate the application of 3D biomaterials and their

ability to replace biological decellularized scaffolds.

4.4.1.2. 3D Matrices Allow Pancreatic Differentiation
2D and 3D mouse pancreatic differentiation described in the present study relied on

characterization of DE pancreatic progenitors. Bra mRNA expression was detected in the present
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study (FIG. 34 D, 35B/C) representing a prerequisite for the development of mesoderm and
endoderm (Kubo et al., 2004; Baetge, 2008). DE progenitors were identified by Sox17, Foxa2, and
Cxcrd mRNA expression (FIG. 34 C/D, 35 B/C, 36 A/B), which contributes to the human in vivo
development (Yasunaga et al., 2005). Successful DE differentiation was verified by IF analysis of
CGR8-S17 cells, but Sox17 expression was dedicated to a minor subset of spontaneously
differentiated cells (FIG. 34 C). Activin A strongly elevated the induction of DE progenitors monitored
by Sox17-DSred expression (data not shown). According to this observation flow cytometry of
CGR8-S17 revealed about 20% DE differentiated cells (Schroeder et al., 2012). Importantly, gene
expression of Foxa2 and Cxcr4 was not detected during spontaneous differentiation (FIG. 34 D).
Sox17 and Foxa2 most often characterize DE (Borowiak et al., 2009; Filby et al., 2011). Notably,
Sox17, Foxa2, and Cxcr4 are also each expressed in other embryonic tissues. For example, Sox17 is
also express in extraembryonic tissues (Takayama et al., 2011). Therefore, extraembryonic formation
was analyzed in the present study using the extraembryonic markers Sox7 and Sdf1
(FIG. 34 D, 35 B/C, 36 A), which contributes to other studies (Seguin et al., 2008; Schroeder et al.,
2012). Cxcr4 is a DE marker gene and its expression is present in proliferating pancreatic duct cells
and other developmental lineages of blood derivatives, ECs, and smooth muscle cells (Katsumoto and
Kume, 2013). The expression of Foxa2 is closely related to endoderm-derived organs (Friedman and
Kaestner, 2006). There is no exclusive DE marker gene. Accordingly, DE can be analyzed by
additional DE-associated marker genes such as Foxa1l, gooscoid (Gsc), gata binding protein 4
(Gata4), and hepatocyte nuclear factor 4a (Hnf4a) to harden the received expression data (Borowiak
et al., 2009; Wang et al., 2012).

The present work verified that directed 2D pancreatic differentiation of mouse ES cells generated
Pdx1-expressing pancreatic progenitors via EB formation (FIG.35B). In contrast, spontaneous
differentiation generated progenitors of all 3 germ layers, but Pdx1-expressing cells were not detected.
Directed pancreatic differentiation generated cells expressing, Pdx1, Pax6, but not Ngn3 and Amy2 on
the mRNA level (FIG. 35 B). Pdx1 is a key transcription factors during pancreatic differentiation as
mentioned earlier implicating the presence of pancreatic progenitors. Especially, Pdx1 is expressed in
beta cells to support the expression of Ins and solute carrier family 2 member 2 (Slc2a2; also known
Glut2) (Serup et al., 1995). For the development of pancreatic alpha cells Pax6 is required (Ashery-
Padan et al., 2004). The development of beta, delta, PP, and epsilon cells depends on the expression
of Pax4 and Pax6 (Collombat et al., 2003). One can suggest that in the present work absent Ngn3
was induced at earlier stages of the protocol because Pdx1 and Pax6 were already expressed. Ngn3
is a key regulator of pancreatic endocrine cells (Apelqvist et al., 1999). Ngn3 knockout mice fail to
develop the endocrine pancreas (Gradwohl et al., 2000). However, it has been described that
upregulation of Ngn3 in Pdx1 expressing cells increases the neural marker Tubb3 (Kubo et al., 2011).
It is important to highlight that neuroectodermal and pancreatic differentiation are regulated by the
same transcription factors such as Ngn3 and Pax6 (Gradwohl et al., 2000; Habener et al., 2005).
Therefore, the presence of Pax6 in pancreatic differentiated cells (FIG. 35 B) possibly contributes to
the presence of neural derivatives because Pax6 is associated with ectodermal and neuroectodermal
cell fates (Koch et al., 2009). Interestingly, interpretation of the data became more interesting since
studies in zebrafish revealed that Ngn3 is not a unique regulator (Flasse et al., 2013). Achaete-scute

complex-like 1b (Ascl1b) and neuronal differentiation 1 (Neurod1) ensure development of the
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zebrafish endocrine pancreas when Ngn3 is absent. Flasse and co-authors suggest that production of
insulin-producing from mouse and human ES cells might be possible without Ngn3 but with another
ASCL/ARP factor such as Ascl1 and/or Neurod1. The ASCL/ARP factors include the Achaete
scute-like (ASCL) family and the atonal-related protein (ARP) family, which is subdivided into atonal,
neurogenin and neurod subfamilies (Flasse et al., 2013). It would be very interesting to analyze
whether both genes are up regulated presence of Ngn3 using protocols presented in the present work.
The absence of Amy2 exocrine marker contributes to the pancreatic endocrine development
(FIG. 35 B). For example, conversion of rat exocrine-like cells into a beta-like state is associated with
downregulation of Amy2 (Akinci et al.,, 2013). Together, the present data implicate that mouse
pancreatic endocrine progenitors have been generated using a 2D differentiation protocol. However,
there was a need to improve mouse pancreatic differentiation. Accordingly application of 3D matrices
within the established mouse pancreatic differentiation appeared to be a reasonable approach.

The formation of EBs is a well-established method to generate germ layer derivatives and seeding
of EBs was applied after formation of DE progenitors. Cells of the EB provide a certain kind of 3D
matrix. Interestingly, synthesis and organization of ECM proteins changes dramatically during
differentiation of murine EBs (Shukla et al., 2010; Nair et al., 2012). Fibronectin and laminin are
increased contributing to its use in several differentiation protocols including the differentiation of
MSCs into insulin-producing cells (Lin et al., 2010). In the present study, laminin treatment was
applied in 2D cultures and fibronectin was avoided because it is also applied for the formation of
ectodermal derivatives such as neural stem cells (Koch et al., 2009). Interestingly, another study used
ECM aggregates from EBs to promote proliferation and differentiation of D3 murine ES cells (Nair et
al., 2008). 3D biomaterials such as porous alginate scaffolds were recently applied to improve EB
formation from human ES cells towards vascularization (Gerecht-Nir et al., 2004).

The efficient generation of DE endoderm was thought to be a critical step during pancreatic
differentiation. Accordingly, the application of 3D matrices aimed at the preservation or induction of DE
and multipotent pancreatic progenitors. Therefore, the present study applied 3D matrices aiming at the
improved differentiation of DE pancreatic progenitors, but a clear preference for the endodermal
differentiation was not observed by the mRNA expression of DE markers (FIG. 35 C). Further, IF
analysis verified absent Cxcr4 protein (FIG. 35 D). 3D matrices did also not lead to the preservation of
pluripotent cells or the induction of neuronal progenitors demonstrated by absent SSEA1and Tubb3
protein. Together, 3D matrices did neither enhance nor affect the generation of DE progenitors, but it
remains to be clarified whether insulin-producing cells can be obtained on 3D matrices by terminal
pancreatic differentiation, which was not analyzed in the present study.

Human pancreatic beta cells create their own ECM, but they depend on neighboring cells such as
ECs, which provide a microenvironment that is termed as the vascular niche (Nikolova et al., 2007).
3D biological matrices are a promising tool because of their ECM compounds, which are composed in
a natural manner depending on the origin. Notably, the use of decellularized pancreas might be more
suitable and has been described previously from rat (De et al., 2010), pig (Mirmalek-Sani et al., 2013),
and mouse (Goh et al., 2013a). However, the generation of matrices from pancreas is much more
challenging compared to matrices from the jejunum. Additionally, the raw material is hardly accessible.
The head of the pancreas is surrounded by the duodenum followed by the jejunum suggesting that

matrices from the jejunum are also suitable for the culture of pancreatic cells. Further, endocrine cells
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such as proglucagon-expressing cells can be found in the pancreas (alpha cells) and in the jejunum
(L cells) but processing is different generating glucagon or glucagon-like peptides (Theodorakis et al.,
2006). According to the literature, the application of jejunum-derived matrices is reasonable.

Together, the present study generated mouse Pdx1-expressing progenitors under 2D culture
conditions. Results from 2D cultures underline the importance of directed differentiation protocols even
on 3D scaffolds. These data suggest that 3D pancreatic differentiation allowed, but not induced the

differentiation of DE and multipotent progenitors.

4.4.1.3. 3D Matrices Promote DE Differentiation

In order to improve DE formation, the present study contains a competitive analysis of DE induction
by activin A, IDE1, IDE2, and nodal (FIG. 36 A/B). DE was generated without EB formation on 3D
biological matrices. The presented work highlighted that activin A is the most potent inducer of DE
verified by Sox17 mRNA expression in CGR8-S17 cells. Activin A is suitable to replace nodal either
alone (D'Amour et al., 2006; Schroeder et al., 2006; McLean et al., 2007; Agarwal et al., 2008) or in
combination with wnt3a (D'Amour et al., 2006; Hay et al., 2008; Sumi et al., 2008; Fu et al., 2011) to
direct DE differentiation of mouse and human ES cells. For example, Schroder and colleagues
reported up to 20% Sox17 expressing cells obtained from CGR8-S17 mouse ES cells. Treatment of
mouse ES cells with activin A and wnt3a generates up to 40% Sox17-expressing cells (Fu et al.,
2011). Interestingly, activin A treatment of HUES4 and HUES8 humnan ES cells yields up to 64%
Sox17-expressing cells (Borowiak et al., 2009). Hay and co-authors generated about 70-90%
endodermal albumin-positive cells from H1 and H9 human ES cells using activin A and wnt3a. Wnt3
signaling is required during gastrulation to support endoderm formation (Liu et al., 1999), which
explains why Wnt3a supports and accelerates endoderm differentiation (D'Amour et al., 2006; Hay et
al., 2008). Wnt3a treatment was not applied in the present study, but especially its acceleration
potential needs to be considered in further studies.

The present work demonstrated that IDE1/2 and activin A induced Sox17 mRNA expression, but at
lower levels compared to activin A alone (FIG. 36 A/B). IDE1/2 are small molecules, which have been
initially described in mouse and human ES cells (Borowiak et al., 2009). Borowiak and co-authors
reported that IDE1/2 induce and improve DE differentiation. Treatment of mouse ES cells with IDE1 or
IDE2 yielded more than 40% Sox17-expressing cells (Borowiak et al., 2009). It is important to mention
that molecular mechanisms behind IDE1/2 treatment are poorly described. Currently, there is no clear
explanation why IDE1/2 less efficiently induced DE in the present work. Target genes of IDE1/2 are
unknown and their investigation most probably will help to understand the function of these small
molecules. However, there is evidence that DE induction can be triggered by other media
supplements. For example, Bone and co-workers combined activin A and a Gsk3 inhibitor to improve
DE differentiation of human ES cells yielding more than 60% Cxcr4-expressing cells (Bone et al.,
2011). To date, other small molecules have been described as DE differentiating agents such as
wortmanin, SBT, BIO, and inhibitors of glucose-6-phosphat (Jiang et al., 2007; Zhang et al., 2009a;
Kunisada et al., 2012; Manganelli et al., 2012). Interestingly, not all DE progenitors are suitable for
pancreatic differentiation. Another approach reported that treatment with rapamycin is suitable to
improve DE induction by activin A (Tahamtani et al., 2013). Tahamtani and colleagues efficiently
generated DE progenitors, which fail to differentiate into pancreatic endocrine cells demonstrating that

there are different qualities of DE progenitors. According to that report, differences between nodal and
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activin A-induced pancreatic differentiation affecting Pdx1-expressing cells have been described
(Chen et al., 2013). Findings by Chen and co-workers suggest that DE generation influences the
terminal maturation of Pdx1-expressing cells. In order to avoid activin A treatment, DE differentiation of
human iPS cells by Wnt3a and IDE1/2 has been described in 2D cultures (Borowiak et al., 2009) and
3D polymer scaffolds (Hoveizi et al., 2013). Together, studies analyzing DE formation of human
pluripotent stem cells agree about the use of activin A for the induction of DE in mouse and human
pluripotent stem cells. However, the use of small molecules remains to be considered for more
efficient DE differentiation. Activin A-independent DE development may provide new insights into the
pancreatic differentiation.

Interestingly, the present work demonstrated spontaneous induction of Pdx1 transcripts at day 10
without activin A only by the presence of 3D biological matrices (FIG. 36 C). One can conclude that
matrices guide endodermal induction without growth factors and small molecules. Matrices provide an
origin-specific ECM mimicking a certain cellular environment, which has been described earlier.
Importantly, induction of Pdx1-expressing cells has been described to rely on the differentiation of DE
progenitors (Borowiak et al., 2009; D'Amour et al., 2006; Kroon et al., 2008; Van et al., 2009).
Therefore, analysis of DE differentiation without EB formation and activin A treatment offers one
alternative approach for the 3D differentiation of pancreatic progenitors. However, there is a need to
characterize these Pdx1-expressing cells.

Mouse pancreatic 3D differentiation served as a model to study and to verify general aspects of
mammalian 3D pancreatic differentiation. Obtained data highly recommend application of 3D matrices
in a strategy including co-cultures with ECs to generate insulin-producing cells (FIG. 44). However, the

mouse model had to be transferred and adapted to human pluripotent stem cells.

4.4.2. Pancreatic Differentiation of Human iPS Cells

At first, it is important to highlight that human and mouse pancreatic differentiation mimic the same
sequential arrangement of developmental stages. DE induction by activin A is a prerequisite for mouse
and human pancreatic differentiation of ES and iPS cells as described earlier. DE differentiation using
EBs and monolayer cultures has been described in mouse and human ES cells (D'Amour et al., 2006;
Schroeder et al., 2006; Xu et al., 2006; Wang et al., 2012). Interestingly, mouse DE is most efficiently

generated during EB formation, but human DE is most efficiently differentiated in monolayer cultures.

4.4.2.1. Differentiation of Pancreatic Endocrine Progenitors

Notably, the induction of DE endoderm by activin A relies on the pluripotency of ES cells.
Therefore, developmental unrestricted and fully reprogrammed iPS cells are required for efficient
activin A-induced differentiation. Accordingly, not fully reprogrammed pre-iPS cells generated within
the present study are not suitable when protocols for pluripotent stem cells are required. In the present
study, commercially available and viral generated IMR90 iPS cells were applied. This cell lines was
established in 2007 (Yu et al., 2007) and clone derivatives still can be purchased from the Wisconsin
International Stem Cell Bank demonstrating that these cells are fully and permanently reprogrammed.
The expression of pluripotency marker genes in IMR90 iPS cells was verified in the present study
(FIG. 39). The IMR90 iPS cell line is intensively analyzed and characterized by other studies and
known to be very similar to human ES cells (Yu et al., 2007). Studies using both IMR90 iPS and H9

cells demonstrated almost similar behavior during neural differentiation (Zhou et al., 2010) or vascular
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and hematopoietic differentiation (Hu et al., 2010). Moreover, IMR90 iPS cells yield quantities of DE
and pancreatic progenitors similar to H1 and H9 human ES cells (Xu et al., 2011). Importantly, neural
stem cells obtained from IMR90 iPS cells showed insulin concentration-dependent behavior similar to
H9-derived cells (Rhee et al., 2013). According to several opportunities, one can suggest that the
IMR9O0 iPS cell line is gold standard for other iPS lines. Therefore, IMRO0 iPS cells represent a
well-established tool for differentiation studies.

Activin A-induced DE progenitors have been derived from iPS cells in the present work. DE
differentiation was demonstrated by epithelial morphology and protein expression of Sox17, FoxaZ2,
and Cxcr4 (FIG. 40). There are a few studies, which quantified induction of DE using protocols similar
to the present study. Differentiation into DE yields about 62% Sox17-expressing cells, 33% Cxcr4-
positive cells, 20% Foxa2-expressing cells around day 4 (Borowiak et al., 2009; Filby et al., 2011;
Kuijk et al., 2011). Interestingly, efficiencies vary between different studies because different
pluripotent stem cell lines exhibit different developmental potentials (Kuijk et al., 2011). Significant DE
progenitor formation has been verified in the present work representing a potent population of cells
suitable to generate pancreatic endocrine progenitors.

The present study demonstrated the generation of human Pdx1-expressing endocrine progenitors
via stepwise pancreatic differentiation (FIG. 40, 41). Pdx1 protein expression was associated with the
mMRNA expression of Ngn3, Nkx6.1, and Gcg. Pdx1-positive cells did express neither Nkx2.2 nor Ins.
Ins was not expressed but absent Ins contributes to the differentiation potential and the immature
developmental stage of pancreatic progenitors. Induction of Ins-expressing cells would require
prolongation of the differentiation protocol to generate hormone-expressing endocrine cells (D'Amour
et al., 2006). According to the given data, endocrine progenitors are recommended for the generation
of insulin-producing cells. The differentiation protocol aimed at the subsequent differentiation into
multipotent progenitors, pancreatic progenitors, and endocrine progenitors, which contributes to the in
vivo development of pancreatic endocrine cells. Stepwise differentiation mimicked developmental
stages namely, primitive gut tube, posterior foregut, and pancreatic endoderm (Bonal and Herrera,
2008; Borowiak, 2010; Van et al., 2009).

Multipotent progenitor formation mimicking the primitive gut tube formation was analyzed at day 6
(FIG. 41 B). Pdx1, Nkx6.1, and Gcg transcription verified multipotent progenitor differentiation. Nkx6.1
expression marks the development of multipotent progenitors at moderate levels and its expression is
maintained until differentiation of insulin-producing cells (Schaffer et al., 2013). Nkx6.1 is essential for
the differentiation of functional insulin-producing cells (Taylor et al., 2013). Therefore, induction of
Nkx6.1 contributes to the differentiation of insulin-producing cells. Gcg mRNA was induced during
pancreatic differentiation suggesting the presence of immature endocrine progenitors. In vivo
development of pancreatic endocrine cells is characterized by 2 transitions, which generate
hormone-producing cells (Bonal and Herrera, 2008). The first transition generates endocrine cells
within the primitive gut tube, which produce glucagon, insulin, PP, and ghrelin. Interestingly, blocking
of glucagon but not of glucagon-like peptide 1, an alternate gene product of preproglucagon mRNA,
prevents the development of insulin-producing cells during the second transition (Prasadan et al.,
2002). Accordingly, induction of Gcg might be beneficial for the generation of insulin-producing cells.

The generation of endocrine progenitors mimicking the pancreatic endoderm was analyzed at

day 12 (FIG.41B). Pdx1, Nkx6.1, Gcg, and Ngn3 transcripts verified endocrine progenitor
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differentiation. These pancreatic markers are associated with the differentiation of pancreatic
endocrine progenitors. Multipotent progenitors residing within the primitive gut tube give rise to
endocrine progenitors, which can be characterized by Pdx1, Nkx6.1, Nkx2.2, and Ngn3 (D'Amour et
al., 2006; Van et al., 2009). It is important to mention that Nkx2.2 mRNA was induced during DE
formation, but expression disappeared and remained to be absent during pancreatic differentiation.
Nkx2.2 is thought to be induced as early as Nkx6.1, but expression is necessary for alpha and beta
cell development (Van et al., 2009). In pancreatic beta cells, Nkx2.2 is part of a repressor complex for
the inhibition of areistaless related homeobox (Arx), which is essential for alpha cell specification.
Accordingly, loss of Nkx2.2 is associated with beta to alpha cell transdifferentiation. One can suggest
that absent Nkx2.2 probably would affect the terminal differentiation of endocrine progenitors into
insulin-expressing cells.

Notably, even the directed differentiation of pancreatic endocrine progenitors contains a major
subset of non-endocrine cell derivatives demonstrated by morphological, mRNA, and IF analysis
(FIG. 40/41). The induction of exocrine pancreas marker Mist1 mRNA contributes to the generation of
pancreatic progenitors. The induction of Pax6 transcription is due to pancreatic endocrine
development and ectodermal and neuroectodermal cell fates as described earlier. It is important to
mention again that Tubb3 expression was hardly detectable in contrast to spontaneously-induced
pancreatic differentiation. Interestingly, Gfap and Map2 are expressed in multipotent precursors from
adult mouse pancreas (Seaberg et al., 2004). However, the expression of Gfap and Map2 in the
present work implicates the differentiation of neural derivatives as introduced earlier. This observation
is accordance with studies by others (D'Amour et al., 2006; Schroeder et al., 2009; Zhang et al.,
2009b) also demonstrating that non-endodermal cells are differentiated even by application of

protocols for the directed pancreatic differentiation.

4.4.2.2. Heterogeneity of the Pancreatic Endocrine Progenitors

The differentiation protocol applied within the present work was initially described D’Amour and
co-authors in 2006. The protocol was verified by other investigators with minor modifications, but
terminal differentiation was predominantly investigated by semi-quantitative expression analysis
(Kroon et al., 2008; Zhang et al., 2009b). Supplementation of LY-374973 (also known as DAPT),
exendin 4, and glucagon-like protein 1 has been described during differentiation of endocrine
precursors, but treatment yields marginal effects (D'Amour et al., 2006). Accordingly, treatment with
LY-374973 did not improve pancreatic differentiation in the present study (data not shown). It is
important to mention that other differentiating agents has been described to improve generation of
pancreatic progenitors such as dorsomorphin, EGF, FGF2, and Noggin (Mfopou et al., 2010). For
example, dorsomorphin suppresses BMP signaling to promote the pancreatic lineage (Chung et al.,
2010). It is also important to mention that B27 supplement contains a mixture of differentiating agents.
B27 is currently applied in several protocols to mediate differentiation of endocrine progenitors and
hormone-expressing cells (D'Amour et al., 2006; Zhang et al., 2009a; Ohmine et al., 2012; Schroeder
et al., 2012). This mixture is neither adapted to the pancreatic lineage nor restricted to a certain
developmental stage during pancreatic differentiation. Together, there is a need to consider a more
sophisticated treatment strategy combining differentiating agents in a physiological manner.

Differences between IMR90 iPS and H9 ES cells were observed during differentiation of endocrine
progenitors (FIG. 40, 41 B/C). H9 ES cells differentiated into DE within 4 d, but IMRO0 iPS cells
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generated DE within 3 d. Interestingly, for differentiation of DE 3 to 5 day have been described using
different human iPS and ES cell lines and different culture media during activin A treatment (Borowiak
et al., 2009; Kroon et al., 2008; Ohmine et al., 2012). Accordingly, it is very important to adjust
pancreatic differentiation protocols to the peak of most abundant generation of DE progenitors.
However, the analysis of H9 cells during pancreatic differentiation revealed that Pdx1 and Ngn3
expression was detected earlier during mulipotent progenitor formation at day 7 (41 B/C). There are
two different explanations. One the one hand, one can suggest that different mRNA expression levels
or expression durations depend on the reprogrammed status of iPS cells and/or the general
heterogenity of pluripotent ES and iPS cell lines as described earlier. On the other hand, one can
suggest that differences depend on the general variability of the differentiation protocol. It is important
to notice that even protocols for the directed differentiation bear a strong spontaneous differentiation
potential making the more terminal differentiation stages more and more variable. In this context, it is
important to mention that IMROO0 iPS cells were analyzed for their ability to spontaneously derive DE
by treatment with FCS. Endodermal, mesodermal, ectodermal, and extraembryonic lineage marker
genes were spontaneously induced on the mRNA level (FIG. 40 D/F) suggesting that IMR90 iPS cells
are amenable for the differentiation of all 3 germ layers. It is not possible to draw a clear conclusion
according to different efficiencies and the qualities of IMR90- and H9-derived endocrine progenitors.
However, there is evidence that differences between IMR90 and iPS cells contribute to the variability
of differentiation protocols rather than to the reprogrammed status of IMR90 iPS cells.

Different pluripotent stem cell lines were known to have different preferences for lineage
specification in dependence on their somatic background (Kim et al., 2010). However, it is highly
debated whether different differentiation potentials may depend on the heterogeneity of reprogrammed
cells rather than the origin of the donor cell type (Nasu et al., 2013). This argumentation is
underscored by the fact that human ES cells also show different differentiation potentials
demonstrating their heterogeneity as well. Interestingly, HUES cell lines such as HUES3 and HUES4
have been described yielding more efficient endodermal differentiation (Borowiak et al., 2009;
Johannesson et al., 2009) compared to H9 cells (Zhang et al., 2009a; Xu et al., 2011) or Cyt203 and
Cyt49 cells (D'Amour et al., 2006; Kroon et al., 2008). Competitive studies including these human ES
cell lines are needed to analyze whether distinct cell lines more efficiently generate pancreatic
endocrine cells. However, according to the literature, there is no evidence that IMR90 iPS cells are
more or less suitable for the differentiation of pancreatic endocrine cells.

Currently, it is unknown, which kind of human iPS cell lines are the best suited for therapeutic
purposes and what type would be unsuitable. Human iPS cells cannot be analyzed be germ line
transmission. One very stringent property is the capability to generate well-differentiated teratomas
following injection into immunodeficient mice (Brivanlou et al., 2003). For instance, iPS cell lines,
which have a strong tendency to form teratocarcinomas are not suitable for animal studies and cell
replacement therapies (Brivanlou et al., 2003). Affords to minimize teratocarcinoma-forming cells have
been described such as the isolation of SSEAS5-positive stem cells to remove cell with a high
teratocarcinoma-forming potential (Tang et al., 2011). However, defining pluripotency in iPS cells is
even more difficult in comparison to the mouse system.

The present work demonstrated successful generation of Pdx1-expressing endocrine progenitors

form IMR90 iPS cells suitable for terminal differentiation of insulin-producing cells. However, IF
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analysis indicated moderate efficiencies underscoring the need of improved culture conditions.
Nevertheless, successful differentiation of pancreatic endocrine progenitors recommends their use in

co-culture and organotypic differentiation studies.

4.4.3. Co-Culture with ECs during Pancreatic Differentiation
The in vivo development of pancreatic progenitors depends on the presence of ECs as introduced
earlier. In order to mimic this relationship in vitro, the co-culture with primary ECs was studied during

pancreatic differentiation within the present study.

4.4.3.1. Primary ECs for Co-Cultures

The present study required mature and functional ECs capable to regulate pancreatic
differentiation. Notably, the application of primary ECs appeared to be the most reasonable approach.
Permanent EC lines do not preserve all natural characteristics of primary ECs. EC lines such as
human microvascular endothelial cell line 1 (HMEC-1) were analyzed by several studies in comparison
to primary ECs. Interestingly, lymphatic marker genes are expressed in HMEC-1 indicating increased
plasticity of immortalized ECs (Keuschnigg et al., 2013). One should consider that immortality of ECs
is a non-physiologic property. Accordingly, EC lines stably preserve properties of ECs, but it is often
discussed that EC lines are not capable to model all properties of fully differentiated and maturated
ECs. HMEC-1 barely express endothelial surface proteins vascular cell molecule (Vcam) and
selectin E (Sele) (Lidington et al., 1999). Other human EC lines have been described to fail other
crucial EC markers such as vVWF (Nisato et al., 2004). According to that, application of permanent EC
lines such as HMEC-1 provides a standardized model especially when quantitative analysis are
required. However, in the present study fully maturated cells were required.

Primary MVECs, HUVECs, and HDMECs are known to preserve natural characteristics. HUVECS
have an average life span of 10 serial passages and can be kept in culture up to 5 months (Moll et al.,
2013). Thereafter, these ECs became senescent and stop proliferation. In the present study, ECs
were applied at passage 3 because later on their proliferation capacity and their capability to express
ES markers is lowered. The present study demonstrated rapid loss of EC markers was induced by
HPDM (FIG. 38). Interestingly, semi-quantitative PCR analysis of EC markers did not reveal any
differences highlighting the importance of protein expression analysis. These results implicated the
establishment of a co-culture medium providing adapted culture conditions. These conditions basically
included a 1:1 mixture of ECGM and HPDM basal media supplemented with the full amount of growth
factors (pancreatic and endothelial). Of course, these growth factors possibly promote and counteract
each other as well. The present study demonstrated that HUVECs induced or lost mMRNA expression
of certain differentiation markers in the presence of the co-culture medium during pancreatic
differentiation (FIG. 41). This observation suggests that ECs respond to pancreatic differentiating
agents. Accordingly, one can suggest that ECs differently effected pancreatic differentiation. However,
the described co-culture medium presented the most suitable approach to preserve natural
characteristics of primary ECs during co-culture differentiation studies.

Primary ECs were characterized at passage 3 by the mRNA and protein expression of crucial EC
marker genes without noticeable differences in isolates from different sources (FIG. 37). The VWF is
an essential EC marker because loss of VWF causes the von Willebrand disease, which is an

autosomally inherited bleeding disorder (Lillicrap, 2013). Tie1 and Tie2, have been described as
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EC-specific RTKs. Loss of Tie1 and Tie2 in null mice leads to embryonic death (Ruan and Kazlauskas,
2013). Tie2 is not essential for EC differentiation but it is required for maintenance and proliferation of
ECs. Ephb2and Ephb4 are RTKs, which play a key role during angiogenesis (Mosch et al., 2010).
Ephb2 is expressed on arteries and Ephb4 is expressed on veins and known to regulate smooth
muscle formation around blood vessels (Mosch et al., 2010). To ensure the presence of
blood-vascular ECs, it would be interesting to check whether lymphatic EC markers Sox family
transcription factor 18 (Sox18) and prosepero homeobox 1 (Prox1) are expressed (Simons and
Eichmann, 2013). Eng is a receptor of the TGFf family predominantly expressed in proliferating
vascular ECs (Banerjee et al.,, 2012). Eng-deficient mice die during embryogenesis because of
angiogenesis and cardiovascular defects (Banerjee et al., 2012). VEcad is an endothelial-specific
membrane protein ensuring cell to cell contacts (Lampugnani et al., 1992). Pecam1 is expressed by
multiple isoforms in the endothelium acting as an adhesive structure and modulates integrin-mediated
cellular processes (Thompson et al.,, 2001). Vascular endothelial growth factor receptor 2 (Vegfr2;
officially termed as Kdr) is expressed on ECs responsible for interaction with integrins of neighboring
cells (Nikolova et al., 2007). The phenotype and the functionality of ECs can be analyzed by more
sophisticated techniques. The presence of Weibel-Palade-bodies inside of ECs storing vVWF and the
expression of other EC makrers such as intercellular adhesion molecule 1 (Icam1), Vcam, and
selectin E are crucial characteristics of the EC phenotype (Lidington et al., 1999). The secretion of
VvWEF, the uptake of acetylated low density lipoprotein, and active Angiotensin-converting enzymes are
stringent characteristic of functional ECs. Together, the present study sufficiently characterized and
verified natural characteristics of ECs, but functional studies may elucidate functional properties of
applied ECs. Characterization demonstrated the presence of artery- and vein-derived proliferating and
mature endothelial cells suitable for co-culture differentiation studies with pancreatic cells.

Primary ECs were successfully isolated and characterized from different sources generating
MVECs from skin biopsies and HUVECs from umbilical cord. Contamination with other cell types such
as fibroblasts was negligible. Interestingly, the morphology slightly differed between sources but not
between isolates (FIG. 37) implicating different specification according to the skin or umbilical cord.
The morphology and the behavior of ECs obtained from different origins is known to be different.
Interestingly, the microvasculature inside the pancreas is differently specialized as well. ECs inside the
islet of Langerhans, ECs show about 10 times more fenestrations compared to the exocrine pancreas
(Zanone et al., 2008). Further, islet-related mouse ECs can be characterized by the expression of
alpha-1 antitrypsin (A1AT; officially termed as Serpinal) (Lou et al., 1999). However, there is no
source for the isolation of human islet-derived ECs. Accordingly, the use of another applicable source
for the isolation of mature and functional ECs for sure isolates endothelial subtypes not specialized for
the pancreatic islet. Primary ECs from different origins have been applied in competitive studies
generating different results (Yue et al., 2011; Patel et al., 2013) suggesting that the origin of primary
ECs would also have unknown different effects on pancreatic cells. Accordingly, one can discuss
suitability of MVECs, HUVECs and HDEMCs as well.

4.4.3.2.Differentiation of Pancreatic Progenitors is Affected by Co-Culture with ECs
The present study could demonstrate that ECs proliferate and form big clusters neighboring
islet-like clusters (FIG. 41 A). Transcript analysis of 2D co-cultures revealed no strong impact of ECs

on the induction of pancreatic endocrine marker genes such as Pdx1 and Ngn3 (FIG. 41 B/C). These
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results are in conflict with studies by others. Notably, other reports demonstrated successful
improvement of pancreatic differentiation by 2D co-cultures with ECs. These reports applied
approaches different to the present study as described below.

The present approach seeded a cell suspension containing both DE progenitors and ECs. This
approach might have disturbed the formation of pancreatic and/or endothelial colonies. Another
approach in the mouse system described seeding of spontaneously differentiated EBs at day 5 and
subsequent seeding (24 h later) of primary aortic ECs (Talavera-Adame et al., 2011). Direct interaction
was demonstrated to promote the expression of pancreatic progenitor and beta cell markers in vitro
(Talavera-Adame et al., 2011). This approach by Talavera-Adame increased the expression
pancreatic lineage markers such as Pdx1, Ngn3, and Nkx6.1 implicating enhanced differentiation of
pancreatic progenitors. Plated EBs at day 5 usually contain cells similar to germ layer progenitors.
Differences might rather depend on the differentiation status of EBs than on the separate culture of
pancreatic cells and ECs. There is a need to verify Talavera-Adame’s protocol in human system.

In the present study DE progenitors were applied for co-culture studies because DE progenitors
generate Pdx1-expressing early pancreatic progenitors. However, ECs might have induced maturation
instead of proliferation of Pdx1-expressing progenitors. Another approach applied rat heart
microvascular ECs to guide only the final stage of mouse pancreatic differentiation (Banerjee et al.,
2011; Jaramillo and Banerjee, 2012). R1 ES cells were differentiated hormone-expressing beta-like
cells according to D’Amour’s protocol adapted to the mouse system. Both studies yield maturation of
hormone-expressing endocrine cells yielding up to 60% Ins1-expressing cells. Accordingly, co-cultures
with ECs might be more easily applicable for improved maturation of pancreatic progenitors.

Pancreatic beta cells in vivo and in vitro require the presence of ECs providing a pancreatic extra
cellular environment as described earlier. Therefore, co-culture with ECs provides a reasonable
approach to improve culture of pancreatic cells in a strategy to generate insulin-producing cells
(FIG. 44). Several studies by others included co-cultures with ECs to promote culture and
differentiation of other functional cell types. For example, EC were applied in osteogenic
tissue-engineered constructs (Pedersen et al., 2013). However, ECs are predominantly applied for
terminal differentiation of maturation of cells highlighting that in general more sophisticated culture
techniques are required to enable co-culture differentiation studies. Most importantly, this implicates
that 2D co-cultures are less suitable to improve pancreatic differentiation raising evidence that 3D

organotypic approaches are more suitable.

4.4.4. Organotypic Pancreatic Differentiation of Human iPS Cells
For the first time, iPS cells were applied in 3D biological matrices in co-culture with ECs to organotypic
pancreatic differentiation model. 3D matrices and co-culture wit ECs aim at the improved generation

and maturation of pancreatic progenitors.

4.4.4.1. Organotypic Differentiation in 3D Biological Matrices with ECs

The 3D differentiation model described in the present study relied on application of 3D biological
matrices. Importantly, staining of viable and dying cells revealed that 3D matrices are optimal to
preserve viability of pancreatic differentiating cells alone and in co-culture with ECs (FIG. 42).
Moreover, islet-like clusters as described in 2D cultures were increased recognized in co-cultures.

Pancreatic endocrine cells optimally function when clustered in islet-like clusters (Kroon et al., 2008;
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Van et al., 2009). These data strongly recommend the general applicability of 3D matrices derived
from porcine jejunum. Accordingly, 3D biological matrices should be a part of a strategy including
co-culture conditions to generate insulin-producing cells (FIG. 44).

Organotypic culture models have been described for the generation of other organs such as liver
(LeCluyse et al., 2012), skin (Bechetoille et al., 2011), and retina (Kador and Goldberg, 2012).
Organotypic liver culture models are very interesting because hepatocytes originate from endodermal
precursors likewise pancreatic endocrine cells. The liver contains specific sinusoidal ECs, which are
essential for development, maintenance and function of hepatic cells (LeCluyse et al., 2012).
Accordingly, mixed cultures of hepatic cells and ECs were successfully applied for organotypic culture
models including 3D culture and co-culture (LeCluyse et al., 2012). Bechetoille and co-workers pre-
seeded fibroblasts for the culture of dermal macrophages. Another disease model for Barret's
esophagus also applied fibroblasts for 3D co-culture with keratinocytes (Kosoff et al., 2012). In
accordance with these models, another study highlighted the importance of stromal cells within an
organotypic pancreatic cancer model (Froeling et al., 2009). These approaches are interesting
because connective tissue present in every organ. Accordingly, it would be interesting to study
co-culture with fibroblasts, ECs, and pancreatic progenitors.

Another approach demonstrated that transplantation of organotypic scaffolds carrying retinal
progenitors into degenerated retinal explants (Kador and Goldberg, 2012). Retinal progenitors
immigrate into explants and differentiate. However, Kador and co-aouthors mentioned that translation
into a therapeutic approaches (such as toxicity tests, disease model, or transplantation) would require
application of differentiated implants. Even though, Kroon and co-workers also demonstrated in vivo
differentiation of pancreatic progenitors, therapeutic approaches of pancreatic implants would also
require application of differentiated cells. According to this, organotypic terminal differentiation appears

to be a major challenge.

4.4.4.2. Pancreatic Differentiation is Affected by ECs in 3D Biological Matrices

As described earlier, propagation of primary ECs is affected in the presence of HPDM. Therefore, it
was very important to analyze whether even EC-preserving growth factors somehow influence
pancreatic differentiation. To analyze the effects of ECGM, pancreatic differentiation of CGR8-S17 on
3D biological matrices was analyzed focusing on the induction of mesodermal and ectodermal

markers (FIG. 35 C). ECGM stabilized endoderm marker Cxcr4, but induced mesoderm marker Foxf1
patient- / disease-
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FIGURE 44: Strategy for the use of 3D biological matrices and co-culture conditions to generate
insulin-producing cells. Patient-/disease-specific and human ES cells need to be differentiated into endocrine

pancreatic progenitors. Co-culture with ECs within a 3D biological matrix provide an organotypic model aiming at
the generation of mature insulin-producing cells
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and ectoderm marker Shh. Endoderm formation was not affected, but the induction non-pancreatic
lineage markers suggests less efficient pancreatic progenitor differentiation. This observation
contributes to the induction of germ layer marker genes in 2D co-cultures during differentiation of
IMR90 iPS. Studies by others showed that induction of early differentiation marker genes such as
Sox17 is associated with enhanced self-renewal and acquirement of fetal properties (Chhabra and
Mikkola, 2011). Further, ECs have been shown to support proliferation and regeneration by providing
a kind of stem cell niche (Li et al., 2010; Zhu et al., 2011), which might contribute to the induction early
differentiation marker genes.

The present work demonstrated application of DE progenitors on matrices with ECs within a unique
culture model. However, seeding of DE progenitors appears to be less suitable because pancreatic
progenitor formation was affected in the present organotypic 3D culture model (FIG. 42). This
observation contributes to data obtained from 2D co-cultures. Another study reported the endodermal
differentiation of mouse ES cells into cells with lung phenotypes using decellulrized lung matrices
(Jensen et al., 2012). In contrast to the present approach, Jensen and co-authors did not apply DE
progenitors. They applied predifferentiated cells with properties of alveolar epithelial cells for their 3D
biological differentiation model. Lung matrices were coated with MatrigeITM, but in the present study
coating with additional ECM proteins was not applied. It would be necessary to proof whether coating
of 3D biological matrices from porcine jejunum would substantially improve the present organotypic
culture model. Besides MatrigeITM, further studies should include coating with pancreas-associated
integrins and collagens as described earlier.

Transcript analysis of crucial pancreatic lineage markers revealed DE progenitors co-cultured with
ECs on 3D matrices induced a subset of endodermal and pancreatic lineage markers (FIG. 42).
However, terminal pancreatic differentiation of iPS cells was abolished with or without ECs on 3D
matrices at day 12. These data on the one hand demonstrated that both co-culture with ECs and
culture on 3D matrices hindered generation of endocrine progenitors. However, on the other hand, the
presence of ECs might have preserved pancreatic progenitors for a short-time period. Together, one
can suggest that both ECs and 3D matrices counteract proliferation and differentiation of pancreatic
progenitors. According to this conclusion, a recent report demonstrated that ECs are involved in
repression of Wnt and Notch signaling for hepatic specification (Han et al., 2011) highlighting an
essential role in maturation rather than in proliferation during liver development.

Together, pancreatic differentiation analyzed by several approaches in the present study leads to
one clear conclusion. Porcine 3D matrices do not enhance or improve the differentiation of pancreatic
progenitors neither by differentiation of mouse ES cells nor by differentiation of human ES cells. The
data highly recommend that pancreatic progenitor formation is affected by the presence of primary
ECs rather than by co-culture media or the presence of 3D biological matrices. This conclusion
strongly suggests co-culture with ECs during terminal differentiation stages as recommended in a
strategy for the use of 3D biological matrices and co-culture conditions to generate insulin-producing
cells (FIG. 44). Finally, this implicates that there is still a need to improve 2D cultures for the

differentiation of DE progenitor into pancreatic progenitors.
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5. SUMMARY

This work investigates a common question in these days. How is it possible to study genetic
predispositions and their underlying molecular mechanisms? In the present study, the question was
addressed to DNA variations associated to type 2 diabetes mellitus (T2DM). There is evidence that
distinct DNA variations are associated with onset, progression, and treatment of T2DM. To answer the
question, the workflow comprised of 3 consecutive steps. At first, primary cells had to be isolated from
donors. Next, cells had to be reprogrammed. Finally, cells had to be differentiated into the pancreatic
lineage.

The first step required the isolation of primary cells from patients. Therefore, primary keratinocytes
were obtained from plucked hairs of healthy donors. Keratinocytes expressed several
pluripotency-associated markers making them a reasonable source for the generation of induced
pluripotent stem (iPS) cells.

At second, it was necessary to generate iPS cells. To preserve the integrity of the genome, it was
mandatory to avoid viral reprogramming methods, which are already described in the literature. To
establish an non-viral reprogramming strategy, mesenchymal stem cells (MSCs) and fibroblasts were
applied. The present study analyzed non-viral methods namely, transfection of episomal vectors,
transfection of ES cell-specific miRs, low oxygen supply (hypoxia), and treatment with small
molecules.

Transfection with episomal vectors aimed at the ectopic expression of Oct4, Nanog, Sox2, and Lin28
(ONSL). Optimized conditions yielded transfection efficiencies of about 30% in MSCs and 1.5% in
fibroblasts. The mMRNA and protein expression of ONSL was verified. Moreover, the endogenous
expression of ONSL was induced.

Another approach aimed at the induction of pluripotency by the transfection of miR-302a-d & 372,
which are almost only expressed in ES cell. Optimization of the transfection procedure revealed
transfection efficiencies of about 97% in MSCs and about 44% in fibroblasts. It was very important to
verify pluripotency-regulating target genes of these miRs, because they are poorly described in the
literature. Using a cell culture model, Ccna1, KIf13, Dnmt1, and Wfr61 were shown to be repressed on
the mRNA level by miR-302a-d & 372. Further, transfection induced the endogenous expression of
miR-302a-d & 372 examined by the induction of pre-miRs and pri-miRs. Moreover, the induction of
Oct4 and Nanog mRNA expression was observed. Question remained how Oct4 induction was
achieved by miR-302a-d & 372. To clarify this question, Oct4 induction was intensively studied. Strong
Dnmt1 protein repression by miR-302a-d & 372 suggested that DNA methylation of the Oct4 promoter
has been occurred. Using a luciferase-reporter-construct, binding of miR-302a-d & 372 to the 3
untranslated region of the Dnmt1 mRNA was demonstrated. Real-time PCR-based quantification of
CpG methylation revealed that miR-302a-d & 372 lowered methylation within the conserved region 4
of the Oct4 promoter.

To improve the reprogramming process, hypoxia was applied. Hypoxia was sufficient to induce the
expression of Oct4 and miR-302a. Further, hypoxia increased or preserved Oct4, Nanog, and Lin28
mRNA levels after delivery of episomal vectors. The amount of Ki67-positive cells was elevated by
hypoxia.

Treatment with small molecules promoted the formation of colonies after transfection with episomal

vectors or miR-302a-d & 372. These colonies acquired alkaline phosphatase activity. Epigenetic
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modulators, signal transduction inhibitors, and kinase inhibitors were applied. The combination of
episomal vectors, signal transduction inhibitors, and kinase inhibitors was the only setup, which
successfully retained ONSL expression in picked clones.

The third step included the analysis of the pancreatic differentiation and the establishment of
three-dimensional (3D) co-cultures. Therefore, 3D matrices were established from porcine matrices. It
was analyzed whether matrices are applicable and suitable for the pancreatic differentiation. 3D
matrices allowed the culture of mouse embryonic stem (ES) cells carrying a Sox17-DSred reporter.
Paraffin sections demonstrated that cells immigrated into the 3D scaffold. Further, the induction of
multipotent pancreatic progenitors was supported.

The pancreatic differentiation of mouse ES cells was verified using an embryoidbody-based approach
for the generation of pancreatic progenitors. This model was transferred to 3D matrices. The
differentiation into endodermal precursors was not affected by 3D matrices. Treatment with a
co-culture medium also not affected the differentiation into endodermal precursors.

Co-cultures required the generation primary endothelial cell cultures from skin biopsies and human
umbilical cords. Primary cultures were validated by the protein expression of crucial markers genes
such as the von Willbrand factor, but pancreatic differentiation medium down regulated these markers.
Therefore, natural characteristics of endothelial cells had to be preserved by a co-culture medium.
Data obtained from the mouse system were transferred to the pancreatic differentiation of human
IMR90 iPS and H9 ES cells. The protein expression of pluripotency markers was verified in IMR90 iPS
cells. Next, directed iPS cell differentiation towards the pancreatic lineage was verified without 3D
co-cultures. These data were compared to the spontaneous differentiation of iPS cells. The directed
differentiation generated Pdx1-positive multipotent pancreatic progenitors. The differentiation protocol
was transferred to co-culture conditions using IMR90 iPS and H9 ES cells. Transcript analysis
revealed that markers crucial for the generation of pancreatic endocrine cells were not elevated or
down regulated. The differentiation protocol was also transferred to 3D co-culture conditions. Staining
of life and dead cells revealed that cells remained viable. However, transcript analysis revealed that
markers crucial for the generation of pancreatic endocrine cells were down regulated. One can
conclude that co-cultures at a later stage of the pancreatic differentiation might be more suitable.
Altogether, this study does not give a clear answer according to question raised at the beginning of the
study, but obtained date highlight that the given approaches are promising. Modification of the
established treatment protocols might reveal a more efficient non-viral reprogramming strategy.
Further, modification of the co-culture conditions might reveal an organotypic differentiation model

suitable to promote terminal pancreatic differentiation.
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6. ZUSAMMENFASSUNG

In dieser Arbeit wurde eine heutzutage allgegenwértige Fragestellung bearbeitet. Wie kann man
genetische Pradispositionen untersuchen und deren Wirkmechanismus aufklaren? Die Fragestellung
in dieser Arbeit basierte auf der Kenntnis, dass es genetische Variationen mit der Entstehung, dem
Krankheitsverlauf und der Behandlung von Diabetes Mellitus Typ 2 (T2DM) assoziiert sind. Diese
Arbeit beschreibt wie man Risikogene fiir die Erkrankung an T2DM genauer untersuchen kann.
Grundlegend waren 3 aufeinander folgende Arbeitsschritte. Primare Zellen mussten von Spendern
gewonnen, diese reprogrammiert und in die pankreatische Linie differenziert werden.

In einem ersten Schritt wurden primadre Zellen aus gesunden Probanden isoliert. Primare
Keratinozyten wurden aus gezupften Haaren gewonnen. Keratinozyten exprimierten zahlreiche
Pluripotenz-assoziierte Gene, was sie fur die Herstellung induziert-pluipotenter Stammzellen
(iPS-Zellen) pradestiniert.

In einem zweiten Schritt war es notwendig iPS-Zellen herzustellen. Um jedoch die Unversehrtheit des
Genoms zu gewabhrleisten, war notwendig von in der Literatur bereits beschrieben Methoden zur
viralen Reprogrammierung ab zu weichen. Als Ausgangsmaterial fur die Etablierung eines
nicht-viralen Protokolls wurden mesenchymale Stammzellen (MSCs) und Fibroblasten gewahit.
Nicht-virale Methoden waren die Transfektion spezieller Plasmide, die Transfektion
ES-Zell-spezifischer microRNAs (miRs), einer sehr niedriger Sauerstoffgehalt (Hypoxie) und die
Behandlung mit Molekulen zur Veranderung von Signalwegen.

Die Transfektion episomaler Vektoren zielte auf die ektopische Expression der
Reprogrammierungsfaktoren Oct4, Nanog, Sox2 und Lin28 (ONSL) ab. Unter optimierten
Bedingungen wurden etwa 30 % der MSCs und etwa 1,5 % der Fibroblasten transfiziert. Die
mRNA- und Proteinexpression von ONSL wurde nachgewiesen. ONSL wurden endogen induziert.
Weiterhin wurde die Transfektion von miR-302a-d & 372, welche fast ausschlief3lich in ES-Zellen
exprimiert werden, untersucht. Etwa 97 % der MSCs und etwa 44 % der Fibroblasten wurden
erfolgreich transfiziert. Wichtig war die Voraussage gegenwartig kaum beschriebener
Pluripotenz-relevanter Zielgene. Diese Studie konnte im Zellkulturmodell betatigen, dass die
Transkription von Ccnat, KIf13, Dnmt1 und Wdr61 durch die Gabe von miR-302a-d & 372 herunter
reguliert wird. Weiterhin fiihrte die Gabe dieser miRs zur endogenen Expression von Pre-miRs und
Pri-miRs. Nach Transfektion von miR-302a-d & 372 wurde auch die Genexpression von Oct4 und
Nanog induziert. In weiteren Analysen wurde genauer untersucht wie die Induktion von Oct4 zu
erklaren war. Die starke Repression der Dnmt1 Proteinexpression legte nahe, dass die
DNA-Methylierung des Oct4 Promoters daflr ursachlich gewesen sein konnte. Ein genaue Analyse
verwendete einen Luciferase-Reporter-Konstrukt um die Bindung von miR-302a-d & 372 an die 3’
untransaltierte Region der Dnmt1 mRNA zu beweisen. Ein Real-Time-PCR-basiertes Verfahren
konnte zeigen, dass CpGs in der konservierten Region 4 des Oct4 Promoters nach Transfektion der
miR-302a-d & 372 weniger methyliert sind.

Zur Unterstitzung der Reprogrammierung wurden hypoxische Kulturbedingungen angewendet.
Hypoxie induzierte die Expression von Oct4 und miR-302a. Nach Transfektion des episomalen
Vektors konnte die Transkription von Oct4, Nanog, und Lin28 starker oder langer andauernd

angeschaltet werden. Der Anteil Ki67-positiver proliferierender Zellen wurde durch Hypoxie erhdht.
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Die Behandlung mit niedermolekularen Wirkstoffen begiinstigte die Entstehung teilweise
reprogrammierter Kolonien nach der Transfektion von episomalen Vektoren oder miR-302a-d & 372.
Die Kolonien zeigten die Aktivitat alkalischer Phosphatasen. Epigenetische Modulatoren, Inhibitoren
bestimmter Signalmolekile und Inhibitoren bestimmter Kinasen wurden eingesetzt. Nur die
Behandlung mit episomalen Vektoren in Verbindung mit der Inhibition bestimmter Signalmolekule und
Kinasen unter normoxischen Bedingungen fuhrte zur Erhaltung der ONSL Expression in gepickten
Kolonien.

In einem dritten Schritt war die Analyse der pankreatischen Differenzierung und die Etablierung eines
dreidimensionalen (3D) Co-Kultursystems notwendig. Hierzu wurden 3D Matrizen aus dem
Schweinedarm prapariert. Es wurde analysiert, in wie fern dieses 3D Gerlst die pankreatische
Differenzierung ermdglicht. Die Kultur muriner transgener Sox17-DSred-exprimierende embryonaler
Stammzellen (ES-Zellen) und deren Differenzierung in entodermale Vorlauferzellen des Pankreas
wurde gezeigt. Paraffin-Schnitte belegten, dass Zellen in das 3D Gerist hinein wandern. Die
Entwicklung multipotenter pankreatischer Vorlauferzellen wurde durch die Matrizen begunstigt.

Die pankreatische Differenzierung muriner ES Zellen wurde anhand eines Embyoidbody-basierten
Differenzierungsmodels ohne Matrizen validier. Die Anwendung von 3D Matrizen wurde in einem
nachsten Schritt in das Protokoll aufgenommen. Die Differenzierung entodermaler Vorlaufer wurde
auch auf 3D Matrizen bestatigt. Der Einsatz eines Co-Kulturmediums behinderte die Differenzierung
entodermaler Vorlaufer nicht.

Zur Co-Kultivierung wurden primare Endothelzellen aus Hautbiopsien und aus der Nabelschnur
gewonnen. Die Proteinexpression wichtiger Endothelzellmarker wie von-Willebrand-Faktor wurde
durch das pankreatische Differenzierungsmedium herunterreguliert. Um dies zu verhindern wurde
eine spezielles Co-Kulturmedium etabliert.

Die Erkenntnisse aus dem murinen System wurden auf die Differenzierung von IMR90 iPS- und H9
ES-Zellen (bertragen. Die Proteinexpression von ONSL und weitere Pluripotenzmarker in IMR90
iPS-Zellen wurde validiert. Danach wurde die pankreatische Differenzierung ohne 3D Co-Kultur
validiert. Dabei wurde eine gerichtete Induktion entodermaler Vorlauferzellen einer spontanen
Differenzierung gegenulber gestellt. Die gerichtete Differenzierung flhrte zur Bildung Pdx1-positiver
multipotenter pankreatischer Vorlauferzellen. Nachfolgend wurde die pankreatische Differenzierung
von entodermalen Vorlauferzellen in der Gegenwart von Endothelzellen analysiert. Die
Transkriptanalyse zeigte, dass Marker fir die Differenzierung endokriner Vorlauferzellen in der
Co-Kultur mit Endothelzellen gleichbleibend exprimiert oder herunter reguliert werden. Weiterhin
wurden Co-Kulturen auf die Matrizen aufgebracht und analysiert. Die Analyse mit Lebend- und Tot-
Farbstoffen zeigte, dass differenzierende Zellen als auch Endothelzellen vital co-kultiviert wurden.
Eine Transkriptanalyse belegte jedoch, dass Marker fir die Differenzierung endokrine Vorlduferzellen
in der 3D Co-Kultur mit Endothelzellen herunter reguliert werden. Eine Co-Kultur zu einem spateren
Differenzierungszeitpunkt 1&sst sich daraus ableiten.

Eine endgultige Antwort auf die Frage wie sich genetische Pradispositionen analysieren lassen kann
diese Arbeit nur im Ansatz beantworten. Basierend auf den gewonnen Erkenntnissen erscheint es
jedoch maoglich, dass durch weitere Modifikation der nicht-viralen Reprogrammierungs-Methoden die
Herstellung nicht-viraler iPS-Zellen ermdglicht werden kann. Die Modifikation des Co-Kulturmodels

stellt eine organotypsiche terminale Differenzierung in Aussicht.
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APPENDICES
8. APPENDICES

A

electroporation standard approach

B

lipofection standard approach more than 625 ng DNA/10% cells

. - : \.” - --

more than 9.4 ul INTERFERIN™/105 cells

APPENDIX 1: Morphology and GFP expression after delivery of pEGFP-N1 by electroporation and
lipofection. (A) Electroporation of pEGFP-N1 into L87 cells by application of different protocols. Morphology and
GFP fluorescence are demonstrated from day 1 until day 7 for the standard approach. (B) Lipofection of
pEGFP-N1 into L87 cells by application of different protocols at day 3. Morphology and GFP fluorescence of
viable cells are demonstrated when 625 ng DNA and 9.4 ul INTERFERIN™ were applied in 10° cells (indicated
as standard approach). Detachment indicating loss of viability is demonstrated by elevation of plasmid DNA and
transfection reagent. Bars represent 100 pm.
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750 ng 500 ng 250 ng

1000 ng

250 ng

500 ng

750 ng

1000 ng

APPENDIX 2: Morphology and GFP expression after delivery of pEGFP-N1 using competitor rea&gents. (A)
Optimization assay of LipofectamineTM 2000. L87 cells were treated with 7.5-15.0 pl Lipofec:tamineT 2000 and
250-1000 ng DNA per 12-well containing 4x 10* cells. MohrPhoIogy and GFP expression is demonstrated at day 3.
(B) Optimization assay of Lipofectamine™ LTX & Plus™ reagent. Cells were treated with 15.0-30.0 pl diluted
reagent and 250-1000 ng DNA per 12-well containing 4x 10* cells. Morphology and GFP fluorescence is
demonstrated at that when GFP expression occurred. [X] indicates that there was no GFP expression. Bars

represent 100 um.
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25 pl DNA (1:200/ 125 ng) 25 ul DNA (1:200/ 125 ng) 25 pl DNA (1:20/1.25 pg) 25 pi DNA (1:2712.5 ug)

30 pl reagent 65 ul reagent 65 pl reagent 65 pl reagnet

APPENDIX 3: Optimization of STEMcircles™ delivery. L87 cells (1-1.5 x 106) were transfected with different
amounts of INTERFERIn™ transfection reagent (indicated as reagent) and episomal vector DNA (indicated as

DNA). The presence of the GFP fluorescence was analyzed by flow cytometry at day 3. Representative data
(n=2).

mock Turbofect™ NeoFX™

o - - -

} -

APPENDIX 4: Morphology after delivery of miRs using competitor reagents. Turbofect™ and NeoFX™
transfection reagents were analyzed in BJ-5ta cells and L87 cells at day 3 according to manufacturer’s
instructions by transfection of 50 nM miR-1 and mock transfection. Bars represent 100 ym.
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miR-1

APPENDIX 5: Morphology after delivery of miRs using different concentrations. L87 cells were treated by
INTERFERin™ according to manufacturer’s instructions. Different amounts of miR-1, nonsense miR and mock
transfection is demonstrated. Bars represent 100 pm.

nonsense miR

30 nM
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cock miR-neg mock

standard media

cock miR-neg mock

ES cell-specific medium

hypoxia

normoxia

APPENDIX 6: Morphology and after delivery of miR-302a-d & 372 in the presence of hypoxia. BJ-5ta cells
were transfected with 5x 10 nM miR-302a-d & 372 (cock), 50 nM nonsense miRs (miR-neg), and
mock-transfected (mock). Cells were seeded on MEFs and morphology is demonstrated using standard media
and human ES cell-specific medium under normoxia and hypoxia. Representative data at day 5 (n=3).

BJ-5ta L87
mock STEMcircles™ mock STEMcircles™
normoxia
" :
ypoxia mock  STEMcircles™ mock STEMcircles™

APPENDIX 7: Morphology and GFP expression after delivery of STEMcircles™ in the presence of
normoxia and hypoxia. BJ-5ta cells and L87 cells were transfected with episomal vectors (1-1.5 ug / 1x10° cells)
or mock-transfected (mock). Morphology and GFP expression is demonstrated at day 2 under normoxia and

hypoxia. Representative data (n=3).
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RG-108 VPA BIX-01294
12d ' 007 M

neg

normoxia

hypoxia

neg

APPENDIX 8: Morphology after treatment with small molecule epigenetic modulators. (A) Optimization
assay in L87 cells under normoxic and hypoxic conditions at day 2. Media supplements are indicated. Bars
represent 100 pm. (B) Optimization assay in L87 cells under normoxic and hypoxic conditions at day 12.
Mock-treated cells (neg) are shown as a control. Bars represent 200 ym.
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RG-108 BIX-01294

low

high

miR + VPA

miR

APPENDIX 9: Small molecule epigenetic modulators, miR-302a-d & 372, and hypoxia affect the
morphology of L87 cells. L87 cells were cultured under hypoxia and treated with epigenetic modulators and
miRs. (A) Morphological analysis at day 6 after treatment with RG-108, BIX-01294, VPA, and SBT using low and
high concentrations. Bars represent 200 pM. (B) Morphological analysis at day 6 after treatment with epigenetic
modulators and miR-302a-d &372. L87 cells were transfected with 5x 10 nM miR-302a-d & 372. Further, another
approach 2 epigenetic modulators using different combinations were applied in the presence of miRs. Morphology
is shown for treatment with RG-108 and BIX-01294 (2x small molecules). Control cells were transfected with miRs
or mock-transfected and cultured in presence of hypoxia without treatment. Bars represent 100 pm.

2x small molecules

BJ-5ta BJ-5ta
normoxia hypoxia

mock

+
small molecules

- - o

APPENDIX 10: Morphology after treatment with miR-302a-d & 372, small molecule epigenetic modulators,
and ES cell-specific culture conditions. BJ-5ta cells were transfected with 5x 10 nM miR-302a-d & 372 or
mock-transfected (mock) and seeded onto MEFs at day 3 under normoxia in human ES cell-specific medium
supplemented with set#1 of small molecules. Morphology is demonstrated at day 6. Bars represent 100 ym.
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APPENDIX 11: Small molecule epigenetic modulators promote maintenance of colonies derived after
transfection with miR-302a-d & 372. BJ-5ta cells were transfected with 5x 10 nM miR-302a-d & 372 and seeded
onto MEFs at day 3 under hypoxia in human ES cell-specific medium supplemented with set#6 and set#7 of small
molecules. Clones were picked at day 27 and morphology is demonstrated one week later. Colonies were
classified according to their morphology namely, dying colonies, compact colonies, and loose colonies. Bars
represent 100 pm.
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#1 #2 #3 #4 #5

APPENDIX 12: Small molecule kinase inhibitors do not preserve proliferation of non-epithelial colonies
established by STEMcircles™. L87-derived colonies obtained by transfection with 5x 10 nM miR-302a-d &372
and treatment with kinase inhibitors were cultured using hypoxic and human ES cell-specific conditions. The

morphology of clones are shown after passage 2. Morphology of selected clones (indicated by #) is shown from
day 1 to day 3 after passaging. Bars represent 200 pm.
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CGR8-817

phosphatase activity is demonstrated in in human somatic L87 MSCs and BJ-5ta fibroblasts. Presence alkaline
phosphatase activity is demonstrated in H9 human ES cells (H9) and CGR8-S17 murine ES cells (CGR8-S17).
Bar represents 100 pm.

mock co-transfection mock co-transfection

o - - - -
: - - - -
APPENDIX 14: Morphology after co-transfection of STEMcircles™ and miR-302a-d & 372. BJ-5ta cells and

hypoxia normoxia
L87 cells were transfected with episomal vectors and 5x 10 nM miR-302a-d &372 and control cells were
mock-transfected (mock). Morphology is shown at day 2. Bars represent 100 pm.
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APPENDIX 15: Characteristics of human ES cells are preserved in iPS cells by MEF conditioned medium.
IMR90 iPS cells were seeded onto GFR Matrigel™ (MGFR) and standard Matrigel™ (M) usmg mTeSR1™
medium. Further, cells were cultured in MEF-conditioned medium (cond. med.) and Nutristem™ culture medium
(competitor) using GFR Matrlgel M_coated dishes. After one passage, cells were analyzed at day 3. (A) Analysis
of colony morphology. (B) qRT PCR analysis of pluripotency marker Oct4, Nanog, Sox2, c-Myc, KIf4 and Lin28
mRNA levels. Error bars represent SD of representative data. (C) IF analysis of Tra-1-81 and Oct4A. Bars
represent 100 um.

167



APPENDICES

- |
™ o
- o
®
o~
L
o
[v]
w
w
(]
o
o
®
~
o
-
[
-
S o :
L] 12} L
] 4
gl " : {
3 - ;
o : s
i Tk d
- o
r~ @
o~ ~
®
o
@
s
o i {
2
e -
=] <
S ~
|
1
o
©
=
i
-
o~
-
-
-
=
-
o
b=
-
G
| g
al o £
AR
= 'Em
18
7]
w
£ < N £ < = £
c = [ = 2e NpE
= 8- mE= = 8= ne=
o =g 2 g = £ 5 =5
8 2 2g e s 2 £g &t
o - = = = =
e £ EL SEE 4 EE SEE
e - - -— - -
G = o — S o - o — Qo _
£ © »n © Row © o ® R aowT
c ® C X © C c © C ¥ © C
2 [SIN= QLD oO=tDO [S] O o gEco g-=-Cco
73 [ NE® NDEET®D 7] "G wEws WEERTS
ot il e I e B i el d oot i
= ik o TLeT TBeex ol =2 zoezx ZDunsz
hypox1a normoxia

APPENDIX 16: Morphology and GFP expression after subsequent treatment with STEMcircles™,
miR-302a-d & 372, and small molecules. Morphology during reprogramming of L87 cells is demonstrated. The
use of kinase inhibitors, signal-transduction inhibitors (indicated as signal transd. inh.), human ES cell-specific
conditions and hypoxia is indicated. Bars represent 200 pm.
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APPENDIX 17: List of human semi-quantitative PCR primers.

APPENDICES

TRANSCRIPTS /

ENE EQUENCE 1IZE DESCRIPTION
G SEQUENCES SIZE[bP] | pNA SEQUENCES SC ©
(S) ACTCAACACGGGAAACCTCACC NR_046235.1
18SrRNA (AS) CGCTCCACCAACTAAGAACGG 1 NR_003286.2 control
. (S) TGAACTTTCTGCGGTGACTG o
Poli (AS) TTGGATACGCTGAGCAACTG 409 NM_007195.2 proliferation
(S) CCCAGACACATGCAGCTCTA I
Mcm5 (AS) TGTCTCCTCGGCGAGTAAGT 400 NM_006739.3 proliferation
miR302 (S) GGGCTCCCTTCAACTTTAAC 707 NR_029857.1 i-miR-302
cluster' (AS) ATTCTGTCATTGGCTTAACAATCCATCACC NC_018915.2 pri-mi
Nanog (S) GACTGAGCTGGTTGCCTCAT 295 NM 024865.2 endogenous ONSL
noCDS (AS) ATGCTTCAAAGCAAGGCAAG = - expression
NM_001285987 1
Octd (S) GCGATCAAGCAGCGACTA 400 W—ggfgggg% ] endogenous ONSL
noCDS (AS) TTCACCTTCCCTCCAACC NM 001173857 2 expression
NM_002701.5
Sox2 (S) CCCTGTGGTTACCTCTTCC endogenous ONSL
noCDS?2 (AS) CTCCCATTTCCCTCGTTT 259 NM_003106.3 expression
Lin28 (S) AGCCAAGCCACTACATTC endogenous ONSL
no(:DS2 (AS) AGATACGTCATTCGCACA 300 NM_024674.4 expression
(S) CAAGCCCTCATTTCACCAG .
Oct4A (AS) TTGATGTCCTGGGACTCCTC 467 NM_002701.5 pluripotency
NM_001285087 1
NM_203289.5
(S) AGTGAGAGGCAACCTGGAGA - )
Oct4A+B (AS) CAAAMACCCTGGCACAAACT 447 m_ggﬁsggg?; pluripotency
NM_002701.5
(S) AGTCTCCAAGCGACGAAAAA )
Sox2 (AS) GGAAAGTTGGGATCGAACAA 410 NM_003106.3 pluripotency
(8) TTCCTTCCTCCATGGATCTG .
Nanog (AS) ACTGGATGTTCTGGGTCTGG 483 NM_024865.2 pluripotency
(S) TTCGGGTAGTGGAAAACCAG )
c-Mye (AS) TAGGAGGCCAGCTTCTCTGA 490 NM_002467 .4 pluripotency
. (S) GGTTCGGCTTCCTGTCCATGA )
Lin28 (AS) GGTGGCAGCTTGCATTCCTTG 313 NM_024674.4 pluripotency
3 (S) TGATTGTAGTGCTTTCTGGCTGGGCTCC .
Kif4 (AS) ACGATCGTGGCCCCGGAAAAGGACC 387 NM_004235.4 pluripotency
NM_001207055.1
NM_175850.2
(S) CCAGGACTCGTTCAGAAAGC NM_175849.1 .
Dnmt3b (AS) CAAACTCCTTCCCATCCTGA 390 NM_175848.1 pluripotency
NM_006892.3
NM_001207056.1
NM_004284 4
NM_001256336.1
(S) GACATGCCACGAAAGGTTTT L .
Chd1l (AS) CTAGCAAGCTGGGGTCAAAG 388 o 1 pluripotency
NM_001256338.1
NM_001099412.1
(S) CCCATGTGTGGTGCTATTGA . .
Myst3 (AS) TATAAAGCGGGTTTGCGAGT 279 NM_006766.3 pluripotency
(S) CCAGCAGCCAACTTTACCAC NM_001193508.1 .
Rest (AS) ACCGACCAGGTAATCACAGC 333 NM_005612.4 pluripotency
(S) AGGAGCTGACGTGGAAGATG NM_198253.2 .
Tert (AS) GCACCCTCTTCAAGTGCTGT 273 NM_001193376.1 pluripotency
(S) CCCTAACTGAGAAGGGCGTA .
Terc (AS) GCTGACAGAGCCCAACTCTT 271 NR_001566.1 pluripotency
3 (S) CTTATGCTACGTAAAGGAGCTGGG .
Gdf3 (AS) GTGCCAACCCAGGTCCCGGAAGTT 631 NM_020634.1 pluripotency
3 (S) ATATCCCGCCGTGGGTGAAAGTTC )
Esg1 (AS) ACTCAGCCATGGACTGGAGCATCC 243 NM_001025290.2 pluripotency
Dppad® (S) GGAGCCGCCTGCCCTGGAAAATTC 408 NM_018189.3 pluripotency

(AS) TTTTTCCTGATATTCTATTCCCAT
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3 (S) CCGTCCCCGCAATCTCCTTCCATC .
Dppa2 (AS) ATGATGCCAACATGGCTCCCGGTG 608 NM_138815.3 pluripotency
NM_000814.5
NM_021912.4
3 (S) CCTTGCCCAAAATCCCCTATGTCAAAGE _ .
Gabrb3 (AS) GTATCGCCAATGCCGCCTGAGACCTC 277 NM_001191320.1 pluripotency

NM_001278631.1
NM_001191321.2

Tdgft® (A8) GocAcaRGaTaGTOATCOAToACRRG | 237 NM_0032122 pluripotency
Gal (AS) CGOAGOAGGOTCTCAGGACCGOTC 188 NM_015673.3 pluripotency
Lefy?’ (AS) CATGOG0RGCGAGTORGTOTO0ORGS | 255 NM_020057.2 pluripotency
Lefty2® (A8) GBacAGOGAGGOAGTOTOdoAGG0 | 274 V001 172425 1 pluripotency
Fitm1° (AS) GOTCBOCARCOATOTTCCTGTO0oTAG | 229 NM_003641.2 pluripotency
Nodal’ (A8) GeGACTOGGTGGG00Ta0TARGETTT | 234 NM_016055.4 pluripotency
U’ (A8) COCACTEACOABAATOARGIOCAC 171 NM_003577.2 pluripotency

NM_001242443.1

3 (S) CGCCTCTTCAAGTACGGGGTGCAGCTGT NM_001242442.1 )
Grb7 (AS) TGGGCAGGCTGAGGCGGTGGTTTG 241 NM_001030002.2 pluripotency
NM_005310.3
3 () TCCAGCCCCACAGCAGCATCAACTACC NM_005397.3 .
PodxI1 (AS) CCGGGTTGAAGGTGGCTTTGACTGCTC 226 NM_001018111.2 pluripotency
3 (S) GTGCATGCTGGGACTGTTCTTCGGCTTC .
CD9 (AS) CACGCCCCCAGCCAAACCACAGCAG 220 NM_001769.3 pluripotency
3 (S) CTACAACGCCTACGAGTCCTACA .
Fgf4 (AS) GTTGCACCAGAAAAGTCAGAGTTG 371 NM_002007.2 pluripotency
3 (S) CAGATCCTAAACAGCTCGCAGAAT )
Rex1 (AS) GCGTACGCAAATTAAAGTCCAGA 306 NM_174900.3 pluripotency
Tie2* Eigf%ﬁéﬁ%gggg%%%ﬁc 261 NM_000459.3 characterization ECs
VWE* Eiggggﬁggg%é&éﬁ‘éz‘%& 180 NM_000552.3 characterization ECs
Ephb2* Eigg’éﬁg%gﬁggg@%ﬂ% 150 NM_004093.3 characterization ECs
Ephb44 () GCCCATCATCATGTCTGTTTCCA 129 NM_004444.4 characterization ECs

(AS) CACCAACTACCGCCCTTTTCAC

NM_001278138.1

S) GCCAGCATTGTCTCACTTCA -
Eng’ ( 135 NM_000118.3 characterization ECs
(AS) GGCACACTTTGTCTGGATCA NM_001114753.2
Pecam1* Eig’?gggﬁéggé;gg}ﬁéﬂ; 165 NM_000442.4 characterization ECs
Vecadt | (AchScsomCTSTCTONGM 2| waoess cheracterizaion ECs
Vegfr2 Eig?g?:gggég%gﬁgggﬂT 563 NM_002253.2 characterization ECs
(S) AATTGGTCCAGCCTTGGAAT NM_003181.3 . -
Bra (AS) TACTGGCTGTCCACGATGTC 290 NM_001270484.1 differentiation
Ngn3 Eié?ggéggggﬁ&%ﬁ%%ﬁ?;r 250 NM_020999.3 differentiation
3 (S) TGGGAGCGGTGAAGATGGAAGGGCAC NM_021784.3 . -
Foxa2 (AS) TCATGCCAGCGCCCACGTACGACGAC 216 NM_153675.1 differentiation
3 (S) GAATGCTGCAAACTGACCACGCTGGAAC . -
Afp (AS) TGGCATTCAAGAGGGTTTTCAGTCTGGA 281 NM_001134.2 differentiation
Sox17 () TAGTTGGGGTGGTCCTGCAT 166 NM_022454.3 differentiation

(AS) CGCTTTCATGGTGTGGGCTA

170



APPENDICES

NM_001127612.1

3 () ACCCATTATCCAGATGTGTTTGCCCGAG NM_000280.4 . -
Pax6 (AS) ATGGTGAAGCTGGGCATAGGCGGCAG 317 NM_001604.5 differentiation
NM_001258462.1
NM_001033886.2
() GCACTTTCACTCTCCGTCAG NM_199168.3 . -
Sdft (AS) CCACTTTAGCTTCGGGTCAA 323 NM_001178134.1 differentiation
NM_000609.6
Pdx1 Eié?ggg’éiﬁ??f@ﬁgggg% 400 NM_000209 differentiation
Nkx2.2 R A TAGCT AAGCTCOAAG 311 NM_002509 differentiation
Nkx6.1 R T CAncAGOTaC TR T TE 219 NM_006168 differentiation
Geg Eié?égzﬁgéffeigﬁiﬁy&giA 336 NM_002054 differentiation
Ins Eigggﬁgg‘?ﬁgg&%ﬁg%i’g% G 245 NM_000207 differentiation
Mist1 (R8) CTGTGOATOTGOGTCGAGTA 200 NM_177455.3 differentiation
NM_013999.3
S) GCAGCGTACCCTGACTTCTC - . -
Meox1 ( 497 NM_004527.3 differentiation
(AS) CGGTTCTGGAACCACACTTT NM 001040002,
3 (8) GGCCCGCCACTTGCAGGAGTACCAGG . -
Gfap (AS) CTTCTGCTCGGGCCCCTCATGAGACG 328 NM_002055.4 differentiation
. (S) CAGGTGGCGGACGTGTGAAAATTGAGAGTG O s 1
Map2 (AS) CACGCTGGATCTGCCTGGGGACTGTG 212 NM 0318452 differentiation
NM_031847.2

'Suh et al., 2004; 2Jia et al., 2010; *Takahashi et al., 2007; “Wang et al., 2007

171



APPENDIX 18: List of mouse semi-quantitative PCR primers.

APPENDICES

GENE SEQUENCES SIZE [bp] TRANSCRIPTS DESCRIPTION
(S) GGGAGGTGATAAGCGATGAA
TubV (AS) GGGCACCACACTGAAGGTAT 452 NM_011655.5 control
(S) GGCGTTCTCTTTGGAAAGGTGTTC NM_013633.3 . -
Oct4 (AS) CTCGAACCACATCCTTCTCT 313 NM_001252452.1 differentiation
Bra géﬂ%’éﬁg%%ﬁ%%%%% 357 NM_009309.2 differentiation
Foxa2 Eigfg?fggéfggg’g%ﬁ%&ﬁ%e 290 NM_010446.2 differentiation
Sox17 (R8) TGCTCATGGCTCTOCACAC 358 NM_011441.4 differentiation
Cxcrd gé?ﬁ?g:éggfgggéﬂfgg} 467 NM_009911.3 differentiation
Shh E/S\)S)T/&E%CG"\GCGGTEX%%%%% " 409 NM_009170.3 differentiation
FoxF1 ) CTAAGAT OO AOOH TG 390 NM_010426.2 differentiation
Sor | (escemescresierer 08| oy aerenation
Pdx1 (R8) TCOGTATTGOARCOCT ARG 317 NM_008814.3 differentiation
Ngn3 Eié??g%%?g%ﬂ%&%ﬁ%‘f&% 347 NM_009719.6 differentiation
NM_001160152.1
(S) GGGTTGATATTGCCAAGGAA NM_001160151.1 . -
Amy?2 (AS) GGCCAGTCAGACGACAATTT 423 NM_001160150.1 differentiation
NM_001042711.2
NM_001244198.1
NM_001244200.1
S) TCTAATCGAAGGGCCAAATG - . -
Pax6 ( 296 NM_013627.5 differentiation
(AS) ATGCACGAGTACGAGGAGGT NM_001244201.1
NM_001244202.1
Sdft (S) TCTGTCCTTCCCCACTTTTG 396 NM_001012477.2 differentiation

(AS) CTTCCCCTGCAATCCATTTA
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APPENDIX 19: List of human qRT-PCR primers.

TRANSCRIPTS /
ENE EQUENCE 1IZE DESCRIPTION
G SEQUENCES SIZE[bP] | pNA SEQUENCES SC ©
(S) ACTCAACACGGGAAACCTCACC NR_046235.1
18SrRNA (AS) CGCTCCACCAACTAAGAACGG 111 NR_003286.2 control
Oct4 (S) GACTCTCTGGACTGGCTTGG ,
Qmethyl (AS) AATACCTGCCAGAGGTCTGC 350 NC_018917.2 Oct4 promoter analysis
(S) AAATCTAAGAGGTGGCAGAAAAACA .
Nanog (AS) CTTCTGCGTCACACCATTGC 60 NM_024865.2 pluripotency
(S) CACTGCCCCTCTCACACATG .
Sox2 (AS) CCCATTTCCCTCGTTTTTCTT 31 NM_003106.3 pluripotency
(S) GACGATGCCCCTCAACGT .
c-Myc (AS) ACCGAGTCGTAGTCGAGGTCAT 60 NM_002467.4 pluripotency
. (S) CCCCCCAGTGGATGTCTTT .
Lin28 (AS) CCGGAACCCTTCCATGTG 95 NM_024674.4 pluripotency
(S) TCTGGGCCCCCACATTAAT .
Kif4 (AS) CGTCGCTGACAGCCATGTC 60 NM_004235.4 pluripotency
(S) CAAGCCCTCATTTCACCAG .
Oct4A (AS) ATCACCTCCACCACCTGGA 108 NM_002701.5 pluripotency
NM_001285987 1
NM_203289.5
S) AGTTTGTGCCAGGGTTTTTG . .
Oct4A+B ( 63 NM_001285986.1 pluripotency
(AS) TTGTGTTCCCAATTCCTTCC A 0011735512
NM_002701.5
(S) ACGGCATCCTGTACCGAGTT NM_001379.2 . .
Dnmt1 (AS) CTTCCGTGGGCGTTTCAC 83 NM_001130823.1 miR target analysis
NM_175629.2
1 (S) TATTGATGAGCGCACAAGAGAGC L . .
Dnmt3a (AS) GGGTGTTCCAGGGTAACATTGAG 111 NM_022552.4 miR target analysis
NM_153759.3
NM_001207055.1
NM_175850.2
2 (S) CCATTCGAGTCCTGTCATTG NM_175849.1 . .
Dnmt3b (AS) GCAATGGACTCCTCACACAC 176 NM_175848.1 miR target analysis
NM_006892.3
NM_001207056.1
Wdr61 gg?ggﬁggégéﬁigg;ﬁg%&oﬁm 74 NM_025234.1 miR target analysis
NM_003914.3
(S) TGGCATTTGAGGATGTGTATGAA NM_001111045.1 . .
Ccna1 (AS) TGTGTTGAAATCCAGCAGGAAGT ” NM_001111046.1 miR target analysis
NM_001111047.1
KIf13 Ei)S)T%éggﬁ‘g?g}rﬂ?égéﬁzmmC 135 NM_015995.2 miR target analysis
(S) CCTGACCCGTGAGACAAAGAAG . .
Thy1 (AS) GCTAGTGAAGGCGGATAAGTAGAG 130 NM_006288.3 miR target analysis

Zhao et al., 2010; “Rajendran et al., 2011
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APPENDIX 20: List of mouse gRT-PCR primers.

APPENDICES

GENE SEQUENCES SIZE [bp] TRANSCRIPTS DESCRIPTION
S) CCTGCACCACCAACGCTA

Gapdh EA)S) TCATGAGCCCTTCCACCATG 75 NM_008084.2 control

Sox17 (S) AGAAACTGCAGACCAGAAGCTATCA 122 P differentiation

(AS) GCTCATTGTATCCATGAGGTGACA

APPENDIX 21: Oligonucleotides for the generation of pmiRGLO-Dnmtl, pmiRGLO-nonsense, and
pmiRGLO-302a.

VECTOR

SEQUENCES

SIZE [bp] | DESIGN

(S) AAACTAGCGGCCGCTTTAGTGATCAAATTGTGCAGTACTTTGTGCAT

Ensemble IDs:

pmiRGLO-Dnmt1 47/51 ENST00000340748
(AS) CTAGATGCACAAAGTACTGCACAATTTGATCACTAAAGCGGCCGCTAGTTT ENSTO0000389526
. (S) AAACTAGCGGCCGCTTTAGTGATCAAATTGTGCTCGTGAATGTGCAT not complementary to
PMIRGLO-NONSeNse | (s cTAGATGOACATTCACGAGCACAATTTGATCACTAAAGCGGCCGCTAGTTT | 47/51 miR-302a
. (S) AAACTAGCGGCCGCGTTGTCACCAAAACATGGAAGCACTTAATTTAT complementary to
pmiRGLO-302a (AS) CTAGAAAAATTAAGTGCTTCCATGTTTTGGTGACAACGCGGCCGCTAGTTT 47151 miR-302a
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APPENDIX 22: Composition of media applied for pancreatic differentiation.

Spontaneous differentiation medium for the generation of EBs during spontaneous pancreatic
differentiation of mouse CGR8-S17 cells.

spontaneous differentiation medium

component final concentration
IMDM 50%

F12 50%

L-glutamine 2.5 mM

NEAA 1%
monothioglycerol 450 uM

FCS 20%

CDM for the generation of EBs during directed pancreatic differentiation of mouse CGR8-S17 cells.

CDM

component final concentration
IMDM 50%

F12 50%
L-glutamine 2.5mM

LIF 2 U/ml
chemically defined lipid concentrate 1%
monothioglycerol 450 uM
BSA 5.0 mg/ml
transferrin 150.0 pg/ml
insulin 7.0 ug
activin A 50 ng/ml

PDM for the differentiation of DE progenitors during pancreatic differentiation of mouse CGR8-S17 cells.

PDM1

component final concentration
IMDM 50%

F12 50%

L-glutamine 2.5mM
monothioglycerol 450 M

NEAA 1%

FCS 2%
KAAD-cyclopamine 0.75 mM
indolactam V 300 nM

PDM2

component final concentration
IMDM 50%

F12 50%

L-glutamine 2.5mM
monothioglycerol 450 uM

NEAA 1%

FCS 2%
KAAD-cyclopamine 0.75 mM

RA 1uM
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PDM3

component final concentration
IMDM 50%

F12 50%
L-glutamine 2.5mM
monothioglycerol 450 M
NEAA 1%

FCS 2%
progesterone 20 nM
putrescine 100 uM
laminin 1.0 yg/ml
insulin 25.0 pg/ml
sodium selenite 30 nM
nicotinamide 10 mM
transferrin 50.0 pg/ml
B27® supplement 1:50

HPDM for the differentiation of DE progenitors during directed pancreatic differentiation of human IMR90

iPS and H9 ES cells.

HPDM1

component final concentration
RPMI-1640 100%
KAAD-cyclopamine 0.25 uM

FGF10 50.0 ng/ml

Human VEGFa 50.0 ng/ml

FCS 2%

HPDM2

component final concentration
DMEM 100%
KAAD-cyclopamine 0.25 uM

FGF10 50.0 ng/ml

Human VEGFa 50.0 ng/ml

B27® supplement 1:50

RA 2 uM

10 uM Dorsomorphin
HPDM3

component final concentration
DMEM 100%

Human VEGFa 50.0 ng/ml

B27® supplement 1:50
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