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FUr meine Eltern

Die hochste Form des Gliicks ist ein Leben mit einem gewissen Grad an Verriicktheit.

Erasmus von Rotterdam

Men love to wonder, and that is the seed of science.

Ralph Waldo Emerson



ABSTRACT

ABSTRACT

The ability to generate transgenic rabbits (Oryctolagus cuniculus) in a fast and efficient way
would benefit biomedical research. So far, transgenic rabbits were produced by pro-nuclear
micro-injection of DNA molecules into fertilized oocytes or intra-cytoplasmic sperm
injection. These methods are characterized by a very low efficiency and formation of
concatemeres, which can result in gene silencing. Low transgenic expression may also be due
to position effects. Here, two different methods are used, cell-mediated transgenesis by
nuclear transfer (NT) and improved micro-injection by the use of transposons. Each method is
suitable for a particular purpose and proofs of principle applications are shown.

In order to have appropriate cells for the cell-mediated transgenesis, two different cell types
(pluripotent rabbit embryonic stem cells (rbESCs) and multipotent rabbit mesenchymal stem
cells (rbMSCs)) were characterized and assessed. For this, efficient techniques for their
isolation and culture were developed as well as efficient methods to transfect them. RbESCs
showed by RT-PCR expression of essential stem cell markers: Oct4, Nanog, Sox2, FoxD3,
Rex1, Nodal, DPPA5, BMP4 and TERC. Additionally, Oct4 was detected as protein by
immunostaining. When exposed to differentiating conditions (via embryoid bodies), cells
showed distinct phenotypes and expressed markers for the three germ layers Nestin
(exoderm), Desmin (mesoderm) and Hnf4a (endoderm) that were detected by RT-PCR.
Further, tbESCs stably transfected with eGFP and transferred into wild type 8-cell-stage
embryos contributed to the inner cell mass as revealed by the expression of eGFP in rbESCs
derived from those embryos. The 2™ cell type, tbMSC, was derived from bone-marrow and
adipose tissue. Their successful differentiation (adipogenic, osteogenic and chondrogenic)
was verified by specific staining. Both rbESCs and tbBM-MSCs were compared for their
ability to support foetal development after nuclear transfer where rtbMSCs were found to be
more suitable for cell-mediated transgenesis. To assess if tbMSCs were also suitable for the
production of gene targeted rabbits, cells were transfected with a targeting vector to replace
exon 3 of the rabbit hprt gene with a PGK-Neo-pA cassette by homologous recombination.
Resulting rabbits with a dysfunctional HPRT could provide an animal model for the human
Lesch-Nyhan syndrome.

In order to improve the efficiency of micro-injection of naked DNA into fertilised oocytes, a
transposon-based system (Sleeping Beauty - SB) was developed to integrate genes of interest
(GOI) into the rabbit genome as stable single-copies. To assess this vector system for
production of transgenic rabbits the red fluorescent marker mCherry under control of a

chimeric  cytomegalovirus  immediate-early  enhancer/modified  chicken  B-actin
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promoter/chicken B-globin intron sequence (CAGGs) was used. To determine the optimal
ratio of transposase to vector in Vvitro both constructs were transfected into rbMSCs.
Information from these experiments were then used to produce transgenic rabbits, 3 out of 18
foetuses (17%, d 21 p.c.) showed a uniform expression of mCherry. PCR analysis revealed
that none of the negative foctuses carried mCherry. Furthermore, PCR results showed that the
transposase-bearing vector was not integrated.

To obtain an animal model for Diabetes mellitus, a SB vector carrying the Akita-mutated
insulin was designed and proved functional in cell-culture assays. This was then followed by

preliminary in vivo experiments.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Moglichkeit, transgene Kaninchen (Oryctolagus cuniculus) schnell und effizient zu
generieren, wiirde die biomedizinische Forschung férdern. Transgene Kaninchen wurden
bisher durch pronukleare Mikroinjektion von DNA in befruchtete Eizellen oder intrazyto-
plasmatische Injektion von Spermien erzeugt. Allerdings sind diese Methoden durch sehr ge-
ringe Effizienz und die Bildung von Konkatemeren, was zur Stilllegung von Genen in Folge
von Positionseffekten fiihren kann, gekennzeichnet. In dieser Arbeit werden zwei Methoden,
die zellvermittelte Transgenese durch Kerntransfer und eine verbesserte Mikroinjektion durch
das Nutzen von Transposonen, angewandt. Jede Methode ist fiir bestimmte Zwecke geeignet
und Anwendungen zum Nachweis des Wirkprinzips werden gezeigt.

Um geeignete Zellen fiir die zellvermittelte Transgenese zu erhalten, wurden zwei ver-
schiedene Zelltypen charakterisiert und bewertet. Die gewahlten Zelltypen sind pluripotente
embryonale Kaninchenstammzellen (rbESCs) und multipotente mesenchymale Kaninchen-
stammzellen (rbMSCs). Es wurden sowohl effiziente Methoden fiir ihre Isolierung und Kulti-
vierung als auch Methoden zu ihrer Transfektion entwickelt. RbESCs zeigten die Expression
von essentiellen Stammzellmarkern (Oct4, Nanog, Sox2, FoxD3, Rex1, Nodal, DPPA5, BMP4
und TERC) in der RT-PCR. Zusitzlich konnte Oct4 als Protein durch Immunfirbung nachge-
wiesen werden. Wenn rbESCs Differenzierungsbedingungen mittels embryonalen Korperchen
ausgesetzt wurden, zeigten sich verschiedene Phinotypen und die Expression von Markern in
der RT-PCR, die charakteristisch fiir jede der drei Keimlinien sind: Nestin (Exoderm),
Desmin (Mesoderm) und Hnf4a (Endoderm). AnschlieBend wurden mit eGFP stabil trans-
fizierte tbESCs in 8-Zell-Stadium-Embryonen eingefiihrt, worauthin die eGPF-rbESCs zur
Entstehung der inneren Zellmasse beitrugen, was durch die Expression von eGFP in den
wiederum daraus erhaltenen rbESCs nachgewiesen wurde. Der zweite verwendete Zelltyp,
rbMSCs, wurde sowohl aus Knochenmark als auch aus Fettgewebe gewonnen. Deren erfolg-
reiche Differenzierung in Adipozyten, Chondrozyten und Osteoblasten wurde durch spezi-
fische Fiarbungen nachgewiesen. Beide Zelltypen, rbMSCs und tbBM-MSCs, wurden auf ihre
Verwendbarkeit fiir Kerntransferexperimente verglichen. Es zeigte sich, dass rbMSCs besser
fiir die zellvermittelte Transgenese geeignet sind. Um zu ermitteln ob rbMSCs auch fiir die
Produktion von Kaninchen mit gezielten Genmodifikation geeignet sind, wurden ménnliche
rbMSCs mit einem Targetingvektor transfiziert, welcher das Exon 3 des Kaninchengens hprt
mit einer PGK-Neo-pA Kassette durch homologe Rekombination ersetzt. Daraus entstehende
Kaninchen mit einem nicht funktionellen HPRT sind als Modelltiere fiir das menschliche

Lesch-Nyhan-Syndrom geeignet.



ZUSAMMENFASSUNG

Um die Mikroinjektion von nackter DNA in befruchtete Eizellen zu verbessern, wurde ein auf
Transposonen basiertes System (Sleeping Beauty, SB) entwickelt, um gewliinschte Gene in
das Kaninchengenom als stabile Einzelintegration und ohne die Bildung von Konkatemeren
einzufiigen. Das Transposonsystem besteht aus zwei Vektoren, um die Integration des Trans-
posasegens zu verhindern. Einer trdgt das gewiinschte Gen und der andere das Enzym. Um
dieses Vektorsystem fiir die Gewinnung transgener Kaninchen zu bewerten, wurde das rot
fluoreszierende Markergen mCherry unter Kontrolle des CAGGs Promoters in tbMSCs trans-
fiziert und in vitro das optimale Verhiltnis Transposase zu Vektor bestimmt. Dieses wurde
dann genutzt um transgene Kaninchen durch Mikroinjektion in befruchtete Eizellen zu gewin-
nen. In diesem Experiment wurden die Foten am Tag 21 der Trachtigkeit analysiert, wobei
sich zeigte, dass 3 von 18 Foten (17%) eine gleichméBige Expression von mCherry auf-
wiesen. Die anschlieBende PCR zeigte aulerdem, dass keiner der nicht mCherry exprimier-
enden Foten eine Kopie dieses Genes aufwies. Weiterhin wurde durch PCR gezeigt, dass der
Transposase tragende Vektor nicht integriert wurde. Um ein Tiermodel fiir Diabetes mellitus
zu generieren, wurde ein SB-System mit mutiertem Insulingen entworfen. Hierbei wurde die
Akitamutation in das Kaninchengen insulin eingefiigt, was in Zellkulturversuchen seine

Funktionalitét zeigte. AnschlieBend wurden vorbereitende Experiment in vivo durchgefiihrt.
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INTRODUCTION

1.1 Transgenic animals

Transgenesis refers to the introduction of an exogenous gene, transgene, into an organism
which then is transmitted to the offspring. This involves random integrations as well as
targeted integrations. However, other definitions include also the experimental modification
of the genomic sequence without introduction of exogenous genes.

Transgenic animals are powerful tools in biomedical research. In 1980 the first transgenic
animal was produced by pronuclear DNA microinjection into the fertilised mouse oocyte .
Five years later the first transgenic rabbits, pigs and sheep were generated in the same way >"*.
Generally, transgenesis is achieved by inserting exogenous DNA by different methods, e.g.
chemical-based and non-chemical transfection of plasmid vectors, transduction of viral
vectors and microinjections. Nowadays, the toolbox to obtain transgenic animals includes
cell-mediated transgenesis, sperm-mediated DNA transfer, intracytoplasmic injection of
sperm heads containing transgenic DNA (ICSI), retro-, lenti- and adenoviral vectors, small
interfering ribonucleic acids, meganucleases, zinc finger nucleases (ZFNs), transcription
activator-like effector hybrid nucleases (TALENs) and transposons. An overview to achieve
transgenic animals is given in Fig. 1.

The first famous transgenic livestock was Herman the bull : producing lactoferrin. For the
expression of human proteins also transgenic sheep, pigs, rabbits, mice and rats were
generated *°. Here, the most prominent example is the expression of human o-1-antitrypsin in

9,10

sheep ~". Most important for livestock biotechnology, Schnieke et al. (1997) ' ¢cloned for the

first time a live sheep from previously genetically manipulated cells. Today, a lot of

.. . . . . . . 12-14
medicines and immunisations are produced in transgenic animals .
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Figure 1: Overview of different methods to achieve transgenic animals.

The simplest way is the micromanipulation of the zygote by injecting exogenous DNA 1-3. Injection of 1: naked
DNA and 2: transposons into the cytoplasm or into pronuclei. 3: Lentiviral vectors are infectious and therefore
injected into the perivitelline space. 4: Sperms carrying the transgene are microinjected into the oocyte (ICSI).
5/6: Cells can be obtained from different stages of a developing animal and also from an adult. Those cells were
made transgenic in vitro and selected for the transgene. When these cells were given into blastocysts (5), a
chimeric animal will be achieved. On the other hand, the nucleus of these cells can be injected into an enucleated
oocyte (6) resulting in a transgenic animal. Adapted from Houdebine (2009) °

1.1.0.1 Rabbits as animal model for biomedicine

The rabbit (Oryctolagus cuniculus) is an omnivore that originates from the southwest of
Europe. It was tamed and kept as a meat supplier. This domestication began in about the 3™
century BC by the Romans after the conquest of Spain. Based on coat colour and other visible
traits, different breeds were developed during the 19 century.

In addition to their high fertility (65% conception rate), rabbits have a high number of
offspring (5 — 12). The gestation time is 30 — 33 days and rabbits become sexual mature with
4 — 5 months of age. After approx. 44 days postpartum, rabbits can be fertilised again, having
4 — 7 litters per year. In addition, rabbits have a much longer life span (5 — 8 years) compared
to rodents.

Rabbits used as experimental animals are most commonly the Dutch breed (agouti) with a
weight of less than 3 kg and the white New Zealand breed (albino) with a weight of 3 — 6 kg.
There are only a small number of inbred strains, e.g. ZIKA. Compared to mouse and rat, the
number of rabbits in biomedical research is relatively low and is approx. 1% of all reported

experimental animals. The research areas for which they are used include toxicity,
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teratogenicity and pyrogenic tests, the production of antisera, the setting of biologically active
substances, studies on atherosclerosis and surgical models '°.

The first transgenic rabbits were established by microinjection in 1985 **

and later by
improved microinjection '’. Nevertheless, the broad use of rabbits in biomedical research is
hampered by the lack of methods for precise genetic engineering. Albeit rabbit models are

18,19

used in research, their phenotype results from spontaneous mutations or imprecise

microinjections 2% VY,

Rabbits are in use as animal model already more than 100 years *"'%’. As experimental model
organism, rabbits are anatomically, physiologically and genetically more similar to humans,
than to mice and rats 2%, Also, rabbit strains exhibit a more diverse genetic background than
mouse strains. This could mimic the diverse human genetic situation more accurately. Thus,
rabbits are more appropriate to study complex diseases such as atherosclerosis, diabetes
mellitus (DM) and lipid metabolism. In particular, the disease phenotypes of distinct
transgenic rabbit models are closer to humans then to rodents ** V. In the research of
acromegaly, only the rabbit perfectly showed the same phenotype as humans, but not the pig
model . Furthermore, a rabbit model of hypertrophic cardiomyopathy showed all

28-32 . . . .
. In the research of infectious diseases, like

characteristic symptoms observed in humans
tuberculosis, rabbits are superior to mice and guinea pigs > . Beside human, chimpanzee
and gibbon, only rabbits are susceptible to infections with human immunodeficiency virus
(HIV), albeit the progression of the disease acquired immunodeficiency syndrome (AIDS) is

very slow 36-40 41414'

. For cancer science (e.g. leukaemia), different rabbit models are available
Rabbits not only serve as biomedical models but are also used for the production of
therapeutic proteins “**°. Already in 1990 human interleukin-2 was produced in the milk of

47

transgenic rabbits *'. Today, rabbits are well established in the production of human

48-52, reviews: 46,53-56

polyclonal antibodies and other pharmaceutical proteins . Importantly, there

is no known transmission of severe diseases and pathogens to humans.

1.1.1 Transposon-based transgenesis
To simply insert a foreign DNA sequence into a genome the method of pronuclear DNA
microinjection has been most commonly used. But at least in mice other methods, such as

viral vectors or transposons can be more efficient in the production of transgenic animals.

1.1.1.1 Microinjection

During microinjection foreign DNA is injected into the pronuclei of fertilised oocytes. As

mentioned, the first transgenic animal as well as first transgenic livestock were achieved with
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this method. Although microinjection has been used for more than 20 years this method is
fraught with many disadvantages since microinjection is very inefficient and expensive.
Typically, depending on the species, less than 1 — 4% of treated embryos are transgenic *
reviews: 5760 Generally, injected DNA integrates as concatemeres (multiple copies of the
exogenous fragment with a total size of 70 — 100 kb) that are prone to silencing > ™ ¢! It
is difficult to predict the site of integration of transgenic DNA and the resulting expression
pattern and level. Due to the relatively late integration during development, founder animals

are predominantly mosaic for the transgene ™"

1.1.1.2 Transposons

Since microinjection alone is a very inefficient method, attempts to improve this method have
been made. One option is the use of viral vectors but due to the high infectious potential of
viruses and therefore difficult work flow it is desirable to reduce their usage for genetic
applications. In addition, viruses do not integrate at random but have strong preferences for
actively transcribed genes ®* ™™ © An alternative enhancement is the microinjection of
transposons *°.

Transposons are ordinary repetitive and mobile genetic components of genomes amounting
for about 45% of its size ®. However, most of them are not intact and therefore not mobile.
Based on their transposition mechanisms they are grouped into two classes. Class I elements,
retrotransposons, use an RNA intermediate for their transposition by a copy-and-paste
mechanism. Class II elements, DNA transposons, transpose by a cut-and-paste mechanism.
Only 3% of the genome consists of these class II elements °"***. The different members of
DNA transposons are grouped into super families that are Tcl/mariner, piggyBac, Merlin,
Ginger, Mutator, Transib, Sola, Zator, Pogo, TP36, IS630, hAT, P and others % """,

DNA transposons activate themselves as the transposase enzyme is encoded by the transposon
itself. It excises and re-integrates by a very precise cut-and-paste mechanism. The transposase
gene is flanked by inverted terminal repeats (ITR) which are binding sites for the transposase.
After transposase-mediated excision of the element, it becomes subsequently integrated into a
new genomic site. All DNA-transposons identified in mammalian genomes so far are not
functional due to non-functional transposase genes. The mechanisms involved during
transposition are reviewed by Claeys Bouuaert and Chalmers (2010) .

Genetically reconstructed and/or modified transposons have been shown to enable

71-73

. . . . 4 .
transgenesis in different species such as worms , sea squirt 7 , flies 7 ’76, fish 77, frogs 78’79,

. . 4 -
mice 5033 , rats 8485 and human cells 58,
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1.1.1.2.1 Sleeping Beauty
The name Sleeping Beauty (SB) refers to the awakening of a Tcl/mariner superfamily-based

transposon after more than 10 million years of evolutionary sleep ¥~

. DNA transposons of
this superfamily (e.g. SB, Minos, Passport) are found in all vertebrates but are inactive due to
the accumulation of mutations **. Since SB was constructed for the purpose to deliver defined
DNA sequences into vertebrate genomes it is a synthetic DNA transposon. For this, fossil
transposase sequences found in salmonid fishs (Salmo salar and Oncorhynchus mykiss) were
reconstructed. Today, SB is the most widely used transposon system in vertebrates """ 94,
The SB transposase protein (SBase) consists of 360 amino acids (aa) and recognizes the
flanking ITRs (Fig. 2). It binds to ITRs, catalyses first the excision and then the integration
into random sites within the genome *°. However, there is a requirement for a TA dinucleotide
at the target site, typical for transposons of this superfamily *°. In addition, surrounding the

. . . . 97-99
TA dinucleotide are palindromic consensus sequences

. There are approx. 200 million TA
sites in the mammalian genome. This target site selection is primarily determined by the DNA
structure °°. In principle, the integration pattern of SB is random, apart from the TA
dinucleotide dependence. Nevertheless, some hotspots and cold regions are widespread within
the genome. This regional preference differs among distinct transposon systems. In the
chromatin context, SB does not show preference for transcription units '*°. If SB integrates
into transcription sites this occurs mostly into introns. Upon integration of SB the TA site

becomes duplicated. When excised, this duplication results in a typical footprint consisting of

characteristic nucleotides (TAG(T/A)CTA) '*'1%,

DDE-box
IR-DR PAI aeo NLS -—.‘_‘:h L~ IR-DR
o (xO==(D) D E)
231 bp - " h 29 bp 31 bp
DMNA-Recognition Catalytic Domain

360 amino acids

Figure 2: Principle structure of the Sleeping Beauty transposon.

The transposase, flanked by ITRs (red), consists of 360 aa and has two functionally domains: The catalytic
domain is responsible for the excision and, upon DNA recognition by the DNA recognition domain, for the
integration into a new locus. PAI and REC are two paired box sequences. The DDE box refers to positions of
conserved aspartic acid (D) and glutamic acid (E) and is a functional characteristic in biochemistry. G-rich is a
sequence rich in glycine (G). NLS is the nuclear localisation signal. The ITR consist of inverted repeats which
contain short direct repeats (29/31 bp). Adapted from Hackett (2011) '**

For its use in research, SB is designed as a two vector system to have a non-autonomous
transposon (Fig. 3). Hence, SB is not able to excise and re-insert itself. The necessary
transposase is supplied in trans by a 2™ vector directed by a promoter of choice. On the other
vector, the transposon (consisting only of ITRs) including the gene of interest (GOI) is
encoded. To enable the SBase to perform the transposition, the GOI is flanked by ITRs
(231 bp) which contain two short direct repeats (29 bp and 31 bp) (Fig. 2). For maximal
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transposition rate, this difference in length is essential '®. Those repeat motifs were isolated

from another salmon, Tanichthys albonubes '*'%.

SB mRNA or DNA
o (DA =

™ oo e

Figure 3: Transposition of the Sleeping Beauty system.

The GOI (cargo DNA) is flanked by the recognition sequences (ITRs). The transposase (SBase) is delivered as
DNA or mRNA in trans. Upon expression of SBase it binds to ITRs (two molecules per ITR) and randomly to a
TA dinucleotide in the genome. Then, SBase catalyses the excision of the cargo and its integration into the new
locus. During the integration process, the TA dinucleotide becomes duplicated. Adapted from Geurts (2003) '’

The first derived SBase containing all motifs required for its function, SB10, was improved
over the last decade by various modifications of its DNA sequence which resulted in a more
stable molecule, SB100 **'®''2. SB100 has about 100 times higher activity than SB10. An
even more important fact for the aims of this thesis, SB100 allows the titration of its
concentration to obtain single copy integrations. This was not possible with previous versions
that failed in transposition below a certain threshold ®. In 2009, SB100 became molecule of
the year by the International Society for Molecular and Cell Biology and Biotechnology

Protocols and Research (ISMCBBPR).

113-119 106,120-124
’ LA

In research, SB is widely used for insertional mutagenesis or gene transfer
possible limitation for the use of transposons is their dependency on cargo size '®°. In general,
efficiency decreases with an increase in cargo size. Thus, the optimal cargo size is below 6 kb
108

Contrary to SB is piggyBac (PB) which is also a DNA transposon. PB belongs to another
superfamily and is also widely used in research. PB prefers transcription units and especially
inserts into transcription start sites '>. However, the Tcl/mariner family (except Passport,
which has preference for transcription units '*°) possess the most random integration

preference of all known transposon families *'*>'*7.

1.1.2 Cell-mediated transgenesis

To have the opportunity to obtain genetically modified organisms with precise genetic
modifications it is important to have a cell type allowing both transfection and selection pro-
cesses as well as successful nuclear transfer (NT) or chimera formation. To obtain transgenic

animals by cell-mediated transgenesis, the transgenic cells can be used in two different ways.
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One possibility is the NT in which the nucleus of the transgenic cell is transferred into an
enucleated oocyte that then becomes activated followed by the transfer of the developing
embryo into a foster mother '2* 3% V¥ The other possibility can be performed only with
pluripotent cells and is called chimera formation. Hereby, transgenic pluripotent cells were
injected into the early embryo, mostly at blastocyst stage >3 ™1 Again, the developing
embryo is transferred into the foster mother. The advantage of NT is that offspring are 100%
transgenic, if the donor cell was transgenic. On the other hand, chimera formation is easier to
perform but offspring need to be outbred to obtain 100% transgenic animals. The first

134
and

chimeric animals were reported by Brinster (1974) '**, Papaioannou et al. (1975)
Mintz and lllmensee (1975) '*°.
The targeted specific modification of the genome cannot be achieved with transposons. The

precise modification is mainly achieved by homologous recombination (HR) '** review

. Here,
the homologous sequence of the exogenous DNA activates the natural DNA repair
mechanism of the cell. The process of site directed mutagenesis of a desired genetic locus by
HR is called gene targeting. The targeting by HR was successfully established by Mario R.
Capecchi, Oliver Smithies and Martin J. Evans in mice applying embryonic stem cells (ESCs)
714 However, the first targeting of a gene was reported in 1985 in two different cell types
by targeting the S-globin gene with neomycin resistance (neo) '*°. The targeted cells can be
selected in vitro and then used for NT or chimera formation to achieve transgenic animals.
When the cells used for NT are not embryonic but somatic, the process is called somatic cell
nuclear transfer (SCNT). The breakthrough in livestock using SCNT was reported in 1997
with Dolly the sheep '**'**. Shortly after, the first transgenic livestock was produced by
SCNT "' followed by the production of a gene targeted sheep '*. In total, successful SCNT
was reported in 16 mammalian species including rabbits. However, the success rate measured
on live births is very low (1 — 3%) 130-156 "Even when animals are born they often suffer and

) - . oo 147,149,157-159; reviews: 160,161
die due to various different abnormalities feviews

. Further, no gene targeting
was shown in rabbits due to a lack of ESCs and difficulties in SCNT. Nevertheless, the
success rate can be increased by applying pluripotent cells. Those cells require less

reprogramming of early developmental genes '*.

1.1.2.1 Pluripotent cells

The term pluripotency refers to the cell’s ability to grow indefinitely and to differentiate into
any cell type of an adult organism. Always, pluripotent cells have the ability to self-renew,
they divide continuously in the undifferentiated state. The definition of pluripotency was first

formulated in 1954 by Stevens and Little '®*.
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There are different types of cells referred to as pluripotent. First of all there are embryonic
stem cells (ESC) that were first established from mouse blastocysts in 1981 '**'%. To proof
the contribution of ESCs to the germ line, ESCs are injected into blastocyst staged embryos.
Following, these cells will contribute to the development of the whole embryo. Since that
organism originated from two genetically different cell populations it is called a chimera. The

4 "7 and the contribution to germ line was

first chimera obtained from ESCs was reported 198
shown. Later, 1998, human ESCs could be derived ' Naturally, cells with an activated
pluripotency network can be found in vivo in the morula, inner cell mass (ICM), epiblast
(epiblast stem cells (EpiSCs)) and the germ lineage (primordial germ cells (embryonic germ
cells) and male adult germline stem cells) '*"'*. From rabbits, putative embryonic germ cells
were reported .

Also in an in vivo, but pathological condition, pluripotent cells are found in teratocarcinomas
161757178 For several years, these embryonic carcinoma cells were the only pluripotent cells
kept in vitro. Their differentiation capabilities were first described by Kleinsmith and Pierce
(1964) 7.

ESCs are the most widely used pluripotent cells and seen as a prototype for pluripotency.

ESCs are in vitro cultured cells isolated from the ICM of the blastocyst stage (Fig. 4).

Blastocyst
Reichert’s
membrane forming O
C‘\'C) 7 <
4 0lo Q
\*‘é‘@ug S &5— Trophectoderm
- 3 51— ICM

Primitive extra
embryonic

—— Primitive extra-embryonic
endoderm

endoderm forms on
free surface of ICM
Parietal extra-embryonic
endoderm

Figure 4: Early specification of cells in the blastocysts.
Embryonic cells possess positional information already in the morula stage that result in first differentiation
events. Adapted from Evans (2011) '®

As a possible alternative to ESCs, induced pluripotent stem cells (iPSC) were established in
2006 from the mouse in the laboratory of Shinya Yamanaka and Kazutoshi Takahashi using
four transcription factors (TFs; Oct4, Sox2, c-Myc and KIf4) '*!. During following years, a lot
of effort was spent in this new field. It was shown that iPSCs can be generated from different
cell types and also from human cells beside other species '*'®. Further, various factors were
used and distinct experimental setups proofed to be successful for the induction pluripotency
184,185, review: 186

. Finally, it was possible to reprogram somatic cells only by the transduction of

recombinant proteins, albeit with lower efficiency ''.
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1.1.2.1.1. Molecular basis of pluripotency

Pluripotency is controlled by a number of cell signalling pathways. In humans, the
predominant pathways are transforming growth factor f (TGFp) and basic fibroblast growth
factor (bFGF) that cooperate to maintain pluripotency '**'*°. TGF-p belongs to a superfamily
with more than 40 members, including activin, Nodal and bone morphogenic proteins (BMPs)
190. review TGP signals via activin/Nodal through Smad2/3/4 whereas bFGF signals via the
FGF receptor (FGFR) through mitogen-activated protein kinase (MAPK) and Akt pathways
(Fig. 6) "% ™view: 91 The phosphoinositide 3-kinase (PI3K)/Akt pathway is also activated by
the insulin-like growth factor 1 (IGF1) '**'®*. Further, pluripotency is promoted by the Wnt

195-198, reviews: 199-201 and thiS effect iS

pathway through the activation of B-catenin (Fig. 6)
mainly due to the enhancement of proliferation . All the signalling results in the expression
of the three key TFs Oct4, Sox2 and Nanog 2> 2. These factors regulate their own expression
in an auto regulatory network and in feed-forward loops thereby activating the expression of
ESC-specific genes (Fig. 5) %720 rview: 210 Other scientists count Tcf3 to the core circuit,
because it is co-localised with Oct4 and Nanog to more than 1000 promoters, including Oct4,
Sox2 and Nanog '®. All those factors are markers for pluripotency. Of those, prominent TFs
in ESCs are Oct4, Sox2, Nanog, Stat3, Sall4, Smadl, Dax1, Esrrb, Hesx1, Kl1f4/5, Tcfcp211,
Zfp143 and Zic3 whereas factors important for ESC signalling are Tcf3, Cdx2, Fgf2, Lefty2,
Zic3 and Skil #''72!* Vi 215 I the balance in the core factors gets disturbed, pluripotency is
lost and cells differentiate into cell types of the three germ layers: endoderm, mesoderm and
ectoderm. In humans, the primary pathway for differentiation is BMP, which uses Smad1/5/8
that inhibits the expression of Nanog but activates the expression of differentiation-specific

genes. Notch is also involved in differentiation, which signals through the notch intracellular

domains.

X - 5
. e A e DR .- =N | Self-renewal and
v i - | pluripotency

Nanog » Nanog

Q00000

Figure 5: Regulatory network of key transcription factors.

Oct4 and Sox2 are acting together to activate the expression of themselves, Nanog and FoxD3 acting in an auto
regulatory network and feed forward loops. The balance of those factors needs to be tightly regulated to maintain
a stable pluripotent state. Adapted from Pan and Thomson (2007) *'®




INTRODUCTION

Markers for pluripotency can be also found on the cell surface. In hESCs cell surface markers
of pluripotency are the glycolipid stage specific embryonic antigens 3/4 (SSEA3/4) and the
glycoproteins TRA-1-60/8] 2!7-218: reviews: 2197223,

In mESC:s, the solely surface marker for pluripotency is SSEA1. The most prominent extrinsic
factor to maintain murine pluripotency is the leukaemia inhibitory factor (LIF) ***!. LIF
belongs to the IL-6 cytokine family. LIF maintains pluripotency by activating three major
pathways: Janus kinase/signal transducer and activator of transcription 3 (Jak/STAT3),
PI3K/Akt and Src homology 2 domain-containing tyrosine phosphatase 2 (SHP2)/MAPK
while the most important is the activation of STAT3 (Fig. 6) 2327235 reviews: 236239 " Hence,
activation of the Akt pathway is important in both mESCs and hESCs **. In mESCs more
than 2500 binding sites for STAT3 were found. Of those, one third are co-occupied by Oct4,
Nanog and Sox2 **'**?. Further, STAT3 prevents the differentiation into endoderm and
mesoderm in collaboration with BMP4 2*****. Hereby, BMP4 activates inhibitors of
differentiation genes (Id) (Fig. 6) *****. In hESCs, BMP4 leads to mesodermal differentiation

in absence of STAT3 activation 2*"**,

BMP TGFp/Activin/Nodal

Wnt
LIF

P-Smadi/s  P-Smad2/3

STAT3 1d1/3 / B-catenin

QOct3/4
LN AN AT AN TN T

Nanog

Figure 6: Extrinsic factors maintaining pluripotency in ESCs.

This overview summarises pathways including their most prominent signalling molecules that result in the
expression of both pluripotency core factors Oct4 and Nanog. LIF and BMP4 are responsible for pluripotency of
mESCs (left side) but TGFf/activin/Nodal and Wnt for pluripotency of hESCs (right side). Adapted from
Valdimarsdottir and Mummery (2005) !

Crucial functional criteria to prove pluripotency are: a) differentiation of pluripotent cells into
cells representing all three germ layers, b) active pluripotency TFs c) teratoma formation and
d) formation of chimera with contribution of the pluripotent cells to the germline. The most
stringent assay is tetraploid complementation. Upon injection into a 4n blastocyst, pluripotent

cells are able to give rise to an entire embryo > ™% 2%,

Pluripotent stem cells were successfully verified only for mouse, rat and human *'***, F

or
several livestock species ES-like cells and primordial germ cell cultures were reported but

without any definite proof **°. Nevertheless some pluripotent cell isolates were capable to

-10 -
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produce chimeric animals but without contribution to the germ line as reported for pig (EG-
like cells) 23 and cattle (ES-like cells) 2>, The isolation, culture and characterisation of rabbit
ESCs (rbESCs) were reported by six different groups albeit with contradicting findings
regarding the expression of pluripotency markers and its molecular signalling (4.2.1.4).

To date, nothing is known about naturally occurring pluripotent cells in the mammalian soma.
However, somatic cells can be induced to become pluripotent by experimentally techniques:
NT, direct reprogramming and cell fusion. The induction process needs to reactivate the

transcriptional regulatory network characteristic for pluripotency (Fig. 5).

1.1.2.2 Multipotent cells

To have an alternative for pluripotent cells to obtain transgenic rabbits, multipotent cells were
used in this work. The existence of stem cells in mammals was proposed already in 1906 by
Maximow **°. Indeed, Maximow (1910) *” proved later the originating of blood cells from a
common precursor. These precursor cells are located in the bone marrow and the clonal nature
of bone marrow cells was proven by Becker et al. (1963) 2% and Siminovitch et al. (1963) *°.
Multipotent mesenchymal stem cells (MSC) are a diverse subset of precursors present in the
stromal fraction in many tissues of the adult (Fig. 7) 26261263 1eView: 262 ' rioinally, MSCs were

264-266

found in the stromal adherent fraction of the bone-marrow . MSCs in adipose tissue (A-

MSC) were found much later *7**® but are easier to isolate 2% ™",
MSCs show a fibroblast-like phenotype *”°, arise from the lateral mesoderm and are self-

renewing. Due to a lack of unique markers, human MSCs are characterized by the expression
of specific surface markers (e.g. CD44, CD90, CD166, CD271, SSEA4 and D7-FIB) but are
negative for others (e.g. CD11b, CD19, CD45 and HLADR) 27278 However, this expression
profile varies with isolation procedure and passage.

Multipotency of MSCs refers to the ability to differentiate functionally into cells forming the

279-281 282,283
2

cartilage (chondrocytes)
284

, fibroblasts (building tendons and ligaments, skin)

281,285,286

287 - 281 288,289 . .
stromal cells ©, osteocytes , astrocytes ~', adipocytes © and myocytes © ", which

290, review

form cardiac muscle, smooth muscles and skeletal muscles . Further studies revealed

292-294 295,296

also the differentiation into endothelial cells *°', hepatocytes and endocrine cells
Also, MSCs possess immunoregulatory properties > ™4 2% Vi ' The general functions of

MSCs are organ homeostasis and wound healing **°.

-11 -
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Figure 7: Occurrence of mesenchymal stem cells.

MSC:s can be derived from various tissues in an adult body. When taken in culture they are able to self-renew but
also to differentiate. Upon administration of specific factors, differentiation can be guided into osteoblasts,
adipocytes and chondrocytes. These three differentiations are a hallmark of MSCs. Adapted from Nombela-
Arrieta et al. (2011) 2

Bone marrow MSCs (BM-MSC) are located in perivascular niches in the bone-marrow

parenchyma and are associated with hematopoietic stem cells (HSCs) and regulate the

homeostatic turnover of non-haematopoietic stromal cells and the maintenance of (HSC) ***

304, reviews: 300,301 264,285,

. BM-MSCs differentiate to replace mature osteoblasts and adipocytes

review: 305 Some studies showed that BM-MSCs can differentiate into cells usually arising from

a different germ layer like neurons (ectoderm) %%

289,309,310; reviews: 311,312

and cardiomyocytes (mesoderm)

A-MSCs are located perivascular together with pericytes and endothelial cells *'*7'®. Like
BM-MSCs, A-MSC can differentiate into cells other than the mesodermal lineage:
endothelial- and epithelial cells, neural cells, hepatocytes and pancreatic islet cells *'” review

MSCs are present at an extremely low frequency in tissues, e.g. 0.001% in the bone marrow
318319 " Other cells resident in bone marrow are red blood cells, white blood cells, platelets,
adipocytes, hematopoietic precursors and endothelial progenitors. A-MSCs are more frequent

in their niche (up to 3%) 2%,

-12-
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1.2 Diseases to model

Via genetic engineering the molecular basis of a disease can be recapitulated in an animal
model. However, due to the lack of functional ES cells few genetically defined rabbit disease
models have so far been reported. To develop the necessary technology for rabbits two types
of models were chosen: expression of a dominant negative mutation to produce a rabbit model
for diabetes mellitus (DM) and gene inactivation of the hprt gene to develop a Lesch-Nyhan
syndrome model.

This chapter describes both diseases including their causes, molecular characteristics,

available models and their limitations.

1.2.1 Diabetes mellitus

Worldwide, there are already 1.46 billion overweighed and 495 million obese adults ***. It is
predicted that the number of diabetics is increasing by the year 2050 by more than 50% to 552
million people. In the United States, one in four adults has DM (announcement at the 71st
American Diabetes Association (ADA) meeting in San Diego, CA, USA (June 24 - 28,
2011)). Further, the number of adults with DM has doubled within the past three decades ***.
Also, childhood obesity is increasing. In the USA, 10% of infants are overweight and more
than 20% in the age group of 2 — 5 ***. According to the newest figures, 16.9% of the age
group 2 — 19 years are obese >*°. In adults, 68.8% are overweighed and 35.7% are obese **.
From this development, this disease and its complications cause enormous economic costs.
General symptoms of DM are hyperglycaemia, polyuria and polydipsia. Accompanying
symptoms are an impairment of growth and higher susceptibility to infections. Later
consequences of DM are coronary artery disease, stroke, sexual dysfunction, kidney failures,
loss of vision and amputations amongst others *2* ¢ 32% 7VieWs {nqeed, 80% of all deaths in

330, review

diabetic patients are due to atherosclerosis . In general, DM compromises the life

quality and shortens the life span.
DM refers to a heterogeneous group of distinct metabolic diseases. The hallmark of these
diseases 1s the common hyperglycaemia caused by defects in the secretion and/or action of

331 and 332, reviews

insulin . The dysfunction of insulin producing p-cells in the pancreas leading to

an inadequate supply belongs to the secretory defects. Based on the cause, DM is divided in
type I and II. A reduced action of insulin is a result of a decreased response of liver, muscle
and adipose tissue to insulin which is called peripheral insulin resistance and leads to overt

329,336-338; reviews: 333-335

hyperglycaemia and ultimately to DM II . Therefore, type II is also

-13 -
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called non-insulin dependent DM, since administration of insulin (e.g. injections) has with
time decreasing effects.

A cause for DM, or at least predisposition, are mutations and polymorphisms in genes coding
for TFs and enzymes involved in insulin action pathways **°>*'. Additional, the life style,
especially the diet, has an important impact in the development of this disease. Thus, a

prominent risk factor for DM II is obesity.

1.2.1.1. Molecular basis of diabetes mellitus

The islets are the endocrine part of the pancreas and account for 1 — 2% of its mass. Islet cells
are responsible for secreting the key hormones for the regulation of carbohydrate metabolism.
According to their function, islet cells can be divided into distinct cell types: a- (glucagon), -
(insulin), y- (pancreatic polypeptide), 8- (somatostatin) and e-cells (ghrelin) *** V. It is
worth to note that very small proportions of insulin are secreted by the thymus **~*, brain

34734 The main function of B-cells is the sensing

3 lachrymal glands **® and salivary glands
of elevations of blood glucose levels through expressed glucose transporters across the cell
membrane which then triggers the calcium dependent insulin secretion. After expression of
insulin, the signalling sequence becomes cleaved from the primary amino acid (aa) sequence
(preproinsulin) and proinsulin is packed into vesicles that migrate to the Golgi apparatus.
Here, the C-peptide becomes cleaved and insulin gets its biological active form. Insulin is

349,350; reviews: 351-355 ; i in 1
»350; reviews . The secretion of insulin is

transported in granules to the cell membrane
influenced mainly by the glucose concentration but also by other metabolites and hormones.
The cause of type I DM are malfunctions of the immune system >°°. This results in a cell-
mediated auto-immune attack of the pancreas and final in its destruction *°” ™"V, This
chronic inflammatory process is called insulitis. Reasons for the emergence of type I are
interactions between genetic susceptibility and environment, but also mutations of insulin ***.
Type II as a polygenic syndrome having various aetiologies and is characterized by a
combination of an insensitivity of various tissues to insulin as well as B-cell dysfunction

3343397301 This type of DM is a result of

resulting in a lack in the secretion of insulin pathways
long-term high blood glucose levels, which leads to oxidative stress and glucose toxicity in -
cells. In addition, chronic hyperglycaemia leads ultimately to malfunction of B-cells and their

3627364 reviews e to the high blood glucose level, either from diet, insensitivity of

apoptosis
glucose metabolising organs to insulin (insulin resistance) or both, the B-cells receive insulin
releasing signals. Since the action of insulin cannot circumvent the high blood glucose, B-cells
produces more and more insulin which leads to a mismatch in the folding capacity of the ER

and demand. Thus, the permanent overload of B-cell ER results in chronic ER stress and its

-14 -
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consequences (Fig. 8). Several pathways (activation of protein kinase C, autooxidation of
glucose, formation of methylglyoxal, formation of sorbitol, metabolism of hexosamine and

oxidative phosphorylation) lead to the formation of reactive oxygen species (ROS) (Fig. 8).
GLUCOSE
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Figure 8: Metabolites of glucose pathways that result in an increase in reactive oxygen species.
If the glucose concentration cannot be regulated at physiologic level inflammatory processes are activated.
Adapted from Robertson (2004) 365

When ROS occur in excess and over long time this causes chronic oxidative stress that finally

- : 365-367, revi
leads to increased apoptosis of B-cells > TEVIEWS

. The islets belong to those tissues that
possess the lowest levels of intrinsic defences against oxidative stress **°. Also, glucotoxicity
impairs insulin expression due to missing expression of important TFs (e.g. PDX1, MafA)
that normally bind to the insulin promoter. In addition, a high-fat diet, typically for western
countries, leads to obesity and is a predisposing factor **°. An excess of fat can have lipotoxic
effects on B-cells and induce their apoptosis because too high fat leads to elevated levels of
cholesterol, free fatty acids (FFA) and triglycerides in the blood (Figs. 9 and 10) 7% reviews:
301371373 Also, a low degree of a chronic pro-inflammatory state is present in obesity which

higher the level of ROS and lipoperoxides (Fig. 10) *’**7°. Direct induction of p-cell

apoptosis was reported for permanent elevated levels of glucose *77® and FFAs 7" ™Vev,
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Figure 9: Insulin action and its inhibition.

On the left side the molecular regulation of insulin action upon its binding on its receptor leading to a decrease in
glucose level is shown. On the right side the negative effects of free fatty acids (FFA) are indicated which
circumvent the positive actions of insulin by inhibition of a central signalling molecule. These actions are
amplified by ER stress and inflammation. Adapted from de Luca and Olefsky (2008) **
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Figure 10: Summary of the negative consequences of obesity.
Obesity has negative influences on various organs, which finally results in resistance to insulin (IR). Later, IR
becomes a systemic state. Adapted from de Luca and Olefsky (2008) **’

Despite improved treatments, exogenous supply with insulin does not prevent long term

379,380

complications. In general, diabetic patients possess a shorter life span . The optimal

treatment would be the transplantation of islets to restore its complex functions. The

1
138

breakthrough in this field was achieved with the Edmonton Protoco . Nevertheless,

allogeneic transplantation is still a big risk. One major hurdle is graft rejection reactions *** %
and on the other side functional considerations. So, the insulin secretion of transplanted islets
is only 20 — 40% of that of healthy subjects. Even worse, the secretion capacity declines over

time to a level of only ~10% 5 years after transplantation **>. One explanation is the
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recurrence of autoimmunity *****”. In addition, there is a need of 2 — 3 donors to obtain the

minimal cell mass necessary for a single transplantation 388,

1.2.1.2. Diabetic model organisms

Since DM is a very complex disease and the insulin gene is conserved in various species,
different species have been used as model organisms, e.g. mouse, rat, pig and minipig. The
most common method is the destruction of B-cells by toxic chemicals like streptozotocin and
alloxan. But also genetic mouse and rat models exist. Most of these models develop DM as a
consequence of obesity. But also mice and rats that develop DM as consequence of mutations
in the major histocompatibility complex exist. However, none of these models exactly
recapitulates the human phenotype and all have some limitations ** ™",

An elegant method to model the phenotype of DM is the destruction of B-cells by a biological
mechanism. For this, the Akita mutation of the mouse is ideal **°. The autosomal dominant
Akita mutation is a single base pair exchange from guanine to adenine which results in a
change in the coding triplet (TGC = TAC) and finally in the aa from cysteine to tyrosine in
the a-chain of insulin. Due to the missing cysteine the important bisulfide bond between the
a- and B-chain cannot form (Fig. 11). In this mouse model the phenotype results from the
destruction of B-cells due to the accumulation of misfolded insulin **'. Also, these mice do not
suffer from obesity or inflammatory reactions. They are born normal with normal islet size
but are characterized by hypoinsulinemia and hyperglycemia. The onset of DM is at an age of
3 — 4 weeks. The general phenotype is similar to the human maturity onset diabetes in youth

(MODY).

SIGNAL PEPTIDE

Figure 11: Amino acid sequence of preproinulin.

A chain is shown in blue, B chain in red, C peptide in orange and the signal peptide in green. The dashed
positions indicate the cleavage sites for the conversion of proinsulin into insulin. Different mutations resulting in
DM are shown. The disulphide bond affected by the Akita mutation is highlighted in blue. Adapted and modified
from Stoy et al. (2007) ***
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1.2.1.2.1. Mechanism of the destruction of f-cells

The misfolded insulin negatively affects the trafficking of non-mutated proinsulin (from the
2" allele) **. Subsequently, these proteins are accumulated as complexes with binding
immunoglobulin protein (BiP), a chaperone, in the endoplasmatic reticulum (ER) and finally
results in apoptosis of these cells ****'"**3%7 The ER is the side in the cell where disulphide
formation and folding of secreted proteins takes place. As consequences to misfoldings,
proteins involved in proper protein folding are overexpressed, particularly ER stress markers
BiP and protein disulphide isomerase (PDI) (Fig. 12). PDI corrects errors in the disulphide
bonding. These actions are a part of a cellular mechanism called quality control and in
particular involve the unfolded protein response (UPR). It ensures that only correctly folded
proteins are transported to the Golgi apparatus *°° " ™V*"* The UPR involves several steps.
First, the cell increases the expression of ER process client proteins like chaperons and
oxidases to increase the folding activities. In the case of this specific mutation of insulin, these
processes fail. Hence, the cell tries to attenuate the protein biosynthesis to relieve the overload
as a second mechanism (Fig. 12). Due to extrinsic stimuli, the B-cell receives insulin
expression promoting signals. Thus, ER stress increases. A third step is the clearance by ER-
associated degradation (ERAD) (Fig. 12). If the ER stress cannot be reduced, finally apoptosis
becomes induced (Fig. 12) %1% V% ' Commonly mentioned is that B-cells are one of the
most vulnerable cells to ER stress. There are various diseases that result from protein
misfolding, for instance al-antitrypsin deficiency, cystic fibrosis, Alzheimer’s disease and

haemophilia A and B.

B. Translational
Attenuation

A.Induction of ER
chaperones

(Bip etc)

Unfolded _O[i_
protems

% Nucleus
C. Degradation ;Proteasome :

(ERAD)

D. Apoptosis

Figure 12: Cellular responses (UPR) to misfolded proteins.

In the first steps, the cell tries to resolve ER stress due to misfolded protein by increasing the folding capacity,
attenuation of translation and degradation of unfolded proteins (ERAD). If those steps are not successful, the cell
undergoes apoptosis. Adapted from Araki et al. (2003) ***

Beside rodents and rabbits other animals were used as diabetic models such as cats, dogs,

411, review 11 studies with rabbit models islet cells loss was

non-human primates and pigs
induced by chemicals like alloxan (islet cell toxin). Mostly, the diabetic phenotype is stable

only for several weeks. Recently, an alloxan model was developed suitable for experiments
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lasting more than 1 year *'>. However, many complications of DM develop after a couple of
years and can therefore not yet be modelled and examined in those rabbits. No transgenic

rabbit model is yet available.

1.2.2 Lesch-Nyhan syndrome

The Lesch-Nyhan syndrome (LNS, prevalence between 1/235000 and 1/380000 live births)
shows a clear familial distribution and almost limitation to males *'°. This disease was first
described 1959 by Catel and Schmidt *** and shortly after by Riley (1960) *'°. The disease
was later elucidated by Lesch and Nyhan (1964) *'°. Three years later, Seegmiller identified
the metabolic cause of LNS and the relationship between phenotype and mutations in the gene

hypoxanthine-guanine phosphoribosyl-transferase (hprt) *'7.

1.2.2.1 Molecular basis of Lesch-Nyhan syndrome

LNS is a metabolic disorder resulting from more than 300 distinct recessive mutations,
including single base substitutions, deletions, insertions and duplications of the ubiquitously

expressed X-chromosomal gene hprt *'%#¢

. This leads to a missing activity of the encoded
enzyme (HPRT, EC 2.4.2.8) involved in the purine salvage pathway **’. This enzyme
catalyses the regeneration of both inosine mono phosphate (IMP) and guanosin mono

428,429

phosphate (GMP) from hypoxanthine and guanine, respectively . Hence, this enzyme is

involved in the production of purines. The involvement of HPRT in purine metabolism was

B0B1 The mild form of this disease with HPRT activities

known from leukaemia studies
from 1 — 50% ***** is known as Kelley-Seegmiller syndrome or juvenile gout *** with no or
partly neurological abnormalities. The first functional analysis of hprt was performed by
Melton et al. *%+7,

Any dysfunction of HPRT leads to an enormous overproduction of purine nucleotides by de
novo synthesis “****. Since purines become not reutilized, they are degraded which leads to
an accumulation of uric acid in all body fluids and is present already at birth ******. This
causes hyperuricemia and hyperuricosuria which is associated with severe gout and kidney
problems due to deposition of crystals of uric acids in the joints and in the kidney. In addition,
the disease leads to neurological signs like poor muscle control, retardation of motor
development, involuntary movements and mental retardation (spasticity) that appear in the
first year of life. Developmental delay and hypotonia are evident by three to six months. In
the 2™ life year, LNS is characterised by self-mutilating behaviour especially by biting of lips,

tongue and fingers and head banging although the patients feel pain ***°. In addition,

compulsive behaviour is seen including aggressiveness, vomiting and spitting albeit patients
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often do not intend harm. Difficulty to understand the speech or lack of speech is very

common. Mental retardation is reported with IQ scores varying from 25 — 101, with a mean

449,451,457-4
score of approx. 60 *47431457459,

Hprt is ubiquitously expressed, its highest activity was found in the basal ganglia in which

also the highest dopamine concentration was found. The impairments of the nervous system

460-465

are due to an imbalance of neurotransmitters particularly from dysfunction of the

. 4 4 i . 4 .
striatum *6¢ @14 467 reviews Hywever, the structure of the brain appears normal **®. Neurological

469471

deficits of LNS are due to lesions in striatal dopaminergic pathways . Recently, the

involvement of HPRT in the early development of dopamine neurons was found *’>. The lack

of neurotransmitters in LNS results from the shortages of IMP and GTP and its di- and

. . . . . . . 473-4 i
trinucleotides since signal transduction trough dopamine receptor requires GTP #7347 reviews,

In addition, due to a higher rate of de novo purine synthesis to achieve required ATP levels,

- - : - - 466,471,477; review:
more oxidant stress is caused which leads to damages of dopaminergic systems * """/ FEVIEW

7 Due to low xanthine oxidase levels in the brain, the end product of purine metabolism is

47847 ndeed, these metabolites bind to

480482

not uric acid but xanthine and hypoxanthine
benzodiazepine receptors and contribute to the pathogenesis . In addition, hypoxanthine
has direct cellular effects **>. A lack of HPRT leads also to a poor utilization of vitamin By,.
Later, it comes to delayed growth and puberty. Often, testicular atrophy is a cause of LNS.

A very rare case is LNS in females which could occur by passing a mutated hprt gene from

470,484 486; review: 485 .
AOTACO TVIEW: 29 Female carriers are

the mother and a new mutation of the father’s hprt gene
usually unaffected but have an increase in uric acid excretion and an increased risk for gouty
arthritis in later years.

The only available treatment for LNS is the application of allopurinol that allows survival
until the 2™ or 3" decade. Allopurinol preserves the renal function but nothing else.

Purines have an essential role in the cellular metabolism and are necessary components of
nucleic acids precisely of the purine bases adenine and guanine. Due to the tremendous
energy necessary in their de novo synthesis from aa and other precursors, 90% of purines are
recycled in a salvage pathway. HPRT is a central enzyme in this process since it repatriates
guanine and hypoxanthine (from adenine) into the DNA synthesis (Fig. 13). Dysfunction of
HPRT leads to an increase in uric acid because purines cannot be reused and becomes
degraded. On the other hand, the de novo synthesis becomes stimulated due to an excess of
5-phospho-D-ribosyl-1-pyrophosphate (PRPP). In turn, this activates amidophosphoryl-

transferase (AMPRT) and causes hyperuricaemia and its consequences.
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DE NOVO SYNTHESIS
£ Ribose-5-P
ADP : l
v
v

SALVAGE SYNTHESIS ¢

PRPP amidotransferase

GMP *—— “— IMP " " AMP

3 ' “ » ' < APRT
suanosine Inosine +—— Adenosine
s HPRT )

PRPP
Hypoxanthine
| PRPP Xanthine oxidase
» Xanthine
¢ Xanthine oxidase

Figure 13: The central role of HPRT (orange box) in the recycling of adenine and guanine (blue boxes).
When HPRT is not functional the salvage pathway will succumb. Hence, adenine and guanine will be
completely degraded leading to an excess of uric acid (red box) and increased de novo synthesis. Adapted and
modified from Torres and Puig (2007) **’

1.2.2.2 Model organisms for Lesch-Nyhan syndrome

Already in 1972, a rat model for brain research was established: The neonate-lesioned rat **.

Later it was found that this rat model resembles some of the characteristics of LNS including
destruction of dopaminergic neurons and it’s relation to self-injury 8743 reviews: 494496 p,
1983 the human Hprt gene was cloned and characterised *’. Essential elements of the gene,
as coding sequence, terminal untranslated regions and splicing sites, are highly conserved.
The first animal model of LNS was derived of mESCs mutagenized by retroviral insertions
which were then selected for loss of HPRT activity ****”. Due to the hemizygosity in males

and the selectivity, hprt was one of the first genes chosen for gene targeting models 200

142

. Here,

the correction of a mutated hprt gene was shown by HR . Those mouse models provided

1,502 .
501,502 Furthermore, none of these mice showed

only little information about the pathogenesis
the characteristic behavioural abnormalities *'°%_ Also, double knockout mice (hprt and
aprt) are not suitable as model **. So far, all attempts to develop an appropriate animal model
for LNS failed. However, important findings regarding neuropathogenesis and molecular

. . . . 4 i
relationships were achieved in these models *¢% ™Y

1.2.2.3 Rabbit hprt gene

The structure of rbhprt is highly conserved and is similar to human Hprt. The human Hprt

gene consists of 44 kb and 9 exons whereas the rbhprt consists of 47907 bp, of which only

802 bp are distributed within the 9 exons >*’

507
l.

(Fig. 14). Consequently, the rabbit HPRT protein

consists of 218 aa. Shi et a also verified the ubiquitous expression of hprt in rabbits.
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180 bp 106 bp 183 bp 65 bp\l? bp 82 bp 46 bQ 76 bp/ll? bp
23 45 6 189
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i i ||
47907 bp

Figure 14: Structure of the rbhprt gene.
The size (47907 bp) and structure of rbhprt is visualised and exons (1 — 9, blue) are indicated to scale. The exact
size of each exon is given above. The arrow visualises the promoter.
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1.3 Aims of the thesis

The main aim of this thesis was to establish techniques to generate transgenic rabbits for
biomedical research. For this, two different strategies, a direct method based on transposon
vectors and different cell-mediated methods for transgenesis were to be evaluated. None of
these techniques had so far been successfully established for the rabbit.

To assess if transposon vectors are suitable for efficient production of transgenic rabbits the
sleeping beauty transposon systems was to be assessed using a reporter gene. If results looked
promising then the newly developed method should be employed to produce a rabbit model
for diabetes mellitus by introducing a transgene with a dominant negative mutation in the
rabbit insulin gene. The mutation should be based on findings from the previously published
Akita mouse model.

For the cell-mediated transgenesis the derivation, characterisation and genetic manipulation of
rbESCs followed by production of chimeric rabbits was envisaged. Should this prove not
successful a second strategy was to be employed, testing if the isolated ESCs or alternatively
multipotent somatic stem cells such as mesenchymal cells were suitable for the derivation of
nuclear transfer animals. Finally, cell-mediated transgenesis could be used to carry out the
first gene targeting in rabbits. To show precise genetic engineering, the hprt gene was chosen
for gene targeting. HPRT plays a crucial role in the purine salvage pathway. Its disruption

leads to LNS.
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2 MATERIAL AND METHODS

2.1 Material

2.1.1 Equipment

+4°C fridge
-20°C freezer

-80°C ultra-low temperature freezer
Axi0CAM MRC camera

Axiovert 25 microscope

Bio Imaging System Gene Genius
BioPhotometer

Centrifuge 1-15

Centrifuge 3-16

Centrifuge 4K15C

Centrifuge 5810

Centrifuge Minispin

Digital graphic printer UP-D895MD
Electrophoresis chamber PerfectBlue mini
Electrophoresis chamber HE 33 Mini

Electrophoresis chamber CSSU1214
Electrophoresis chamber CSSU78
Electrophoresis power supply EPS 301

Electroporator Multiporator
Electroporator Nucleofector Device
Handy Step Multipipette

Heating block VLM2Q

Ice maker

Ika MS2 Minishaker RCO
Ika-Combimag RCO

Improved Neubauer chamber
Incubator

Laminar Flow Hood HERAsafe Type HSP
Liquid nitrogen storage system
Microwave NN-E202W

Mr. Frosty freezing device

Orbital shaker
PCR cycler DNA Engine DYAD
pH meter Cyberscan 510

Pipette BioHit m10, m100, m1000
Pipette Pipetman P20, P200, P1000
Pipette Pipetman Ultra U2

Pipetus reddot

Beko Technologies GmbH, Dresden, Germany
Liebherr-International Deutschland GmbH, Biberach
an der Riss, Germany

Thermo Electron GmbH, Karlsruhe, Germany

Zeiss AG, Oberkochen, Germany

Zeiss AG, Oberkochen, Germany

Synoptics Ltd, Cambridge, United Kingdom
Eppendorf AG, Hamburg, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

Synoptics Ltd, Cambridge, United Kingdom

Peqlab Biotechnologie GmbH, Erlangen, Germany
GE Medical Systems Deutschland GmbH & Co. KG,
Miinchen, Germany

Thermo Electron GmbH, Karlsruhe, Germany
Thermo Electron GmbH, Karlsruhe, Germany

GE Medical Systems Deutschland GmbH & Co. KG,
Miinchen, Germany

Eppendorf AG, Hamburg, Germany

Lonza Cologne GmbH, K&ln, Germany

Brand GmbH & Co. KG, Wertheim, Germany
VLM GmbH, Bielefeld, Germany

Brice Italia S.r.1., Villa Cortese (MI), Italy
IKA-Werke GmbH & Co. KG, Staufen, Germany
IKA-Werke GmbH & Co. KG, Staufen, Germany
Brand GmbH & Co. KG, Wertheim, Germany
Binder GmbH, Tuttlingen, Germany

Heraeus Instruments GmbH, Osterode, Germany
Messer Group GmbH, Griesheim, Germany
Panasonic K.K., Kadoma, Japan

Nalgene Nunc International Corporation, Rochester,
USA

Thermo Electron GmbH, Karlsruhe, Germany

MIJ Research Inc., Waltham, USA

Eutech Instruments Europe B.V., Nijkerk,

The Netherlands

Biohit Group, Helsinki, Finland

Gilson Inc., Middleton, USA

Gilson Inc., Middleton, USA

Belden Electronics GmbH, Schalksmiihle, Germany

-24 -



MATERIAL AND METHODS

Power supply EC 105
Power supply EPS 301

Pulsed field gel electrophoresis device
Pure water system Astacus

Rainin Pipet-Lite (2, 20, 200 and 1000 pl)
Scale 440-33N

Scale APX-1502

Steri-Cycle CO2 incubator

Vacuum centrifuge DNA110 Speed Vac
Vortex Genie 2

Vortex Mixer

Waterbath

2.1.2 Consumables

0.5 ml, 1.5 ml and 2.0 ml reaction tubes
14 ml Round bottom tube with ventilation
lid

15 and 50 ml centrifugation tubes

50 ml high speed centrifugation tubes
Cell culture dish (6, 10 and 15 cm)

Cell culture flasks (25, 75, 150 cm?)
Cell culture plates

(4-, 6-, 12-, 24-, 48- and 96-well)

Cell scratcher

Cryopreservation tube

Cuvettes

Disposable inoculating loop (10 pl)

Electroporation cuvettes (2 and 4 mm)
Filter Stericup and Steritop (0.22 pm)
Glass capillaries

Glass pasteur pipettes

Glassware (bottles, flasks)

Hybond-N" nylon transfer membrane
Injection needles (0.3 x 13 mm)
Microscope slides

Petri dish (10 cm)

Photometer cuvettes UVette

Pipette tips (2, 20, 200, 1000 ul)

Pipette tips with filter (2, 20, 200, 1000 pl)
Rotilabo blotting paper (1 mm)

Scalpels

Sterile filter 0.22 pm

Sterile plastic pipettes (1, 2, 5, 10, 25 ml)
Syringes

Thermo Electron GmbH, Karlsruhe, Germany
GE Medical Systems Deutschland

GmbH & Co. KG, Miinchen, Germany
Bio-Rad Laboratories Inc., Hercules, USA
membraPure GmbH, Bodenheim, Germany
Mettler-Toledo GmbH, Giessen, Germany
Kern & Sohn GmbH, Balingen-Frommen, Germany
Denver Instrument GmbH, Goéttingen, Germany
Thermo Electron GmbH, Karlsruhe, Germany
GMI Inc., Ramsey, USA

Scientific Industries Inc., New York, USA
VELP Scientifica srl, Usmate, Italy

Thermo Electron GmbH, Karlsruhe, Germany

Brand GmbH & Co. KG, Wertheim, Germany

BD, Franklin Lakes, USA

Corning Inc., New York, USA

SPL Life Sciences, Eumhyeon-ri, Korea
Corning Inc., New York, USA

Corning Inc., New York, USA

Corning Inc., New York, USA

Corning Inc., New York, USA

Corning Inc., New York, USA

Brand GmbH & Co. KG, Wertheim, Germany
Cole-Parmer Instrument Corporation, Vernon Hils,
USA

Peqlab Biotechnologie GmbH, Erlangen, Germany
Merck KGaA, Darmstadt, Germany

Brand GmbH & Co. KG, Wertheim, Germany
Brand GmbH & Co. KG, Wertheim, Germany
Paul Marienfeld GmbH & Co. KG,

Lauda Kd&nigshofen, Germany

GE Healthcare Ltd., Little Chalfont, United Kingdom
BD, Franklin Lakes, USA

Gerhard Menzel, Glasbearbeitungswerk GmbH & Co.
KG, Braunschweig, Germany

Brand GmbH & Co. KG, Wertheim, Germany
Eppendorf AG, Hamburg, Germany

Brand GmbH & Co. KG, Wertheim, Germany
Mettler-Toledo GmbH, Giessen, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Megro GmbH & Co. KG, Wesel, Germany
Sartorius AG, Gottingen, Germany

Corning Inc., New York, USA

Henke, Sass, Wolf GmbH, Tuttlingen, Germany
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2.1.3 Chemicals

1,4-Dithiothreitol (DTT)
2-Mercaptoethanol

2-Propanol
4’,6-Diamidino-2-phenylindol (DAPI)
Acetic acid

Alcian blue

Biozym LE Agarose

Bovine Serum Albumin (BSA), pH 7.0
Bromophenol blue

Chloroform

D-Glucose

Dimethylsulfoxid (DMSO)

Ethanol

Ethidium bromide solution
Ethylenediaminetetraacetic acid (EDTA)
Formaldehyde
Formaldehyde, para-
Formalin (37% (v/v))
Formamide (deionized)
GenAgarose L.E.

Glycerol

Glycine

HEPES

Ficoll 400

Hydrochloric acid

Maleic acid

Methanol

Oil Red O

Orange G dye

Phenol : Chloroform : Isoamylalcohol
(25:24:1)

Silver nitrate

Sodium acetate

Sodium chloride

Sodium citrate tribasic dihydrate
Sodium hydroxide

Sodium thiosulfate

Sodium pyruvate
Sodiumdodecylsulfate (SDS)
Sucrose

Trizma base

Tris hydrochloride

Trizol

Tween 20

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Biozym Scientific GmbH, Hessisch Oldendorf,
Germany

PAA Laboratories GmbH, Pasching, Austria
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Honeywell Specialty Chemicals Seelze GmbH,
Seelze, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Genaxxon BioScience GmbH, Ulm, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Invitrogen GmbH, Darmstadt, Germany

GE Healthcare Ltd., Little Chalfont, United Kingdom
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Invitrogen GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Invitrogen GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
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214 Kits

GenElute Mammalian Genomic DNA
Miniprep Kit

Human MSC Nucleofector kit

MACSelect KX Tranfected Cell Selection kit

NucleoBond Xtra Maxi

NucleoBond Xtra Midi

NucleoSpin Plasmid Quick Pure
Qiagen Large-Construct Kit

Quick Change II-E Site-Directed
Mutagenesis Kit

Total RNA Isolation System SV
Transcriptor Universal cDNA Master

Turbo DNA free

Wizard SV Gel and PCR Clean-Up System

2.1.5 Enzymes for molecular biology

Antarctic Phosphatase

Calf Intestine Phosphatase (CIP)
DNA Polymerase I Large (Klenow)
Fragment

GoTaq DNA Polymerase
M-MuLV Reverse Transcriptase
OmniTaq DNA Polymerase

Phusion High-Fidelity DNA Polymerase
Platinum Taq DNA Polymerase
Proteinase K

Restriction endonucleases

Restriction endonucleases Bpll, Pscl
RNAse A solution

SuperScript III Reverse Transcriptase
SuperScript One-Step RT-PCR System
with Platinum Taq High Fidelity

T4 DNA Ligase

TURBO DNA-free

2.1.6 Cloning vectors
BAC containing rabbit hprt

BAC-mCherry-Neo
pBluescript-3xpA
pcDNA-3-PGK-Neo
pCAGGs-eGFP
pCAGGs-mCherry

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Lonza Cologne GmbH, K&ln, Germany

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Macherey-Nagel GmbH & Co. KG, Diiren, Germany
Macherey-Nagel GmbH & Co. KG, Diiren, Germany
Macherey-Nagel GmbH & Co. KG, Diiren, Germany
Qiagen N.V., Venlo, The Netherlands

Agilent Technologies Inc., Santa Clara, USA
Promega Corporation, Fitchburg, USA

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Applied Biosystems, Foster City, USA
Promega Corporation, Fitchburg, USA

New England Biolabs Inc., Ipswich, USA
New England Biolabs Inc., Ipswich, USA

New England Biolabs Inc., Ipswich, USA

Promega Corporation, Fitchburg, USA

New England Biolabs Inc., Ipswich, USA

OLS Omni Life Science GmbH & Co. KG, Bremen,
Germany

New England Biolabs Inc., Ipswich, USA
Invitrogen GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
New England Biolabs Inc., Ipswich, USA
Fermentas GmbH, St. Leon-Rot, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Invitrogen GmbH, Darmstadt, Germany

Invitrogen GmbH, Darmstadt, Germany
New England Biolabs Inc., Ipswich, USA
Applied Biosystems, Foster City, USA

BACPAC Resources, Children’s Hospital, Oakland,
USA

laboratory stock

created by Dr. Nousin Rezaei

created by Dr. Hagen Wieland

kind gift of Prof. Elly Tanaka

kind gift of Prof. Elly Tanaka
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pCAGGs-SB100
pGEM-T Easy Vector System I
pBluescript SK+
pjetl.2/blunt

pl452

PMACS-K*II
pPGK-eGFP1-Neo
pPGK-Neo
pREPROII

pSL1180 Amersham
pT2BDS3
pT2-SB-Bgeo
pUC-19

kind gift of Dr. Thomas Floss

Promega Corporation, Fitchburg, USA
Agilent Technologies Inc., Santa Clara, USA
Fermentas GmbH, St. Leon-Rot, Germany
kind gift of Prof. Eckhard Wolf

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

created by Dr. Hagen Wieland
created by Dr. Hagen Wieland
kind gift of Dr. Ralf Kiithn

GE Healthcare Ltd., Little Chalfont, United Kingdom

kind gift of Dr. Thomas Floss
kind gift of Dr. Thomas Floss
Invitrogen GmbH, Darmstadt, Germany

2.1.7 Chemicals for Southern Blot analysis

AGFA Cronex 5 X-Ray film

AGFA Developer G 150 for X-Ray film

AGFA Fixer G 354 for X-Ray film
Anti-Digoxigenin-AP, Fab fragments
Blocking Reagent

CDP-Star

DIG Easy Hyb Granules

Digoxigenin-11-2'-deoxy-uridine-5'-
triphosphate, alkaline-labile
(DIG-labelled dUTP)

DNA molecular weight marker VII,
Digoxigenin-labelled

2.1.8 Miscellaneous

100 bp ladder

1 kb ladder

dNTPs

RNase Away

Mid Range I PFG Marker

Rontgen Bender GmbH & Co. KG, Baden-Baden,
Germany

Rontgen Bender GmbH & Co. KG, Baden-Baden,
Germany

Roéntgen Bender GmbH & Co. KG, Baden-Baden,
Germany

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, Germany

Roche Deutschland Holding GmbH,

Grenzach Wyhlen, Germany

New England Biolabs Inc., Ipswich, USA

New England Biolabs Inc., Ipswich, USA
Biomers.net GmbH, Ulm, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
New England Biolabs Inc., Ipswich, USA
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2.1.9 Strains of Escherichia coli

DH10b (Genotype: F* endAl recAl galEI5 galK16 nupG rpsL AlacX74 ®80lacZAM15
araD139 A(ara,leu)7697 mcrA A(mrrhsdRMS-mcrBC) A'; Invitrogen GmbH, Darmstadt,
Germany

K12 ER2925 dam’/dem” (Genotype: ara-14 leuB6 thuA31 lacY1 tsx78 glnV44 galK2 galT22
mcrA dem-6 hisG4 rfbD1 R(zgb210::Tn10)TetS endAl rpsL136 dam13::Tn9 xylA-5 mtl-1
thi-1 mcrB1 hsdR2); New England Biolabs Inc., Ipswich, USA

SW106 derived from EL350, contains an ara-inducible Cre gene (Genotype: DH10B [Icl857
(cro—-bioA) <> araC-PBADcre)); kind gift of Prof. Eckhard Wolf

2.1.10 Media and antibiotics for bacterial culture

Difco lysogeny broth base BD, Franklin Lakes, USA
S.0.C. medium Invitrogen GmbH, Darmstadt, Germany
Antibiotic Supplier Stock solution Worklng
concentration
_— Sigma-Aldrich Chemie GmbH,
Ampicillin Steinheim, Germany 100 mg/ml 100 pg/ml
. Sigma-Aldrich Chemie GmbH,
Chloramphenicol Steinheim, Germany 20 mg/ml 20 pg/ml
. Sigma-Aldrich Chemie GmbH,
Kanamycin Steinheim, Germany 30 mg/ml 30 pg/ml
2.1.11 Mammalian Cells
Cell line Organism Description Source
Kind gift of Eckhard
INS1-E Rat Insulinoma cells La.mrpert, with
permission of Claes
B. Wollheim
MEF Mouse Mouse embryonic fibroblasts This work
MEF-MITO Mouse Mitomycin-treated MEFs homemade
MEF-Neo- . . .
MITO Mouse MEF-MITO from a neo-transgenic mice strain homemade
rbESC Rabbit Embryonic stem cells This work
rbFB-1 Rabbit Muscle derived fibroblasts This work
rbMSC-A Rabbit Adipose tissue derived mesenchymal stem cells This work
roMSC-BM Rabbit Bone-marrow derived mesenchymal stem cells This work
2.1.12 Media and additives for mammalian cell culture
3-Isobutyl-1-methylxanthin (IBMX) Sigma-Aldrich Chemie GmbH, Steinheim, Germany
6-Bromoindirubin-3"-oxime Merck KGaA, Darmstadt, Germany
6-Thioguanine Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Accutase PAA Laboratories GmbH, Pasching, Austria
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Activin A

Advanced Dulbecco's Modified Eagle's
Medium (Advanced DMEM)
Amphotericin B

Ascorbic acid

Basic fibroblast growth factor, human
(bFGF, FGF-2)

B-Glycerophosphate

Cell Culture Water, EP-grade
Chicken serum

Demecolcine

Dexamethasone (water-soluble)
Dulbecco's Modified Eagle's Medium
(DMEM), high glucose (4.5 g/1)
Dulbecco's PBS, without Ca* & Mg**
Fetal calf serum, ES qualified (FCS)
G418

Gelatine type B (bovine skin)
Gentamycin

Glasgow Modified Eagle's Medium BHK-21

+ Glutamine, - Tryptose Phosphate Broth
GlutaMAX

Hanks Balanced Salt Solution

Heparin

Hypoosmolar Buffer

Indomethacin

Insulin-like growth factor 2 (IGF2)
Isobutylmethylxanthine (IBMX)

ITS+1

jetPei

Leukaemia inhibitory factor (LIF)

LIF (ESGRO)

Lipofectamine 2000

Lymphocyte separation medium
MACSelect K MicroBeads

Metafectene

Nanofectin

Non-essential aa (NEAA)
Penicillin/Streptomycin solution
Promofectine

Retinoic acid

ROCK-Inhibitor

(Y-27632 dihydrocholride monohydrate)
RPMI 1640 with L-Glutamine
SatisFection

Sodium pyruvate solution

TCM

Transforming growth factor beta (TGF-p1)
Trypsin EDTA

Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Invitrogen GmbH, Darmstadt, Germany
PAA Laboratories GmbH, Pasching, Austria
Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Genaxxon BioScience GmbH, Ulm, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
PAA Laboratories GmbH, Pasching, Austria

PAA Laboratories GmbH, Pasching, Austria

PAA Laboratories GmbH, Pasching, Austria
Sigma-Aldrich Chemie GmbH, Steinheim, Germany

PAA Laboratories GmbH, Pasching, Austria
PAA Laboratories GmbH, Pasching, Austria
PAA Laboratories GmbH, Pasching, Austria
PAA Laboratories GmbH, Pasching, Austria
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
PAA Laboratories GmbH, Pasching, Austria

Invitrogen GmbH, Darmstadt, Germany

Invitrogen GmbH, Darmstadt, Germany

Biochrom AG, Berlin, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Eppendorf AG, Hamburg, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Polyplus-transfection SA, Illkirch, France
homebrew

Merck KGaA, Darmstadt, Germany

Invitrogen GmbH, Darmstadt, Germany

PAA Laboratories GmbH, Pasching, Austria
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany
Biontex Laboratories GmbH, Planegg, Germany
PAA Laboratories GmbH, Pasching, Austria

PAA Laboratories GmbH, Pasching, Austria

PAA Laboratories GmbH, Pasching, Austria
PromoCell GmbH, Heidelberg, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
PAA Laboratories GmbH, Pasching, Austria
Agilent Technologies Inc., Santa Clara, USA

PAA Laboratories GmbH, Pasching, Austria
Minitiib GmbH, Tiefenbach, Germany

MorphoSys AG, Martinsried/Planegg, Germany
PAA Laboratories GmbH, Pasching, Austria
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Turbofect Fermentas GmbH, St. Leon-Rot, Germany

2.1.13 Animals

Rabbits: albino Zimmermannkanichen (ZIKA) hybrid strain

Mice: C57BL6 strain, C57BL6-neo strain

All animals were housed in own facilities. Animal experiments were approved by the animal
experimentation ethical committee of TU Munich and performed in accordance with the

European Union Normative for Care and Use of Experimental Animals.

2.1.14 Oligonucleotides

Oligonucleotides were synthesized by biomers.net GmbH, Ulm, Germany, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany and Eurofins MWG GmbH, Ebersberg, Germany.

The recognition sequence of restriction endonucleases is underlined.

The number of bases refers to each respective primer pair.

2.1.14.1 Oligonucleotides for vector construction

Oligonucleotide name Sequence 5'- 3° Product size
rblns 5 region-fwd GGTGGTGCAGGGACTACAGA

rblns 5 region-rev AGCCTCTGTGCGTATGTGTG 1187 bp
rblns ex1-fwd GGCGGGGGGCGTGGGGGGCGCGGGCA

rblns ex3-rev GAGGTGACCAGCAGACAGGTCTGT 824 bp
rblns g303a-fwd CGGCATCGTGGAGCAGTGTTACACCAGCATCT

rblns g303a-rev AGATGCTGGTGTAACACTGCTCCACGATGCCG -

rbHPRT-exon2-EcoRI-fwd ATGAATTCAATTTCCAGACATACTCAGCAGTG
rbHPRT-exon2-Nhel-rev ATCGATCGTGTCCATAATGAGTCCATGAGG 478 bp
rbHPRT-exon4-BamHI-rev ATGGATCCGACCAGTCAACAGGGGACAT
rbHPRT-exon4-Notl-rev ATCGCCGGCGCTGCAACTGTCACCCACACT 476 bp

2.1.14.2 Oligonucleotides for PCR amplifications

Oligonucleotide name Sequence 5- 3° Product size
Oct4-fwd TGGTGCCGTGAAGCTGGA

Oct4-rev GCCCTTCTGGCGCCGGTT two isoforms 380, 488 bp
Nanog-fwd AGCTCCAGCAGAATTGTC

Nanog-rev TACTCATCCACGCAGAGA 386 bp
Rex1-fwd AGTCAACGCCAGGTATTC

Rex1-rev TATGAGCCAGCAACTGAG 469 bp
FoxD3-fwd GCCCAAGAACAGCCTAGTGA
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FoxD3-rev
Nodal-fwd
Nodal-rev
TERC-fwd
TERC-rev
DPPAS-fwd
DPPAS5-rev
BMP4-fwd
BMP4-rev
Nestin-fwd
Nestin-rev
Desmin-fwd
Desmin-rev
Hnf4a-fwd
Hnf4a-rev
Nudel-fwd
Nudel-rev
Gapdh-fwd
Gapdh-rev

PGK-Neo-genomic-fwd

PGK-Neo-genomic-rev

Intron1-PGK-fwd
Intron1-PGK-rev
pA-intron4-fwd
pA-intron4-rev
rbHPRT-ctrl-ex2-fwd
rbHPRT-ctrl-ex2-rev
rbHPRT-ctrl-ex4-fwd
rbHPRT-ctrl-ex4-rev
rbHPRT-ctrl-ex7-fwd
rbHPRT-ctrl-ex7-rev
rbHPRT-ex3-c-fwd
rbHPRT-ex3-e-rev
SB100-fwd
SB100-rev
SB100b-fwd
SB100b-rev

GGGTCCAGGGTCCAGTAGTT
GTGCTCCACTCCAACCTCTC
GCTTGGGGTAGATGATCCAA
CTAACTGAGCAGGGCGTAGG
GTGCAAGTCCCACAGCTCAG
GAAGACCTGAAAGATCCAGA
AGGACTGGAAACTGGCTTCA
AAAGTCGCCGAGATTCAGG
GAGTCTGATGGAGGTGAGT
TTTGCAGATGAGGAAGAGAG
ATGCTCTGACTCCTCCAAG
AGCAGGAGATGATGGAATAC
TCCAGCAGCTTCCGGTAGG
CCTCAAAGCCATCATCTTC
GAAGAGCTTGATGAACTGGA
TCTGTTACCGCCATTAGAGG
ATGACTCAGAGCTGCACTTG
GGAGCCAAACGGGTCATCATCTC
GAGGGGCCATCCACAGTCTTCT
TTGACAATTAATCATCGGCATAGT
TTATTAGGAAAGGACAGTGGGAGT
GCAAGGTCTATCTTTTCCCAAA
TAAAGCGCATGCTCCAGACT
CCTTCTAGTTGCCAGCCATC
GGCACAGTGGCTTTAGCTGT
TCTCATACCTTAATTTCCTTTGGTAGA
GTCGGTCTTGACAAAAAGAACC
AGGATCTCCTGTCATCTCACCTT
TCTTAATGATTGATTGAAAGCAGTG
AATTAACAGCCTGCTGGTGAAAAG
TTGTATTTTGCTTTTCCAGTTTCA
GACTTTGATTTCTTGGTCCTAAACA
CATAAGGAGAGATCATGAGGAAAAA
AGACCTCAGAAAAAGAATTGTAGACCT
TAGCATTGCCTTTAAATTGTTTAACTT
AAGACCTCAGAAAAAGAATTGTAGACC
GTAGCATTGCCTTTAAATTGTTTAACT

255 bp

226 bp

379 bp

320 bp

635 bp

444 bp

277 bp

220 bp

380 bp

233 bp

1001 bp

2002 bp

2000 bp

998 bp

974 bp

1070 bp

1003 bp

986 bp

988 bp
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SB-Ins-rev-5-a-fwd
SB-Ins-rev-5-a-rev
SB-Cherry-fwd
SB-Cherry-rev
SO-Cherry-2-fwd
SO-Cherry-2-rev
Cherry-BbsI-3"-fwd
Cherry-BbsI-3"-rev
Cherry-Bbsl-5"-fwd
Cherry-BbsI-5"-rev
RT-INS-fwd
RT-INS-rev

CTCGTTTTTCAACTACTCCACAAAT

TTCCTCAGCATTCTTAACAAAAGAC

CAGCCATTGCCTTTTATGGT
TTCAGCTTCAGCCTCTGCTT
AAGGGCGAGGAGGATAACAT
ACATGAACTGAGGGGACAGG
AAGGGCGAGGAGGATAACAT
CTTCAGCTTCAGCCTCTGCT
TGGACGAGCTGTACAAGTAAGAAT
ACAAACAATAGTTTTGGCAAGTCA
TGGTCCTCTGCAGACTGGAT
GGCACCCCTAGTTGCAGTAGT

2.1.14.3 Oligonucleotides for sequencing

Oligonucleotide name
rbHPRT-exon2-fwd
rbHPRT-exon2-rev
rbHPRT-exon4-fwd
rbHPRT-exon4-rev
rbHPRT-3"-site-a-rev
rbHPRT-3"-site-b-rev
rbHPRT-5"-site-a-fwd
rbHPRT-51 fwd and 73 rev
rbHPRT-51 fwd and 73 rev-b
rbHPRT-51 fwd and 73 rev-c
rbHPRT-51-fwd
rbHPRT-51-b-fwd
rbHPRT-51-rev
rbHPRT-51-b-rev
rbHPRT-51-c-rev
rbHPRT-73-fwd
rbHPRT-73-b-fwd
rbHPRT-73-rev

Ins complete

rblns ex3 2-rev
rblns-Mut-seq
rbIns-pA-fwd

Sequence 5°- 3’
TTACGCCAAGCTCGAAATTA
CCGGTAGAATTTCGACGAC
TCACTATAGGGCGAATTGGA
AGCTTGCGGAACCCTTAATA
GCATGGAAAGGATGAGACAGA
TGCCTCCATGATAAACTGCTT
GGTCTATCTTTTCCCAAAACTTGA
CACAGGGGCAGACATCAGTA
CCATACCCACCTACCTATCCTTC
CATTACGTCGAGGACTTGGAA
GAACCCACTCAAATGCATATTTC
CATCCCCCTCACAGCTTATG
TGCTCCTGCCGAGAAAGTAT
GGGCATGGAGTACATGTGG
TGTGGAATTGTGAGCGGATA
GGAAAGGGACTGGCTGCTAT
CCACTCAAATGCATATTTCTTGA
GATTGACTCAAAATCTGGCATAA
CAGGGACTACAGAACGCTTTGG
GTCCTCTGCAGACCAGATCC
GAGCGCCATCTTGTTCTCTC
GCCCGCTACAGATCAGGGAGGAC

505 bp

1004 bp

205 bp

510 bp

1002 bp

mRNA 330 bp
DNA 666 bp
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pjetl.2 Sequencing Primer-fwd CGACTCACTATAGGGAGAGCGGC
pjetl.2 Sequencing Primer-rev AAGAACATCGATTTTCCATGGCAG

2.1.15 Computer Software

Axiovision 3.1 Zeiss AG, Oberkochen, Germany

Basic local alignment search tool (BLAST) http://www.ncbi.nlm.nih.gov/blast/Blast.cgi

GeneSnap 6.01 Synoptics Ltd, Cambridge, United Kingdom

Microsoft Office:Mac 2003/2007 Microsoft Deutschland GmbH, UnterschleiBheim,
Germany

Primer 3 Whitehead Institute, http://frodo.wi.mit.edu

VectorNTI 10 Invitrogen GmbH, Darmstadt, Germany

Clustal W2 alignments http://www.ebi.ac.uk/Tools/clustalw2
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2.2 Methods

All work was carried out at room temperature (RT), if not stated otherwise.

2.2.1 Microbiological work
All work was carried out under sterile conditions in class II laminar air flow cabinets. Before
usage, media and consumables were sterilized by autoclaving for 20 min at 121°C. Non-

autoclaveable additives were filter-sterilised (0.22 um pore size).

2.2.1.1 Growing E. coli

To obtain single colonies after transformation, from liquid cultures or from cryopreserved
stocks, E. coli were plated on LB (lysogeny broth) agar plates containing the proper
antibiotics (final concentration of 100 pg/ml ampicillin, 30 pg/ml kanamycin and 20 pg/ml
chloramphenicol) and incubation overnight (o/n) at 37°C and 32°C in case of E. coli
containing a bacterial artificial chromosome (BAC), respectively.

For small scale preparations of plasmid and BAC, 5 ml of LB were inoculated with a single
colony of E. coli, proper antibiotics were added and incubated o/n at 37°C and 32°C,
respectively, while shaking at an agitation of 230 rpm.

For larger amounts of plasmid- and BAC-DNA, a 5 ml culture, but incubated for 8 h, was
transferred into 300 ml LB (Maxiprep) or 500 ml LB (BAC-prep).

2.2.1.2 Storage of E. coli

Plates and liquid cultures were kept at 4°C for up to two weeks. For long term storage, 500 pl
of a fresh grown overnight liquid culture, arose from a single colony, were mixed with 99%

(v/v) glycerol and frozen at -80°C.

2.2.1.3 Transformation of electro-competent E. coli

Electro-competent E. coli (50 pul) were thawed on ice, 2 pl and 5 pl of a ligation reaction or
1 ng of plasmid DNA was added and mixed by pipetting. The mixture was transferred into
precooled electroporation cuvettes (2 mm), bacterial cells were pulsed at 2500 V for 5 ms in a
multiporator and 500 pl of prewarmed LB were added. This mixture was transferred to a
1.5 ml reaction tube and incubated at 37°C while shaking at an agitation of 230 rpm for
45 min. Afterwards, 20 to 200 pl of the suspension were plated onto LB agar plates as

described.
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2.2.1.4 Making recombineering-competent E. coli

Freshly streaked E. coli, previously transformed with BAC-rbhprt, were grown until ODggo
0.3 — 0.4. Then, this culture was incubated at 42°C for 15 min while shaking and put
immediately into ice-water while shaking and incubated on ice for 20 min. All following steps
were carried out at 4°C. The bacteria culture was centrifuged at 3500 x g for 10 min and the
supernatant (s/n) was removed. The pellet was resuspended in 1 ml ice-cold 10% (v/v)
glycerol/H,O. The centrifugation and resuspension was repeated two more times. Then,

aliquots of 50 ul were frozen at -80°C.

2.2.2  Molecular biological work
All reactions and solutions were prepared with sterile double distilled H,O (ddH,O). All
sensitive reactions (e.g. polymerase chain reaction (PCR), work with RNA) were assembled

applying pipette tips with filter.

2.2.2.1 Isolation of DNA

2.2.2.1.1 Isolation of plasmid and BAC from E. coli
a) Small scale isolation of plasmid and BAC (Miniprep)
Depending on the aim of this isolation step, Miniprep was performed by alkaline lysis method
(for more DNA, time consuming) or non-alkaline lysis method (fast procedure, cheaper, less
DNA).

For alkaline lysis method, 2 ml of a 5 ml o/n culture were pelleted by centrifugation at
16000 x g for 1 min. S/n was discarded, pellet was first resuspended in 100 pl resuspension
solution (2 mM sucrose, 10 mM EDTA, 25 mM Trizma-HCI, pH 8.0) then in 200 pul lysis
solution (0.2 M NaOH, 1% (w/v) SDS) and lysed for 3 min. Lysis was stopped by adding
150 pl neutralisation solution (3 M sodium acetate, pH 4.8) and the sample was incubated on
ice for 30 min. After centrifugation for 10 min at 16000 x g, s/n was transferred to a new
reaction tube and DNA was precipitated by adding 1 ml 95% EtOH. The sample was
centrifuged for 15 min at 16000 x g and s/n discarded. The DNA pellet was washed twice first
with 80% then with 95% EtOH. Each washing step was followed by centrifugation for 10 min
at 16000 x g. After removal of s/n, pellet was air-dried and DNA dissolved in 50 ul ddH,O
containing 20 pg/ml RNAse A to remove bacterial RNA contamination.

For non-alkaline lysis method °®, 2 ml of a 5 ml o/n culture were pelleted by

centrifugation at 16000 x g for 1 min and 1.5 ml of s/n were discarded; pellet was

resuspended in remaining liquid (500 pl) and mixed with 500 pl non-alkaline lysis solution
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(6 M lithium-acetate, 2 mM EDTA, 0.5% (w/v) SDS, pH 4.8), incubated for 5 min and
centrifuged at 10000 x g for 10 min. The s/n was transferred to a new reaction tube and DNA
was precipitated by adding 800 pl isopropanol and centrifugation at 10000 x g for 10 min.
The s/n was removed, pellet washed in 1 ml 70% EtOH, centrifuged at 16000 x g for 1 min
and the s/n was discarded and the pellet air-dried. Finally, the DNA was dissolved in 20 pl
ddH,O containing 20 pg/ml RNAse A to remove bacterial RNA contamination.

For sensitive subsequent reactions, miniprep was performed applying the NucleoSpin

Plasmid QuickPure kit according to manufacturer’s instructions.

b) Large scale isolation of plasmid
Midi- and Maxipreps of plasmid DNA were performed applying the NucleoBond Xtra Midi-

or Maxi kit according to manufacturer’s instructions from 50 or 300 ml o/n cultures.

c) Large scale isolation of BAC
Maxipreps of BAC DNA were performed applying the Qiagen Large-Construct kit according

to manufacturer’s instructions from 500 ml o/n cultures.

2.2.2.1.2 Isolation of mammalian genomic DNA
Depending on the sensitiveness of subsequent reactions, mammalian genomic DNA was

isolated by a quick and dirty method or highly pure with a kit.

a) Igepal solution isolation

To obtain genomic DNA from cell samples, the cell-Trypsin-EDTA mixture was centrifuged
at 16000 x g for 10 min after detaching from the culture plate. The s/n was removed, the cell
pellet was resuspended in 50 ul Igepal buffer (50 mM Tris-HCI, 50 mM KCl, 3.15 mM
MgCl,, 0.25% (v/v) Igepal, 0.5% (v/v) Tween 20, pH 8.0) containing Proteinase K (1 mg/ml)
and incubated at 60°C for 90 min followed by an incubation at 95°C for 15 min. Then, the
mixture was centrifuged at 16000 x g for 15 min and 5 pl of the s/n was used for screening

PCR.

b) Kit-based isolation
To obtain high pure mammalian genomic DNA, the GenElute Mammalian Genomic DNA

Miniprep Kit was used according to manufacturer’s instructions.

2.2.2.2 Manipulation of DNA

2.2.2.2.1 Restriction endonuclease digestion
For the restriction digestion of DNA 2 to 3 U of restriction endonuclease per pg were used

according to manufacturer’s instructions. To verify putative restriction patterns, around 1 pg
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of DNA was digested. For quantitate preparations of plasmid DNA, fragments up to 20 ug
were used. Depending on the following work flow the restriction endonuclease was heat

inactivated according to manufacturer’s instructions.

2.2.2.2.2 Treatment of DNA with Klenow fragment

To converse disturbing overhangs on DNA fragments to blunt ends, the DNA Polymerase I
Large (Klenow) fragment was used according to manufacturer’s instructions. This enzyme
forms blunt ends by removing 3" overhangs and filling in 5" overhangs. To terminate the
reaction, 0.5 M EDTA solution was added to a final concentration of 25 mM EDTA and the

mixture was incubated at 75°C for 15 min.

2.2.2.2.3 Dephosphorylation of DNA
To prevent self-ligation of plasmid DNA 5 and 3 phosphate groups were removed by
applying Calf Intestine Phosphatase (CIP) or Antarctic Phosphatase according to

manufacturer’s instructions.

2.2.2.2.4 Agarose gel-electrophoresis

To separate DNA fragments according to their size, to isolate DNA fragments after restriction
digest and to estimate the concentration of the DNA agarose gel-electrophoresis was used.
Depending on the (expected) size of DNA fragments, DNA was separated on 0.8 to 1.5%
(w/v) agarose gels in an electric field ranging from 80 to 120 V in TAE (40 mM Trizma base,
20 mM acetic acid, | mM EDTA, pH 8.0) or TBE buffer (90 mM Trizma base, 90 mM boric
acid, 2 mM EDTA, pH 8.0). All gels contained 0.1 pg/ml ethidium bromide to visualize the
DNA by UV light at 254 nm excitation wavelength in the Gene Genius Bioimaging System.
Before loading onto the gel, samples were mixed with 5 x gel loading buffer (50% (v/v)
glycerol, 10 mM EDTA, 0.1% (w/v) SDS, traces of bromophenol blue). 100 bp and/or 1 kb

DNA ladder was used to determine the size and estimate the concentration of DNA fragments.

To separate DNA fragments larger than 10 kb (up to 200 kb), pulsed field gel electrophoresis
was used. For this, the DNA was separated on a 1% (w/v) agarose gel in 0.5 x TAE in a
pulsed electric field at 60 V and 15 s pulse in 0.5 x TAE at 12°C for 16 h. Before loading onto
the gel, 3 ug of each sample was mixed with 1/3 volume gel loading buffer (15% Ficoll 400
(w/v), traces of Orange G dye). 1 kb DNA ladder and Mid Range PFG marker II were used to
determine the size and estimate the concentration of DNA fragments. To visualize the DNA

bands, the gel was stained in EtBr-containing 0.5 x TAE buffer after the separation.
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2.2.2.2.5 Extraction of DNA from agarose gels
To obtain desired DNA fragments from agarose gels, the gels were put on a UV table,
fragments were cut out with a clean scalpel and the DNA was purified applying the Wizard

SV gel and PCR Clean-Up System kit according to manufacturer’s instructions.

2.2.2.2.6 Ligation of DNA fragments

To ligate DNA fragments in a molar ratio (vector : insert) of 1 : 3 (sticky ends) or 1 : 5 (blunt
ends), T4 DNA ligase was used according to manufacturer’s instructions and usually
incubated at RT for 2 h (sticky ends), followed by an incubation at 4°C o/n (only for blunt
ends). For difficult to ligate fragments, the reaction was incubated at 16°C o/n, 1 pul of T4
DNA ligase was added and again incubated at 16°C o/n.

2.2.2.2.7 Purification of DNA by Phenol-Chloroform-Isoamylalcohol

To concentrate and purify DNA obtained from preceding procedures, such as restriction
digests, the Phenol-Chloroform-Isoamylalcohol method was used. The DNA to purify was
filled up with TE buffer (10 mM Tris, 1 mM EDTA) to a sufficient amount (usually 500 ul)
and mixed with the same volume Phenol-Chloroform-Isoamylalcohol solution. This mixture
was centrifuged at 16000 x g for 2 min and the upper, aqueous phase was transferred into a
new reaction tube. Then, 1/10 volume NaAcetate (pH adjusted to 5.2 with glacial acetic acid)
as well as 2.5 fold volume EtOH (100%) was added and mixed. To precipitate the DNA, the
mixture was incubated at -20°C for 25 min and centrifuged at 16000 x g for 15 min (4°C).
The s/n was discarded; the pellet was washed with 200 pul EtOH (80%) and centrifuged at
16000 x g for 2 min (4°C). The s/n was discarded and the pellet air dried under a laminar flow
hood. Finally, the pellet was dissolved in 40 pl Tris-low EDTA (10 mM Tris, 0.1 mM
EDTA).

2.2.2.2.8 DNA precipitation

To obtain sterile DNA for transfections into mammalian cells, the DNA was precipitated by
adding 0.1 volumes of 3 M NaCl and 2 volumes of 100% EtOH (-20°C). The mixture was
incubated at -80°C for 2 h or at -20°C o/n. Then, the solution was centrifuged at 16000 x g for
10 min. The following steps were done under sterile conditions. The s/n was discarded, pellet
was washed in 1 ml 70% EtOH, followed by centrifugation at 16000 x g for 5 min. The s/n
was discarded, pellet air dried under a laminar flow hood and dissolved in 50 to 200 pl Tris-

low EDTA (10 mM Tris, 0.1 mM EDTA).
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2.2.2.2.9 Introduction of single base mutations

In order to introduce the single base pair mutation (G to A, Akita mutation) into the rabbit
insulin gene (rbIns), it was previously subcloned into a cloning vector and the mutation was
inserted according to manufacturer’s instructions of the PCR-based Quick Change II-E Site-
Directed Mutagenesis Kit. The necessary oligonucleotides (rblns g303a, 2.1.14.1) were
designed using the Quick Change Primer Design program (genomics.agilent.com). The kit
includes the removing of the initial vector, clean-up and electroporation into kit’s own E. coli
and medium.

The PCR program applied to introduce the mutation was as follows:

Initial denaturation 95°C 30s

Denaturation 95°C 30s

Annealing 55°C 1 min x 16
Extension 68°C 3 min 50 s

Cooling 8°C

2.2.2.3 DNA concentration determination

Routinely, DNA concentrations were measured applying the BioPhotometer according to
manufacturer’s instructions. Alternatively, DNA concentration was estimated by comparing

the sample with the NEB ladder DNA on TBE agarose gels.

2.2.2.4 Polymerase Chain Reaction (PCR)

PCR was used to amplify fragments from plasmid, BAC and genomic DNA for cloning
purposes or the verification of the presence of a given DNA fragment. PCR was performed
according to manufacturer’s instructions. In the following, purposes of each PCR reaction are
described and the capital letter indicates the concerning cycling conditions in Table 1.
A) The PGK-Neo-polyA (mouse phosphoglycerate kinase promoter (PGK) directing neo)
was amplified from the vector pcDNA3 using Omni-Tag-DNA-Polymerase.
B) Two fragments of BAC-rbHPRT were amplified using Phusion-DNA-Polymerase
under the same cycling conditions. These both fragments (Fig. 15) were needed for

cloning of the recombineering vector.

— e — e

Exon 2 Exon 3 w

Figure 15: Two PCR amplicons of rbhprt for subsequent cloning purposes.

C) Two fragments (Fig. 16) of the final recombineered BAC-rbHPRT™*® were amplified

using Go-Tag-DNA-Polymerase for analysis under the same cycling conditions.
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Figure 16: Two PCR amplicons of BAC-rbHPRT"* for analysing purposes.

D) Amplification of the promoter of rblns using Phusion polymerase for cloning
purposes. Amplicon overlaps with fragment E) and shares a unique restriction site
(Fig. 17).

E) Amplification of the transcription unit of rbIns using Phusion polymerase for cloning
purposes. Amplicon overlaps with fragment D) and shares a unique restriction site

(Fig. 17). The Akita mutation will be introduced into this amplicon (2.2.2.2.9).

D EC?N|
F ) [P E)
= rbins I

Figure 17: PCR amplicons of rbins for cloning purposes.
Both amplicons D) and E) overlapping the unique restriction site EcoNI which is used to ligate both
amplicons after introduction of the Akita mutation.

Table 1: PCR cycling parameters concerning to the amplifications described above.

A) B) C) D) E)
Initial 94°C 2min | 94°C  2min | 95°C  2min | 98°C 2min | 98°C 2 min
denaturation
Denaturation | 94°C  30s | 94°C  30s | 95°C  45s | 98°C 10s | 98°C 10s
Annealing | 57°C 45s | 57°C _ 45s | 66°C _45s | 67°C_30s | 65°C 30s
Extension 72°C 2min | 72°C 1.5min | 72°C 2.16 min | 72°C 20s 72°C 20s
Cycles 25 25 35 30 30
Final - - 72°C  5min | 72°C  7min | 72°C 7 min
extension
Cooling 8°C % 8°C % 8°C % 8°C % 8°C %
Akita

F) Amplification of a small part of the rbIns

Taq-DNA-Polymerase for analysing purposes.

G)

. Akit .
expression vector pINS™™ using Go-

Amplification of a part of the expression vector pT2-SB-CAGGs-mCherry

(cytomegalovirus early enhancer/chicken b-actin promoter (CAGGs) directing

expression of red fluorescent protein mCherry flanked by IRs of SB transposon) using
oligonucleotides Cherry-Bbsl-3'-fwd and Cherry-Bbsl-3"-rev with Go-Taq-DNA-

Polymerase for analysing purposes.

H)

Amplification of a part of the SB100 expression vector pCAGGsSB100 using

oligonucleotides SB100-fwd and SB100-rev with Go-Taq-DNA-Polymerase for

analysing purposes.
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Table 1 (continued): PCR cycling parameters concerning to the amplifications described above.
F) G) H)
il o5ec 2min [ 95°c 2min | 95°C 2 min
denaturation

Denaturation | 95°C 45 s 95°C 45s 95°C 45s
Annealing 61°C 45s | 63°C 45 s 61°C 45 s
Extension 72°C 30s 72°C 1 min 72°C 1 min

Cycles 35 35 35
Final o . o . R .
. 72°C  5min | 72°C 5 min 72°C 5 min
extension
Cooling 8°C 0 8°C 0 8°C 0

2.2.2.5 Sequencing of DNA

DNA sequencing was performed by Eurofins MWG GmbH (Ebersberg, Germany) or
according to manufacturer’s instructions of the BigDye Terminator v1.1 cycle Sequencing
Kit. If PCR products are supposed for sequencing with the usage of BigDye Terminator, the
DNA was cleaned up SAP buffer and Exol. For this, 100 ng of DNA were mixed with 2 pl
BigDye Reaction mix, 2 pl BigDye Sequencing Buffer, 2.5 pmol of sequencing primer filled

up to a final volume of 10 pl with H,O and run in a thermocycler with following program:

Initial denaturation 96°C 15s

Denaturation 96°C 10s

Annealing 60°C 4s x 35
Extension 60°C 4 min

Cooling 8°C

Further processing was performed by Dr. K. Flisikowski (Chair of Animal Breeding, TUM).

2.2.2.6 Southern Blot analysis of DNA

Southern Blot hybridisation was used to analyse the copy number of mCherry integrated into
the rabbit genomic DNA.

2.2.2.6.1 Preparation of the probe

For the detection of DNA fragments on the membrane probes labelled with Digoxigenin-11-
2'-deoxy-uridine-5'-triphosphate (DIG) were used. Here, a DIG-dUTP : dTTP ratio of 1 : 3
was used. For this, a PCR was set up to amplify a 205 bp fragment of the mCherry cassette
with the oligonucleotide pair SO-Cherry-2-fwd and SO-Cherry-2-rev using 10 pg of the
vector pT2BDS3-SB-polylinker-rev-mCherry. A second PCR using the same oligonucleotides
was set up without (w/o) DIG to compare labelled and unlabelled probes by gel

electrophoresis. The PCRs were set up according to manufacturer’s instructions of the Go-Taq
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Polymerase with using only 0.6 pl of dNTPs (40 mM) and run in a thermocycler with

following program:

Initial denaturation 95°C 2 min

Denaturation 95°C 45

Annealing 60°C 45s x 35
Extension 72°C 125

Final extension 72°C 5 min

Cooling 8°C

To analyse the labelling of the probe, the DIG-labelled and the non-labelled samples were
loaded onto a 1.5% (w/v) TAE agarose gel. Due to the incorporation of DIG, the labelled
probe was expected to be slightly larger than the non-labelled one.

2.2.2.6.2 Southern Blot

For the Southern Blot, 10 pg of genomic DNA per lane was digested with 30 U Blpl for 4 h
according to manufacturer’s instructions and loaded onto a 1% (w/v) 1x TBE gel w/o EtBr.
Next, 2 ul DIG-labelled molecular weight marker VII and 6 pl 1 kb ladder was loaded onto
the gel. The gel was run at 40 V for 18 h. To determine the separation of DNA, the lane with
the 1 kb ladder was cut off, stained in 1 x TAE containing EtBr for 15 min and visualized
with UV light. All following steps were carried out with gentle shaking, if not stated
otherwise. The DNA was depurinated by incubate the gel in 250 mM HCI for 10 min. Then,
the gel was rinsed with dH,O and incubated twice in denaturation solution (0.5 M NaOH,
1.5M NaCl) for 15 min and again rinsed with dH,O. The gel was incubated twice in
neutralization solution (0.5 M Tris-HCI1 pH7.5, 1.5 M NaCl) for 15 min and rinsed with dH,O.
Afterwards, the gel was equilibrated in 20 x SSC (3 M NaCl, 0.3 M NaCitrate, adjusted to
pH 7 with 1 M HCI) for 10 min. The gel was assembled in a capillary blot according to the
manual and the DNA was blotted onto the Hybond-N" membrane o/n. After blotting, the
membrane was washed twice in 2 x SSC and the DNA was linked to it by an incubation at
120°C for 30 min. The membrane was covered with DIG Easy Hyb and incubated for 1 hin a
rotating 50 ml centrifugation tube. 2.5 pul of the probe were diluted in 50 ml ddH,O, incubated
at 95°C for 5 min and mixed with 2.5 ml of pre-warmed (37°C) DIG Easy Hyb (hybridisation
solution). The DIG Easy Hyb was discarded from the membrane; the hybridisation solution
was added and incubated in the rotating tube at 47.7°C o/n. The next day, the hybridisation
solution was discarded, the membrane was incubated twice in low stringency buffer (2 x SSC,

0.1% (v/v) SDS) for 15 min and then the membrane was incubated twice in pre-warmed
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(54°C) high stringency buffer (0.5 x SSC, 0.1% (v/v) SDS) at 54°C for 15 min. The membrane
was incubated in washing buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3% (v/v) Tween 20,
adjusted to pH 7.5 with NaOH) for 2 min, blocking solution (1 x blocking solution in washing
buffer) was added and incubated for 1 h. Then, antibody solution (blocking solution, anti-
Digoxygenin-AP Fab fragments 1:10000) was added and the membrane was incubated for
30 min. The membrane was incubated twice in washing buffer for 15 min and then incubated
in detection buffer (0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5) for 3 min. The membrane was taken
out of the tray and was sealed into a plastic wrap. Before closing the wrap, the
chemiluminescent substrate (1:100 in detection buffer) was added drop wise to the membrane.

The sealed membrane was exposed to X-ray films for 5 min to 1 h.

2.2.2.7 Isolation of RNA

For RNA isolation from mammalian cells, the cells were detached with accutase, centrifuged
at 340 x g for 5 min and resuspended in Trizol or in lysis buffer from the Total RNA Isolation
System SV Kkit.

In case of the Total RNA Isolation System SV kit, RNA was isolated according to
manufacturer’s instructions.

In case of using Trizol reagent, cells were resuspended in 4 ml Trizol, incubated for 5 min and
this suspension was transferred into 2 ml reaction tubes. Then, 200 pl of chloroform were
added, the tubes were briefly inverted for 15 s and the mixture was incubated for 3 min.
Subsequently, the tubes were centrifuged at 12000 x g for 15 min at 4°C and the upper,
aqueous phase was transferred carefully into fresh tubes and after addition of 500 pnl
isopropanol (-20°C) incubated for 10 min. After centrifugation at 12000 x g for 10 min at 4°C
s/n was discarded and the pellet was washed in 1000 pl 70% (v/v) EtOH (-20°C). The tubes
were centrifuged at 7500 x g for 5 min at 4°C, the s/n was discarded, and the pellet was air-
dried and dissolved in 50 pl of H,O by incubation at 60°C for 10 min.

To remove contaminating DNA, Turbo DNA free kit was used according to manufacturer’s
instructions.

Finally, the RNA concentration was measured with a photo-spectrophotometer and, if not
used immediately, stored at -80°C.

The quality of the RNA was checked by loading 5 pul RNA (100 ng/ul) (mixed with 15 pl
formamide (100%) and 5ul 5 x loading buffer, incubated at 65°C for 5 min) on 1.5% 1 x TBE
agarose gels as described (2.2.2.2.4).
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2.2.2.8 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed by a one-step or two-step protocol. For the one-step protocol RT-
PCRs were carried out using SuperScript III One-step RT-PCR system according to
manufacturer’s instructions and run in a thermo cycler with programs listed in Table 2.

A) For Oct4, Nanog, Rex1 and TERC

B) For Nestin, Desmin, Hnf4o. and Gapdh

C) For Nodal, FoxD3, DPPA5 and BMP4
For the two-step protocol, RNA was transcribed into cDNA in a separate reaction using
M-MuLV Reverse Transcriptase or Transcriptor Universal cDNA Master kit according to
manufacturer’s instructions. Then, 1 pl of the cDNA-sysnthesis reaction was used to set up
the PCR according to manufacturer’s instructions of the Go-Taq Polymerase with program
listed in Table 2.

D) rblns

Table 2: PCR cycling parameters concerning to the amplifications described above.

A) B) C) D)
Reverse transcription o . o . o .
of RNA into cDNA 50°C 45 min 50°C 45 min | 55°C 45 min -
Initial denaturation 94°C 2 min 94°C 2min | 94°C 2 min 95°C 2 min
Denaturation 94°C 30s 94°C 20s 94°C 15s 95°C 45s
Annealing 54°C 30s 56°C 20s 62°C _1038-<:Sycle 60°C 45s
Extension 68°C 1 min 72°C 20s 72°C 1 min 72°C 18s
Cycles 10 35 10
Denaturation 95°C 30s - 94°C 15s
Annealing 56°C 30s - 59°C 30s
Extension 68°C & g-]g)l;lle - 72°C 1 min
Cycles 30 - 30
Final extension - 72°C 5 min - 72°C 5 min
Cooling 8°C 0 8°C 0 8°C 0 8°C o0

2.2.3 Mammalian cell culture work

All work in tissue culture was performed in safety level S1 laboratories in a class II airflow
cabinet under sterile conditions. All consumables were autoclaved before use or sterile single
packed disposables were used. All solutions prepared outside of the airflow cabinet or were
not sterile were autoclaved, or if not possible, filter sterilized (0.22 pm) before use.

Generally, all media, accutase / trypsin were pre-warmed to 37°C before use. The handling of
cells occurred always under sterile conditions. Periodically, the medium was tested for the
presence of mycoplasma contamination by the use of PCR method. The PCR was performed

by Magret Bahnweg.
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In principle, all cells were cultured w/o antibiotics and antimycotics, if not stated otherwise, in
a cell culture incubator at 37°C in a 5% CO; humidified atmosphere in cell culture well
plates, cell culture dishes or cell culture flasks with ventilation lids. The cells were inspected
regularly under an inverted microscope for the state of confluence, signs of stress, media etc.
The medium was replaced every 2 to 3 days and cells were subcultured (passaged) before they
reached a confluent monolayer. For this, the medium was removed, the cells were washed
with D-PBS and the cells were detached by incubation with accutase or trypsin at 37°C,
5% CO,. When cells were detaching, the reaction was stopped by adding the appropriate
medium and the cell suspension was centrifuged at 340 x g for 5 min, resuspended in growth
medium and transferred to into new culture vessel.

For the used cells, the medium, passaging ratios and selection antibiotic concentrations are
shown in Table 3. Selection antibiotic concentrations were determined in dose response
curves.

Table 3: Summary of all mammalian cell lines used in this thesis.
For each cell line, the corresponding medium, splitting ratio and, if applied, antibiotic concentration is given.

Cell line Growth medium Subculture ratio Selection antibiotics concentration
INS1-E INS1-E 1:2tol:4 G418: 25 pg/ml
MEF DMEM+ - -
MEF-MITO DMEM+ - -
MEF-Neo-MITO DMEM+ - -
rbESC CM++ 1:1t01:6 G418: 150 pg/mi
rbFB-1 DMEM+ 1:2t01:4 G418: 200 pg/mi
rbA-MSC MSC 1:4 G418: 500 pg/mi
G418: 500 pg/ml
rboBM-MSC MSC 1:4
6-TG: 6 pug/ml
2.2.3.1 Media for mammalian cell culture
DMEM+ INSI1E medium MSC medium
DMEM (4.5 g/l glucose) RPMI 1640 advanced DMEM
2 mM GlutaMAX 1 mM Na-Pyruvate 2 mM GlutaMAX
0.1 mM Non-essential amino acids 1 mM GlutaMAX 0.1 mM Non-essential amino acids
10% (v/v) FCS 11.2 mM HEPES 10% (v/v) FCS
0.175 mM 2-Mercaptoethanol 5 ng/ml bFGF
10% (v/v) FCS

Cryopreservation medium

70% (v/v) growth medium
20% (v/v) FCS
10% (v/v) DMSO

CM++
conditioned medium
(DMEM+ cultured on MEFs)

300 U/ml LIF
10 ng/ml bFGF

Embryo medium
80% (v/v) TCM

20% (v/v) FCS

0.5 mg/ml gentamycin
CM+++

CM++
0.1 uM ROCK-inhibitor

- 46 -



MATERIAL AND METHODS

Differentiation medium Embryoid body differentiation medium 1 Embryoid body differentiation medium 2
Glasgow-MEM BHK-21 DMEM/F12 DMEM/F12

1 mM Na-Pyruvate 0.1 mM Non-essential amino acids 0.1 mM Non-essential amino acids

0.1 mM Non-essential amino acids | mM GlutaMAX 1 mM GlutaMAX

2 mM GlutaMAX 100 uM 2-Mercaptoethanol 100 pM 2-Mercaptoethanol

35 nM 2-Mercaptoethanol 20% (v/v) FCS 2% (v/v) FCS

10% (v/v) FCS

2.2.3.2 Isolation and culture of primary cells

2.2.3.2.1 Isolation of mouse embryonic feeder cells

Pregnant mice were sacrificed at day 13.5 post coitum (p.c.) and washed with 80% EtOH.
After uteri dissection, the foetuses were separated and washed 3 x in D-PBS. To remove
neural cells and as much blood as possible the heads, livers, and hearts were cut out and
discarded. The remaining bodies of the foetuses were washed 3 x in D-PBS and minced with
a razor blade. The minced foetuses were rinsed with 15 ml of trypsin/EDTA/chicken serum
and incubated at 37°C and 5% CO, for 15 min. The solution containing minced tissues was
transferred into a 50 ml conical tube and incubated for 2 min at room temperature (RT) to
settle down bigger clumps. Afterwards, s/n was transferred into a 50 ml conical tube, filled up
to 50 ml with DMEM+ (containing 100 pg/ml Penicillin/Streptomycin solution (Pen/Strep))
and centrifuged at 340 x g for 5 min. After centrifugation the pellet was resuspended in 50 ml
DMEM+ (containing 100 pg/ml Pen/Strep) and plated onto 75 cm? flasks. Further cultivation,
expansion and mitomycin C treatment procedures were carried out by Angela Zaruba and
Peggy Miiller.

Before using, the MEF-MITO cells were tested by cultivating them in a 6-well plate (covered
with 0.1% (v/v) gelatine in D-PBS) in DMEM+. The quality and colony formation of MEF-
MITOs were tested.

2.2.3.2.2 Preparation of feeder plates

Depending on the purpose, 6- or 12 well plates or rather 25- or 75 cm” flasks were coated by
adding 0.1% gelatine solution for at least 20 min. Gelatine was removed and thawed MEF-
MITOs (1 vial per plate, 1 vial per 25 cm? flask and 2 vials for 75 cm? flask) were plated with
DMEM-+. The plates with feeder cells were prepared at least 2 h before using them for the
cultivation of tbESCs.

2.2.3.2.3 Isolation and culture of putative rabbit embryonic stem cells

Rabbit embryos were obtained by flushing explanted oviducts of superovulated rabbits 19 h
p.c. and cultured in embryo medium until hatching blastocyst stage. ICM cells were isolated
mechanically with sterile needles and plated immediately onto one well of a 12 well plate

with feeder cells in CM++. Seven to ten days after initial plating, the ICM outgrowths
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(explants) were mechanically dissected and individually re-seeded onto new feeder layers in
12 well plates and continued in culture always on feeder layers. Putative rbESCs
spontaneously differentiate when passaged as big clusters (>50 cells). For this, they were
routinely passaged as small clumps of cells (10 - 20 cells) using accutase. Mostly, CM++ was
supplemented with ROCK-i (10 uM/ml). A sample of the medium was taken on a regular

basis to check for the absence of mycoplasmas.

2.2.3.2.4 Isolation and culture of rabbit mesenchymal stem cells

MSCs can be derived both from bone-marrow and adipose tissue. Accordingly, two different
methods to obtain these cells were applied.

For the isolation of MSCs from bone-marrow, stromal cells were isolated from the femurs and
tibia of 5 week old rabbits. All equipment was cleaned with 80% EtOH and washed in sterile
D-PBS. The remaining tissues around the bones were removed, bones were cleaned with 80%
EtOH and epiphyses were opened with a saw. The bone-marrow was flushed thoroughly into
petri dishes with advanced DMEM and transferred into 50 ml centrifugation tubes while
eliminating bigger clumps. The petri dishes were rinsed twice with advanced DMEM and also
transferred into the tubes. Then, the solution was filtered through a steel mesh, transferred into
50 ml centrifugation tubes and centrifuged at 600 x g for 10 min. Before removing the whole
s/n, the fatty layer on top was removed; the pellet was resuspended in 20 ml MSC-medium
(supplemented with 100 pg/ml Pen/Strep and 100 pg/ml Amphotericin B, also in following
steps) and centrifuged at 600 x g for 5 min. The s/n was removed and pellet was resuspended
in 20 ml MSC-medium. If there was more than one 50 ml tube at the beginning, the cells were
pooled after each centrifugation step. At the end, cells were seeded onto 75 cm? flasks in
MSC-medium. The medium was changed every day after rinsing twice with D-PBS to remove
non adherent and hematopoietic cells. Three days after isolation, medium was changed to
MSC-medium w/o antibiotics. When cells reached a confluence of 80% they were frozen and
stored in liquid N,. For each flask, a medium sample was taken to verify the absence of
mycoplasmas.

For the isolation of MSCs from adipose tissue, fat tissue was isolated with a scalpel of 5 week
old rabbits. All equipment was cleaned with 80% EtOH and washed in sterile D-PBS. Tissue
was minced with scalpel and scissors and digested in 10 ml sterile filtered collagenase type
I/D-PBS (1 mg/ml) at 37°C with shaking every 5 min. Next, the suspension was filtered
through a 100 pm cell strainer to remove connective tissue and clumps. This filtrate was
resuspended in an equal volume of MSC-medium (supplemented with 100 pg/ml Pen/Strep
and 100 pg/ml Amphotericin B, also in following steps), centrifuged at 1000 x g for 10 min,
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s/n was removed, pellet was resuspended in 20 ml MSC-medium and seeded onto one
150 cm? flask. Following proceedings were the same as described for BM-MSCs.
Both, A-MSCs and BM-MSCs were routinely grown in MSC-medium and passaged using

accutase before they reached 80% confluence.

2.2.3.2.5 Isolation and culture of rabbit fibroblast-like cells

For the isolation of fibroblast-like cells, a piece of around 3 cm was cut off of the hind leg
muscle of a just now sacrificed male 13 week old rabbit, washed with D-PBS and minced
with a scalpel. The minced tissue was rinsed with 15 ml of trypsin/EDTA/chicken serum and
incubated at 37°C and 5% CO, for 15 min. Then, the tissue was vortexed and minced further
while pipetting up and down. The incubation and mincing process was repeated 2 x with
incubation times of 10 and 5 min. After the last incubation, in order to settle down bigger
clumps, the s/n was transferred into 50 ml conical tubes and filled up to 50 ml with DMEM+
(containing 100 pg/ml Pen/Strep and 100 pg/ml Amphotericin B) and centrifuged at 340 x g
for 5 min. After centrifugation the pellet was resuspended in 50 ml DMEM+ (containing
100 pg/ml Pen/Strep and 100 pg/ml Amphotericin B) and plated onto two 75 cm® flasks.
After 8 days, the cells were passaged, pooled and plated onto four 75 cm?® flasks with
DMEM-+. Four days later, three flasks were frozen, while RNA was isolated from the cells of
the fourth flask.

2.2.3.2.6 Isolation of rabbit foetal cells

For the isolation of foetal cells, rabbit foetuses 21 day p.c. were washed in D-PBS, a piece of
around 1 cm was cut off, again washed with D-PBS and minced with a scalpel. Remaining
carcasses were frozen at -80°C. The minced tissue was rinsed with 15 ml of
trypsin/EDTA/chicken serum and incubated at 37°C and 5% CO, for 15 min. Then, the tissue
was vortexed and minced further while pipetting up and down. The incubation and mincing
process was repeated 2 x with incubation times of 10 and 5 min. After the last incubation to
settle down bigger clumps, the s/n was transferred into 50 ml conical tubes and filled up to
50 ml with DMEM+ (containing 100 pg/ml Pen/Strep and 100 pg/ml Amphotericin B) and
centrifuged at 340 x g for 5 min. After centrifugation the pellet was resuspended in 25 ml
DMEM+ (containing 100 pg/ml Pen/Strep and 100 pg/ml Amphotericin B) and plated onto

one 150 cm? flasks and cultured.

2.2.3.2.7 Culture of rat insulinoma cells

Rat insulinoma cell line INS1E was cultured in 75 cm? flasks in INS1E medium.
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2.2.3.3 Cryopreservation and thawing of mammalian cells

For cryopreservation, cells were washed with D-PBS, detached with accutase, pelleted by
centrifugation at 340 x g for 5 min and resuspended in culture medium (depends on cell type)
and cryopreservation medium in a 1:1 ratio. The cryotubes were placed in a freezing container
and frozen down at -80°C. For long-term storage, cryotubes were stored in a liquid nitrogen
system.

Cryotubes containing frozen cells (either from liquid nitrogen or -80°C) were thawed in a
37°C water bath, washed with 1 ml of appropriate medium in a conical tube and were
centrifuged at 340 x g for 5 min. The s/n was discarded, the pellet was resuspended in culture

medium and plated onto flask or plate and incubated.

2.2.3.4 Differentiation of stem cells

2.2.3.4.1 Differentiation of rabbit putative embryonic stem cells
Rabbit putative ESCs were differentiated by creating embryoid bodies (EBs) using suspension
culture and hanging drops.

Suspension culture

In a procedure similar to passaging, after centrifugation cell clumps were resuspended in 5 ml
differentiation medium and plated onto a 10 cm bacterial dish (Petri dish) and incubated for 5
days. The plate was observed daily for the formation of cystic structures. After 5 days, the
medium containing floating EBs was transferred into a 15 ml conical tube and incubated for
30 min, to settle down EBs. The s/n was removed, fresh differentiation medium was added
carefully and EBs were resuspended by gentle pipetting. EBs were transferred to a gelatine
coated 6 well plate, where they were allowed to attach and observed every other day.

Hanging drops

The first steps are similar to the derivation of EBs in suspension culture. RbESCs cultured one
passage w/o feeder cells were resuspended in embryoid body differentiation medium 1
(2.2.3.1) and the cells were counted. The cell number was adjusted at 500, 1000, 3000, 5000,
6000 and 7000 cells per 40 pl, whereby 40 pl is the volume of the drop. Drops were given to
the inner side of the lid of a bacterial dish; the lid was turned what allowed the drops to hang
along the gravitation force gradient. The plate was filled with D-PBS, to avoid drying of the
drops. Hanging drops were incubated for 10 days. Afterwards, EBs were transferred to a
gelatine-coated 12 well plates with embryoid body differentiation medium 1, where they were
allowed to attach. After three days, the medium was changed to embryoid body differentiation

medium 2 and changed 3 x per week.
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2.2.3.4.2 Differentiation of rabbit mesenchymal stem cells

Adipogenic differentiation

For the adipogenic differentiation 2 x 10° cells were plated per well of a 6 well plate using
MSC medium. After 48 h, the medium of 3 wells was replaced by adipogenesis medium
(Advanced DMEM, 0.1 mM NEAA, 2 mM GlutaMAX, 10% FCS (v/v), 5 ng/ml bFGF,
50 uM 3-isobutyl-1-methylxanthine, 1 uM dexamethasone, 1 x ITS+1, 100 uM indomethacin)
whereas MSC medium was used for the other three wells (control) and incubated for 21 days.
The medium was changed 2 to 3 x per week. Then, the cells were washed twice with D-PBS,
fixed for 5 min. with fixation solution (10% (v/v) formaldehyde/methanol) and the cells were
washed 3 x with dH,O. The cells were covered with Oil Red O solution (1.5 parts Oil Red O
(0.3% (v/v)) in isopropanol and 1 part ddH,0O) and incubated for 30 min at RT. Oil Red O
solution was rinsed off with ddH,O. The lipid droplets in the cells stained red and were
documented.

Osteogenic differentiation

For the osteogenic differentiation, 3 x 10 cells were plated per well of two 6 well plates using
MSC medium. After 48 h, the medium of 6 wells was replaced by osteogenesis medium
(Advanced DMEM, 0.1 mM NEAA, 2 mM GlutaMAX, 10% FCS (v/v), 5 ng/ml bFGF,
10 uM B-glycerol phosphate, 100 nM dexamethasone, 50 pg/ml ascorbic acid) whereas MSC
medium was used for the other six wells (control) and cells were incubated for 21 days. The
medium was changed 2 to 3 x per week for 21 days. Then, 3 wells of both the differentiated
cells and of the control were used for staining of calcium deposits.

To stain the calcium deposits, the cells were washed twice with D-PBS, fixed for 5 min with
fixation solution (10% (v/v) formaldehyde/methanol) as described above. Then, 1 ml of the
staining solution (5% (w/v) silver nitrate/ddH,0O) was added per well, incubated for 30 min in
the dark and the cells were washed 3 x with dH,O. One ml dH,O was added per well and the
cells were exposed to UV light (254 nm) for 30 min. After, the H,O was removed, 1 ml per
well of sodium thiosulfate (5% (w/v)/H,O) was added and incubated for 5 min. The cells were
washed 3 x with dH,O. The calcium deposits stained brownish/black and were documented.

Chondrogenic differentiation

For the chondrogenic differentiation, 5 x 10° cells per 15 ml centrifugation tube were
centrifuged for 5 min at 340 x g, s/n was discarded, pellet was washed with D-PBS and
centrifuged again for 3 min at 3400 x g. The s/n was removed, chondrogenesis medium
(Advanced DMEM, 0.1 mM NEAA, 2 mM GlutaMAX, 10% FCS (v/v), 10 ng/ml TGF-B)

was added very carefully to not destroy the pellet and cells were incubated in 2 x 15 ml
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centrifugation tubes whereas in other 2 x 15 ml centrifugation tubes MSC medium (2.2.3.1)
was used (controls). The medium was changed 2 x per week for 21 days. Then, the medium
was discarded; the pellet was washed twice with D-PBS and dried by air.

The deposition of proteoglycan was made visible by staining with alcian blue. For this, pellets
were covered with alcian blue solution (1% (w/v) alcian blue, 3% (v/v) acetic acid, H,O

(pH 2.5)), incubated for 30 min and washed 3 x with dH,O.

2.2.3.5 Karyotyping by Fluorescence in-situ hybridisation

To assess the normal rabbit karyotype of established rbESC lines, the number and
morphology of chromosomes was assessed with the use of fluorescence in situ hybridisation
(FISH).

To achieve a sufficient number of dividing cells, rbESCs were grown in a 75 cm” flask. Once
the cells reached 80 — 90% confluence, the cell cycle was blocked in the methaphase stage by
adding demecolcin and incubation for 4 h at 37°C. Cells were detached with accutase,
pelleted by centrifugation at 340 x g for 5 min, and resuspended in 500 ul of DMEM+.
Subsequently, the cell suspension was slightly vortexed. During vortexing, 10 ml of 0.8%
(v/v) NaCitrate was added drop-wise. After incubation at 37°C for 25 min, the cell suspension
was centrifuged at 300 x g for 5 min and resuspended in 2 ml fixative (MeOH/glacial acetic
acid (3:1)). The centrifugation and fixing steps were repeated 2 x. After the last centrifugation
step, cell pellet was resuspended in 1 ml fixative and incubated at -20°C for 10 min.
Afterwards, cell suspension was dropped onto pre-chilled glass slides and immediately
transferred onto a warm table (40°C) to dry. Dry chromosome spreads were stained with
DAPI solution (2 mg/ml in TBST (20 mM Tris-Cl pH 7.4, 0.15 M NacCl, 0.05% Tween-20))
for 3 min, washed 3 x with ddH,O and air-dried at RT in the dark. Before covering with
coverslips, slides were mounted with 35 ul of anti-fade and stored in the dark at RT. The

metaphase spreads were observed and counted under fluorescence microscope.

2.2.3.6 Crystal violet staining

Cells in culture were stained by this method, to make easily visible especially colonies but
also the confluence. For this, the medium was removed, cells were washed with D-PBS and
fixative was added for 5 min at RT. The fixative was removed, cells were washed 3 x with D-
PBS and crystal violet staining solution was added and incubated 5 min at RT. Finally,
staining solution was removed and cells were washed with ddH,O. Stained cells were

subjected to air drying.
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2.2.3.7 Transfection of mammalian cells

2.2.3.7.1 Chemical transfection

The day before the transfection, the cells were split onto a 6 well plate in order to reach a
confluence of 80 — 90%. The transfection was carried out according to the manufacturer’s
instructions of jetPei, Lipofectamine 2000, Metafectene, Nanofectin, Promofectin,

SatisFection and Turbofect.

2.2.3.7.2 Electroporation

To prepare the cells for electroporation they were detached with accutase in a process similar
to passaging. After the centrifugation step, the s/n was discarded and the pellet was
resuspended in hypoosmolar buffer (37°C) to obtain a cell concentration of 5 x 10° to
1.5 x 107 cells/ml. For each electroporation, 750 ul of the cell suspension were then mixed
with 50 pl isoosmolar buffer containing DNA (variable amounts) and incubated 5 to 10 min at
RT. This suspension was given in a 4 mm cuvette, electroporated with a single pulse at 300 V
for 500 ps and incubated for 5 to 10 min at RT. Then, 1 ml culture medium was added and the

cell suspension was plated onto tissue culture vessels and incubated.

2.2.3.7.3 Nucleofection

Since it is not possible to adjust relevant parameters, the method was performed strictly to the
manufacturer’s instructions. To perform the reaction, the human MSC Nucleofector kit was
used where for a single reaction, 5 x 10° cells and 2 - 15 pug of DNA were used. The particular

nucleofection programs were chosen according to suggestions of technical support.

2.2.3.8 Generation of stable genetically modified cells

For cell selection purposes, the optimal antibiotic concentration was determined by dose
response curves. For this, the cells were seeded with the corresponding required minimum
confluence on 12 well plates. Into each well, the antibiotic was added in ascending
concentration or already in a certain range. A control well with medium w/o antibiotic was
included. The medium containing antibiotic was changed 2 — 3 x per week. After 10 days, the
lowest concentration at which no living cells can be seen was selected.

To select for stably transfected cells, the medium was replaced with fresh medium and the
appropriate antibiotic (Table 3) was added two days after the transfection. The medium

containing antibiotic was changed 2 — 3 x per week until single colonies were visible
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3 RESULTS

3.1 Transposon-mediated transgenesis

In this section, the method of genetic manipulation using the sleeping beauty transposon
system was established. Therefore, transposon vectors for the proof of its functionality were
produced and tested both in vitro and in vivo. Further, the rabbit insulin was cloned, Akita
mutation introduced and finally proofed to be functional. The detailed information concerning

vector construction is given in appendix.

3.1.1 Construction of rabbit insulin expression vectors

To show the functionality of the Akita mutation in rabbit insulin, the mutated insulin needs to
be expressed in an in vitro system.

At the outset of this project no sequence data regarding rabbit insulin were available, thus it
was identified based on homology to human, mouse and rat insulin genes. During the time
period of this project the sequence of rabbit insulin become available in the GenBank (access
number: DP001064.1).

Both the promoter region and transcription unit were amplified using primer pair rblns-
5’region (promoter) and oligonucleotides rblns-ex1-fwd and rblns-ex3-rev (transcription unit)
(see 2.1.14.1). The resulting fragments, whose correctness was verified by restriction digests,
were each ligated into the cloning vector pjetl.2 and again verified by restriction digests and
sequencing.

In order to insert the desired Akita mutation (transition of guanine to adenine at position 303)
into the rabbit insulin gene the Quick Change II-E Site-Directed Mutagenesis kit was used.
After transformation, positive colonies were identified by colony PCR, restriction digests and
sequencing. It was found that all sequences were correct and the desired mutation was
inserted.

In the next step, the two parts of insulin, promoter and either the mutated or non-mutated
transcription unit were combined.

In a final cloning step, a poly adenylation signal (polyA) was added to both insulin and Ins"<@
expression vectors. For this, the vectors from the previous step were linearized and the 3 x
polyA cassette (5'- 3": SV40, bovine growth hormone and CMV) was inserted. The final
vectors (Fig. 18) were verified by restriction digests and sequencing with oligonucleotides

rblns-pA-fwd, pjetl.2 Sequencing Primer-fwd and —rev. It was found that all sequences were

-54 -



RESULTS

Akita

correct. Thus, both insulin and Ins expression vectors, pINS™T and pINS™M%  were

successfully constructed and were used in further experiments.

rabbit gengmic Insulin

670 bp 865 bp 657 b

Figure 18: Schematic draw of rabbit insulin and 3 x poly adenylation signal placed behind.
The sizes of promoter, coding sequence and pA are indicated. The red asterisk marks the transition of guanine to
adenine at position 303. In the control vector, this mutation is missing.

3.1.2  Verification of the functionality of insulin expression vectors
To verify the functionality of the mutated and non-mutated insulin expression vectors, the
insulin expressing insulinoma cell line INSIE was transfected with either pINS™' or
pINS™® Upon transfection with pINS™ it is expected that INS1E cells will die due to the
mutation which causes a misfolding of INS (discussion 4.1.1). Both vectors were co-
transfected with pPGK-Neo using a 10 : 1 molar ratio for selection reasons. For both vectors,
3 ng, 4 ug 5 pg, 6 ng and 7 pg of DNA per well of a 6-well plate were transfected applying
nanofection. After two days, INSIE cells were subjected to G418 selection. After 12 days,
GAkita

colony formation was observed. No cells survived after transfection with pIN whereas

cells transfected with the non-mutated version (pINS™") were growing normal (Fig. 19).

A _ _ i ) B

rbins-pA rbins-Akita-pA +G418 @50 x
Transfections Non-transfected
+G418

Figure 19: Co-transfection of either pINS*“™: pPGK-Neo (10 : 1) or pINS"" : pPGK-Neo (10 : 1) into
INSI1E cells.

A) Cells transfected with pINSY" grew under G418 selection, whereas cells transfected with pINS*** died. B)
Non-transfected cells died under G418 selection (negative control) but grew w/o selection pressure (positive
control).

To show that the promoter is active in insulin-producing cells only, both vectors were co-
transfected into rabbit fibroblasts (rbFB-1) as described for INS1E cells. As fibroblasts do not
express insulin, transfection with any insulin expression vectors was expected to not affect
fibroblast growing properties. Indeed, it was shown that neither of the two vectors (pINS™"

and pINS™*") had any influence on the growth of rbFB-1 (Fig. 20).
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spA {50 x. rbins-Akita:

Transfections Non-transcted
+G418 +G418

Figure 20: Co-transfection of either pINS*¥™ : pPGK-Neo (10 : 1) or pINS"T : pPGK-Neo (10 : 1) into
rbFB-1.

A) Cells transfected with pINSV" grew under G418 selection as well as cells transfected with pINS***. B) Non-
transfected cells died under G418 selection (negative control).

It was shown in the above experiments, that both insulin expression vectors are functional.
Importantly, it was shown that insulin is expressed in insulin expressing cells only and not in

others thereby verifying the specificity of the promoter. However, these results are only based

Akita on molecular level (by RT-

Akita

on phenotypic observations. To verify the expression of Ins
PCR), a different experimental setup needs to be performed. As shown, Ins™ “-expressing
cells are dying, minimizing the isolation efficiency of intact total RNA. Therefore, to verify

Akita, total RNA needs to be isolated soon after transfection and after onset

the expression of Ins
of transgene expression but prior to induced cell death. To enrich for transfected cells the
selection procedure of the MACS-system was used 24 h after transfection.

The selection vector pMACSK" II expresses a specific cell surface marker allowing selection
for successfully transfected cells. pINS™ " or pIN SAk was co-transfected with pMACSKk IIin
a mass ratio of 5 : 1 (Insulin expression vector : pMACSK" IT) using 7 pg total DNA per well
of'a 6 well plate. Each of the two combinations was done in quadruple.

For RT-PCR, total RNA was isolated at two time points (24 h and 48 h post transfection).
After verification of the intactness of RNA, RT-PCR with oligonucleotides RT-INS-fwd and
RT-INS-rev was performed. The primer pair used for this reaction was designed to amplify
both RNA (303 bp) and DNA (666 bp) of rabbit insulin.

Specific band (303 bp) for mRNAs for both Ins"" and Ins™"@ were present on the agarose gel,
whereas non-transfected cells did not show any band as well as water control (Fig. 21). The
absence of insulin DNA contamination in the RNA samples was verified by the lack of the
666 bp band. Only DNA control (pINSAkita) showed a characteristic band at the expected size.

Those results proofed the expression of both pIns"™ and Ins"kita,
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INS1E H,O +

Mut C WT
24 48 24 48

Figure 21: RT-PCR for rabbit insulin of co-transfected INS1E cells using either pINS*™ : pMACSK* I1
(5: 1) or pINS™ : pMACSKX 11 (5 : 1).

Total RNA was isolated 24 h and 48 h post transfection. Mut: Co-transfection of pINSAkital : pMACSKk I, C:
non-transfected INSIE cells (negative control), WT: Co-transfection of pINS"' and pMACSKF, +: pINSAH®
DNA. Primer pair detects both DNA (666 bp) and mRNA (330 bp).

3.1.3  Verification of the functionality of Sleeping Beauty transposon system

In the previous experiments (3.1.2), the two vectors carrying rabbit insulin and the Akita
mutation proofed to be functional. In the next step, the Sleeping Beauty (SB) transposon
system was verified for functionality in the rabbit. For this, a visible marker (red fluorescence
protein mCherry) was used. To verify the functionality of the constructed SB system in
rabbits, an in vitro assay was performed. In addition, it was proofed that the known
phenomenon of transposase overproduction inhibition occurs also in rabbits. Hence, the
optimal ratio of SB100 to gene of interest (GOI) was determined.

For subcloning, SB100 transposase was cloned into pCAGGseGFP of which the enhanced
green fluorescent protein (eGFP) cassette was removed by restriction digest. The correctness
of the resulting transposase expression vector pCAGGsSB100 (Fig. 22 A) was verified by
restriction digests.

The vector bearing the transposase recognition sequences (SB-IRs) was prepared to be ready
for simple insertion of any GOI. For this, the vector pT2BDS3 was digested to remove
unnecessary sequences between IRs. Then, the superlinker of pSL1180 Amersham, was
subcloned between both SB-IRs into pT2BDS3. The resulting pT2-SB-polylinker was
verified by restriction digest.

Afterwards, the first GOI, CAGGs-mCherry, was subcloned from pCAGGs-mCherry into the
superpolylinker resulting in the vector pT2-SB-CAGGs-mCherry (Fig. 22 B), which was

verified by restriction digests and sequencing.

3145 bp

Figure 22: Two vector SB-system.

The transposase, necessary for transposition of target gene, is delivered as a separate vector. A) Schematic draw
of pPCAGGsSB100. The SB100 transposase is directed by a CAGGs promoter and stopped by rabbit $-globin
polyA. B) Schematic draw of the transposable mCherry red fluorescence transgene vector pT2-SB-CAGGs-
mCherry. mCherry is directed by CAGGs promoter and stopped by rabbit B-globin polyA. The expression
cassette is flanked by SB inverted repeats (IR) and has a total size of 3145 bp.
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In a first experiment, the optimum molar ratio of pT2-SB-CAGGs-mCherry to
pCAGGsSB100 was determined. The four molar ratios used were: 1 : 1, 1: 0.5, 1 : 0.1 and
1 : 0.01. For this, 3 ng of total vector DNA per well of a 6 well plate was transfected into
rbMSCs using nanofectin. As a control, rtbMSCs were transfected with pT2-SB-CAGGs-
mCherry and pCAGGsSB100 separately.

48 h after transfection it could be shown that transfection efficiency increased with decreasing
amount of pCAGGsSB100 (transposase) (Fig. 23 A). Thus, the phenomenon of
overproduction inhibition was shown to occur in rabbit MSCs and the functionality of SB
system was verified. As expected, a control transfection of pT2-SB-CAGGs-mCherry alone
resulted in moderate expression of mCherry (Fig. 23 B). However, the number of fluorescing
cells was 2-fold higher when co-transfected with pCAGGsSB100 at a 1 : 0.01 ratio. The

control transfection of pCAGGsSB100 alone resulted in no mCherry expression.

A 1:1 1:05 1:041

1:0.01

50 x

pT2-SB-CAGGs-Cherry pCAGGs-SB100

Ak

Figure 23: Verification of the functionality of SB vector system by the use of mCherry red fluorescent
transgene in roBM-MSC P1.

A) Co-transfection of transposable vector (pT2-SB-CAGGs-mCherry) and transposase expression vector
(pCAGGsSB100) in distinct ratios (1 : 1, 1 : 0.5, 1 : 0.1 and 1 : 0.01). B) Controls: Transfection of each vector
(pT2-SB-CAGGs-mCherry and pCAGGsSB100) alone.

3.1.4  Generation of transgenic rabbits by transposon-mediated transgenesis
To generate transgenic rabbits, vector DNA of GOI and transposase at a total concentration of
0.4 ng/ul was microinjected into rabbit fertilised oocytes. Afterwards, the developing embryos

were transferred to surrogate mothers.
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Akita

The vector carrying the GOI (mCherry or Ins™ ) was used as circular as well as linear

(linearized by Xmnl) vector in these experiments.

3.1.4.1 Generation of transgenic rabbits carrying mCherry red fluorescent protein

Based on the results of the in vitro experiments (3.1.3), a ratio of 1 : 0.01 (pT2-SB-CAGGs-

mCherry to pCAGGsSB100) was used for microinjection. Table 4 summarises these
experiments. A total of 19 surrogate mothers were used of which 8 got pregnant and a total of
29 foetuses could be recovered at day 21 p.c. Of those, 14 were transgenic and the
transgenesis frequencies of recovered embryo per surrogate mother were ranging from 25 to
90%.

Table 4: Summary of the microinjection experiments of SB-system with mCherry as transgene.

For each injection experiment the number of injected embryos, the number of embryos transferred to surrogate

mother, the number of recovered foetuses (day 21 p.c.), the number of transgenic foetuses and the corresponding
transgenic frequencies per recovered embryos are given.

. No. of No. of No. of No. of .
No. of injected . Transgenic frequency of
embryos surrogate transferred recovered transgenic recovered embryos [%]
mothers embryos foetuses foetuses

60 1 24 10 9 90
36 3 2 66.7

74 2 38 0 - -

8 1 8 1 0 0

46 1 24 0 - -
29 8 2 25

62 2 25 0 ) )

31 1 17 2 0 0
23 0 -

41 2 18 0

48 1 38 3 0 0
39 2 1 50

74 2 38 0 )
45 0 -

97 2 52 0 i
36 2 0 0

72 2 36 0 )
30 0

75 2 30 0

The transgenic status of all foetuses was analysed by PCR with primer pair SB-Cherry. The
correct identity of the obtained PCR products was proven by restriction digests. Further, the
sensitivity of targeting PCRs was determined. It was found that 5 copies of pT2-SB-CAGGs-
mCherry were necessary to obtain a band on the agarose gel.

From 18 foetuses fibroblast-like cells were also isolated. Cells in culture were observed for
mCherry expression visible by red fluorescence (Fig. 24 A). All those cells exhibiting red
fluorescence also showed a positive band for mCherry in the PCR (Fig. 24 B). As expected,
cells not exhibiting red fluorescence were negative for mCherry in the PCR. Further, mCherry
positive cells were tested for integration of the co-transfected vector pCAGGsSB100. It was

demonstrated that this vector was not integrated (Fig. 24 C).
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#1 #2 #18 #6

: g . : = R ¢ ¢ ¥ (.»
RPN £k 100 X ° o i -&‘é

M 1 2 3 4 5 6 7 g§ 9 10 11 12 13 14 15 16 17 18 Pos. Neg. H,O M

C
M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Pos. Neg. H,0

Figure 24: Transgenic rabbit foetuses obtained by applying mCherry SB-transposon system.

A) Isolated and cultured foetal fibroblasts expressing red fluorescent mCherry (# 1, 2 and 18) and exemplary
foetal fibroblasts of a negative foetus (# 6). B) PCR for mCherry on genomic DNA isolated of cultured foetal
fibroblasts. Pos.: pT2-SB-CAGGs-mCherry DNA, Neg.: wild type (wt) DNA C) PCR for SB100 on genomic
DNA isolated of cultured foetal fibroblasts. Pos.: pPCAGGsSB100 DNA, Neg.: wt DNA

To assess the copy number of integrated pT2-SB-CAGGs-mCherry, Southern Blot analysis
was performed. For this, 11 pg of genomic DNA of mCherry positive foetuses and of wild
type (wt) animals was restriction digested with Blpl (Fig. 25). Before using these digests for
Southern Blot and to verify the DNA amount, a volume corresponding to 1 pug was taken out
and run on an agarose gel. Due to the random integration of SB, it is not possible to predict a
precise band size on the Southern Blot. Although a second restriction site could be chosen, but

then it is not possible to assess the copy number.

Blpl

19 CAGGs

Figure 25: Location of the recognition site of the restriction enzyme Blpl on the vector pT2-SB-CAGGs-
mCherry.
The bold red line indicates the annealing of the Southern Blot hybridisation probe. Positions are not to scale.

mCherry

The Southern Blot verified the integration of pT2-SB-CAGGs-mCherry in all samples but not
in WT. In each sample lane, two bands are visible which indicates a double integration of

pT2-SB-CAGGs-mCherry into the rabbit genome (Fig. 26).
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ladder #1 #2 #18 WT

8576 bp

7427 bp

6106 bp

4899 bp

Figure 26: Southern Blot analysis of DNA of the three positive foetuses and of WT as negative control.
In each lane of samples #1, #2 and #18 two bands are visible, but no band in WT genomic DNA control.

3.1.4.2 Generation of transgenic rabbits carrying mutated rabbit insulin

Since the SB system with mCherry resulted in promising outcomes both in tissue culture and

animal experiments and the insulin vector proved its functionality in tissue culture

AR assette including 3x polyA was cloned into pT2-SB-

experiments as well, the Ins
polyinker. The resulting vector pT2-SB-INS* (Fig. 27) was successfully verified by
restriction digests and sequencing.

rDSO3 bpﬁ
|38 rabbit geng

3452 bp

Figure 27: Schematic draw of pT2-SB-INS*K® bearing the transposable rabbit Ins*™ transgene and
artificial 3x polyA.

The expression cassette is flanked by SB inverted repeats (IR) and has a total size of 3452 bp. Blue arrows
indicate the annealing sites of primer pair SB-Ins-rev-5-a used for subsequent analysis.

Again, the vector was linearized and a ratio of 1 : 0.01 (pT2-SB-INS™**™ to pCAGGsSB100)
was used. The injection procedure and conditions were the same as for mCherry (3.1.4.1). In
these experiments, embryos were not transferred to surrogate mothers but kept in vitro until
blastocyst stage. Due to legal restrictions, no transfer into surrogate mothers could be carried
out. Therefore, blastocysts were cultivated separately on 24 well plates until hatching. Prior to
DNA analysis, cultivation of cells was carried out to minimize false positive results due to
non-integrated vector DNA that may still present after microinjection. Thus, cells obtained
from hatched embryos were grown until 95% confluence. In two rounds of microinjections
genomic DNA was isolated of 57 embryos that grew out and PCR analysis was performed to
verify the presence of pT2-SB-INS** Here, it is important that at least one primer does not
anneal in the rabbit insulin sequence. Hence, primer pair SB-Ins-rev-5-a was used. The PCR
GAKita

analysis confirmed the presence of pT2-SB-IN in the outgrowths of 54 embryos
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(Table 5, Fig. 28). For each microinjection round, these results correspond to transgenic
frequencies of 31.6% and 72% per initially cultivated embryo, respectively. In a further PCR
reaction, the absence of pCAGGsSB100 was verified in all 57 embryos (data not shown). The

third round of injections with 34 cultivated embryos resulted in no hatching embryos.

Table 5: Summary of the microinjection experiments of SB-system with rabbit Ins"<@ as transgene.

Here, embryos were cultivated in vitro until 95% confluence of the outgrowth, genomic DNA was isolated and
analysed by PCR for the presence of pT2-SB-INS*,

No. of injected No. of cultivated No. of hatched  No. of transgenic Transgenic frequency of hatched embryos
embryos embryos embryos embryos [%]
58 57 20 18 90
52 50 37 36 97.3
34 34 0 - -

12 3 45 6 7 8 910 1112 M M 13 14 15 16 17 18 1920 21 22 23 24 M M 2526 27 28 29 30 31 32 33 34 35 36

37 38 3940 414243 44 M M 45 46 47 48 49 50 5152 M M 33 54 55 56 57 + WT H20

Figure 28: PCR analysis of putative transgenic rabbit embryos obtained applying SB-transposon system.
PCR for SB-IR/rabbit insulin on genomic DNA isolated of cultured embryonic cells. +: positive control pT2-SB-
INS*¥“ DNA, WT: negative control WT DNA, M: 100 bp ladder.

3.1.5 Summary

To obtain transgenic rabbits by the method of transposon-mediated transgenesis, important
technical prerequisites were established and valuated. Thus, the Sleeping Beauty transposon
system was successfully established and applied in the rabbit. Using a mCherry reporter
construct, a high percentage of transgenic red fluorescent rabbit foetuses was obtained.
Furthermore, to obtain a transgenic rabbit for biomedical research, a high percentage of

Akita

transgenic blastocysts using a rabbit Ins construct was shown. Further experiments with

this construct could not be performed due to missing legal permissions.
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3.2  Cell-mediated transgenesis

In this chapter results of the isolation, characterisation and manipulation of both pluripotent

and multipotent stem cells are described, which may support cell-mediated transgenesis.

3.2.1 Pluripotent stem cells

During my Master thesis > I attempted to isolate tbESCs. However, it was not possible to
maintain a pure ESC-like phenotype. The routinely used medium was conditioned medium
supplemented with LIF, bFGF and ROCK-i (CM+++). All tbESCs in culture underwent to
some extend differentiation resulting in a mixed population of rbESCs and differentiated cells.
Morphological, tbESCs were defined by the formation of round colonies with clear margins.
The rounded and tightly packed cells exhibited a high nucleus/cytoplasm ratio with prominent
nucleoli. To obtain pure rbESC colonies, the method of isolation of inner cell mass (ICM)
cells and their further cultivation was modified.

The preliminary results of the Master thesis include the verification of expression of Oct4,
Nanog, FoxD3, Nodal, Rex1, DPPA5, TERC and BMP4 by RT-PCR and the verification of
alkaline phosphatase (AP) activity by chemical staining method and OCT4 by
immunostaining. In addition, one chimeric rabbit was born. Further, the karyotype of distinct

lines appeared to be stable in low and high passages.

3.2.1.1 Derivation of rabbit pluripotent stem cells

In this section, several experiments are described to optimise the derivation of rbESCs.

It has been shown in the Master thesis that the insulin-like growth factor 2 (IGF2) has a
positive effect on the culture of rbESCs. Therefore, in a first experiment the ICM of 48
blastocysts was isolated and cultivated in two distinct media: a) in conditioned medium
supplemented with 3 factors LIF, bFGF and ROCK-1 (CM+++ (2.2.3)) and additionally
supplemented with IGF2 (20 ng/ml) (24 isolations) and b) the other 24 ICM cells were
cultured in CM++ (w/o bFGF) but supplemented with IGF2 (20 ng/ml). After 8 days, 15 ES-
like colonies in medium (a) containing IGF2 and 14 colonies in same medium but w/o bFGF
(b) became visible. There were no morphologic differences in those colonies. Also, their
growth and morphologic characteristics during further growth did not change visibly.

In a further experiment, similar conditions were applied. Here, the ICM of 18 blastocysts was
cultured in CM+++ supplemented with IGF2 (20 ng/ml), whereas the ICM of 18 other
blastocysts was cultured in CM+++. Of the first group, 12 explants could be achieved and of

the 2™ group 11 explants. Different from the previous experiment, some lines cultured in
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CM+++ and additional IGF2 supplementation grew as perfect monolayers without
morphological signs of other cell types and exhibited typical ES-like morphology present in
all cells of the concerning line. Those lines were also alkaline phosphatase (AP) positive as
verified by chemical AP staining. One line was subjected to differentiation assays and
induced to differentiate into cells of the three germ layers by addition of bFGF, activin A and
retinoic acid. However, only differentiation into a fibroblast like phenotype could be
observed.

Another attempt was to isolate cells of the developing rabbit embryo at different stages,
ranging from morula to early blastocyst. Usually, ICM was isolated exclusively from early to
late blastocyst stage. In comparison, 32 explants out of 35 embryos from early to late
blastocyst stages could be obtained (91.4%), whereas only 5 explants out of 36 embryos from
morula to early blastocyst stage could be achieved (13.9%).

During all experiments, 48 lines of putative rbESCs could be established in this thesis.

3.2.1.2 Optimisation of the in vitro culture of rabbit putative embryonic stem cells

The line rbESC-5 (established in the master thesis) was used for most experiments and
characterised intensively. To reveal the optimal culture conditions of rbESCs, rbESC-5 at
passage 13 was tested in a combination of both absence and presence of LIF, ROCK-i and
bFGF in both basic media CM and mES (standard mESC medium) (Table 6). In addition,
IGF2 was added w/o any other supplementation into both CM and mES.

Table 6: Overview of the supplements and their combinations used to reveal the optimal conditions.

Each combination was used in both CM and mES. Note that the combination of CM 6 is identical to CM++ and
CM 8 is identical to CM+++ of previous experiments.

Combinations
Supplement 1 2 3 4 5 6 7 8 9
LIF - - -+ -+ + -
ROCK-Inhibitor - -+ -+ - + -
bFGF -+ - -+ o+ + -
IGF2 S S T

This medium experiment was conducted over a period of 33 days and 5 passages. The cells
were assessed 3 x per week on the basis of what showed before to be typical rbES-like
morphology (3.2.1). The first assessment was three days after initial seeding of the cells
(Tables 7 and 8). Usually, this is the time the first colonies become visible after thawing. The

results as means of morphologic description are given in (Tables 7 and 8).

- 64 -



RESULTS

Table 7: Summary of the morphologic results of the medium condition experiment using CM as basic

medium.

The combination # refers to the combination of supplements outlined in Table 6.

Combination #

3 days post seeding

33 days post seeding

Mainly ES-like colonies, but also

1 Some ES-like cells, lot of differentiation . .
differentiated cells
2 More ES-like cells compared to #1, but Mainly ES-like colonies, but also
also lot of differentiation differentiated cells
3 Mainly ES-like cells, few differentiation Almost exclusively dlfferentlated cells,
nearly no ES-like cells
4 No ES-like cells, only differentiated cells Some nef';\rly perfecF and blg ES-llke
colonies, lot of differentiation
5 Mainly ES-like colonies, few Some ES-like colonies, lot of
differentiation differentiation
. . . L Some big ES-like colonies, also
6 (= CM++) Mainly ES-like cells, lot of differentiation . o
differentiation
7 Mainly ES-like cells, very few Almost exclusively differentiated cells,
differentiated cells very few ES-like cells
8 (= CM+++) Lot of ES-like cells, more differentiation Mainly ES-like colonies, but also
B compared to #5 differentiation
9 Almost no ES-like cells, lot of Some nearly perfect and big ES-like

differentiation

colonies, bit of differentiation

Table 8: Summary of the morphologic results of the medium condition experiment using mES medium as

basic medium.

The combination # refers to the combination of supplements outlined in Table 6.

Combination #

3 days post seeding

33 days post seeding

Mainly ES-like colonies, but also

1 Lot of differentiation differentiated cells
. . Mainly almost perfect ES-like colonies,
2 Lot of differentiation but also differentiated cells
3 Some ES-like cells, differentiation Some fe‘.N ES-hk.e colonies, lot of
differentiated cells
4 No ES-like cells, lot of differentiation Some negrly perfectc and bl.g E.S_hke
colonies, lot of differentiation
5 Mainly ES-like cells, almost no Some ES-like colonies, lot of
differentiation differentiation
. L Lot of small ES-like colonies, also
6 Lot of differentiation differentiated cells
7 Mainly ES-like c'ells, buF n.o colonies, few Some few ES-like colonies, differentiation
of differentiation
8 Only few ES-llkfé c.ells, lot of No ES-like colonies, nearly no ESCs
differentiation
9 Only few ES-like cells, lot of Some nearly perfect and big ES-like
differentiation colonies, bit of differentiation

These experiments revealed positive and negative effects of the used supplements.

Surprisingly, if ROCK-1 was used exclusively in both standard media (CM++ and CM+++),

nearly all cells differentiated (Table 9, Fig. 29). This condition was even worse than without

any supplementation. However, when ROCK-i was used in combination with LIF, the

morphologies improved and were good when bFGF was supplemented as third compound.

Surprisingly, this was only so for CM as basic medium but not when mES was used. As

shown already for the derivation of rbESCs, the supplementation of IGF2 enhanced in vitro
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cultivation in both mES and CM. This experiment showed that most suitable media might be
CM supplemented with LIF + bFGF + IGF2 and LIF + bFGF + ROCK-i. The latter one was
used routinely (CM+++). During the course of experiments, typical ES-like cells with nearly
perfect morphology were observed over 3 passages in CM w/o any supplements but
disappeared later. This indicated the easy to influence putative pluripotent state.

Table 9: Complete overview of the results of the medium condition experiment.
Good looking morphological results are highlighted in green whereas negative ones are highlighted in red.
Morphologic observations are ranked by numbers from 1 (best) to 6 (worst).

rbESC-5 P13 CM mES
+LIF
+bFGF
+ROCK-i
+IGF2
+LIF, +ROCK-i
+LIF, +bFGF
+bFGF, +ROCK-i
+LIF, +bFGF, +ROCK-i

perfect rbESCs

1:
2
3
4
5
6:

complete differentiation

+bFGF +ROCK-Inh. +IGFII

s

+bFGF +LIF . +bFGF +LIF +ROCK-Inh.

all images 100x

CM --- +bFGF +bFGF +ROCK-Inh. +IGFII

mES

+LIF +bFGF +LIF +ROCK-Inh. +LIF +ROCK-Inh. +bFGF +LIF +ROCK-Inh.
w SRR Y . v p SRR A s

all images 100x

Figure 29: Typical morphology of putative rbESCs under specific conditions of the medium composition

experiment.
The both basic media (CM (A) and mES (B)) were supplemented with the indicated combinations of molecules

and morphological assessed.
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In an additional experiment that was conducted at the same
time, tbESC line 5 P14 was cultured under three different
conditions: CM+++ but w/o feeder cells, CM and mES. This
experiment was conducted over 78 days. The cells grew for
14 passages (CM: 11 passages) under those conditions. The

cells in CM exhibited a slower proliferation rate and reached

three passages fewer compared to cells in the two other i .
p g W p W Figure 30: Typical morphology

media. Remarkably, rbES-like cells under all three conditions ©of the long term medium
experiment of rbESC in CM.

grew as perfect monolayers (Fig. 30). As a rapid

morphological test, the cells cultured w/o feeders were changed from CM+++ to DMEM+, in
which they changed their morphology within 3 passages dramatically to typical fibroblast-like
phenotype indicative for differentiation. A karyotyping of the three sublines derived from
CM, mES and CM+++ but w/o feeder cells was performed to assess the integrity of the
chromosomes (Table 10) which was shown to be normal. Since the diploid rabbit karyotype
consists of 44 chromsomes (Fig. 31) it is expected that the majority of chromosome counts
reveals this number. Indeed, the mode of each subline was 44. However, the percentage of
cells exhibiting exactly 44 chromosomes differs between the sublines. Nevertheless, cells
exhibiting more than 44 chromomes were around 7 — 8%, except cells that were cultured
without feeders. These cells exhibited more then 44 chromosomes at a higher frequency
(16.4%).

Table 10: Summary of counted chromosomes obtained from karyotyping of cells cultivated under stated
conditions.

No. of -MEF-MITO cM mES
Chr CM+++
<44 31 (46.3%) | 33(589%) | 49 (485%)
44 25 (37.3%) | 19(33,9%) | 49 (485%)
> 44 11 (16.4%) 4(7,1%) 8(7,9%)
total 67 56 101
mode 44 44 44

Figure 31: Typical karyotype of rabbit normal diploid chromosome set after DAPI staining.
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To estimate the ability of tbESCs for NT, experiments were performed with non-transfected
as well with stably transfected rbESCs (3.2.1.3). Since these experiments were done also with

MSCs, the results are summarized in chapter 3.2.3.

3.2.1.3 Assessment of optimal transfection methods for rabbit embryonic stem cells

To reveal the optimal method for transfection of rbESCs, different methods were assessed.

In a first experiment, the method of electroporation was applied on rbESC-5 P12 using
distinct cell concentrations (1x10° and 1x107 cells/ml) and different amounts (1, 5 and 10 pg)
of eGFP expressing plasmid (pEGFP-C1). As negative control, electroporation w/o DNA was
performed. After 48 h, cells were observed for green fluorescence. In general, there were
nearly no colonies with ESC-like phenotype visible and expression of eGFP was only
detected when 10 pg DNA in combination with 10° cells/ml were used. Five and nine days
after electroporation, there was no fluorescence visible at all due to a massive loss of cells
except two eGFP-expressing ESC-like colonies (1 pg DNA, 10° cells/ml and 10 pg DNA,
10° cells/ml).

Since electroporation did not provide in satisfying results, three distinct particle-based
transfection reagents (Lipofectamine 2000, Nanofectin and TurboFect) were used to transfect
the line rtbESC-5 at passage 11 with the plasmid pPGK-eGFP1-Neo. For each transfection
reagent varying amounts were used in combination with 1 and 2 pg of plasmid DNA (Table
11). Each combination was done twice in 24 well plates. For this, the suppliers’

recommendations were scaled down.

Table 11: Combinations of transfection reagents.
Overview of the used reagents, their concentration and their combination with distinct amounts of vector DNA
(pPGK-eGFP1-Neo).

Lipofectamine 2000
A [ul] 0.5 12 I

B [ul] 1 3.2 1.5

C [ul] 2 6.4 2

3 8 2.8

After 24 h, the transient expression of eGFP was assessed. The results showed a clear
tendency that the higher the amount of each reagent the higher the number of eGFP positive
cells (Table 12, Fig. 32). Contrary, no clear tendency can be seen when different amounts of
pPGK-eGFP1-Neo were used. When Lipofectamine 2000 was used, the higher amount of
pDNA resulted in higher number of green cells. But when using Nanofectin and TurboFect,
the lower amount (1 pg) of pDNA most often resulted in higher numbers of green cells as

2 pg. Overall, the application of TurboFect resulted in the least eGFP positive cells compared
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to Lipofectamine 2000 and Nanofectin. Nanofectin resulted in the highest transfection
efficiencies (Fig. 32). Hence, these parameters (8 ul Nanofectin and 1 pg pDNA) were chosen

for further transfections.

Table 12: Overview of the results obtained applying different reagents in different concentrations and in
different combinations with distinct amounts of pPGK-eGFP1-Neo.

Amount of cells exhibiting eGFP fluorescence is indicated by a scale ranging from no fluorescence (-) up to very
high expression (+++).

1 2 | 2 1 2
(+) +(+) - - -
+ +(+) ++ + - +
++ ++ +H(+) () +
++(+) 4ot et ++ +
Lipofectamine 2000 Nanofectin Turbofect

119 2ug

11g 2ug 119 2pg

all images 50x

Figure 32: Transfection of rbESC-5 P11 with the plasmid pPGK-eGFP1-Neo applying different
transfection reagents, 4 distinct concentrations and each in combination with 1 and 2 pg plasmid DNA.
Images showing typical eGFP fluorescence of each combination 24 h post transfection.

Since feeder cells (MEF-MITOs) were present during the above transfections, it was tested if
bESCs could be transfected in the absence of feeders. Hence, pPGK-eGFP1-Neo was
transfected using Nanofectin into the line rtbESC-5 at passage 12 in the presence or absence of

feeder cells, which resulted in positive outcomes for both experiments.
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3.2.1.4 Differentiation of rabbit embryonic stem cells in vitro

A hallmark of ESCs is their pluripotent differentiation potential. This potential needs to be
verified by differentiation of pluripotent cells into cells of each of the three germ lines:
mesoderm, endoderm and ectoderm.

To assess the differentiation potential of the obtained rbESC lines, different methods were
used for their differentiation into distinct cell types. Differentiation assays were adapted to

available protocols developed for human and mouse ESCs.

3.2.1.4.1 Spontaneous differentiation of rbESCs

For differentiation, the method of EB formation was performed using 500, 1000, 3000, 5000,
6000 and 7000 cells per 40 ul droplets. All droplets were cultured under distinct conditions
that are outlined in Fig. 33. Variations were done in the time scale: culture of hanging drops
(2, 4 or 6 d) and afterwards in suspension culture (3 or 6 d). Further, the influence of various
differentiation media (2.2.3) was assessed. For comparison, the formation of EBs was induced

solely in suspension culture.

)
A) +24d +6d 4
P15 Hanging drops Suspension Cell culture dish
Floating EBs attachment
B) +4d +6d
o
+2d
EB differentiation medium 1 EB differentiation
medium 2
C) ( Differentiation +3d
medium / \
+2d D)\ EB differentiation +3d
medium 1
Cell culture dish
. E EB differentiati +3d
P11 Hanging drops ) ;ezir;llz =t attachment
Suspension
F) +6d Floating EBs._| 4+ 3 d + Accutase /
- o
+2d
EB differentiation medium 1 EB differentiation
medium 2

Figure 33: Overview of applied conditions to differentiate rbESCs.

After cultivation as hanging drops, formed aggregates were cultured in suspension and then transferred to
gelatine covered cell culture plates. A) Hanging drops for 2 d, suspension culture for 6 d, both in EB
differentiation medium 1, 2 d on cell culture plate in EB differentiation medium 2. B) Hanging drops for 4 d,
suspension culture for 6 d, both in EB differentiation medium 1, 2 d on cell culture plate in EB differentiation
medium 2. C) Hanging drops for 2 d in EB differentiation medium 1, suspension culture for 3 d in differentiation
medium, 2 d on cell culture plate in EB differentiation medium 2. D) Hanging drops for 2 d in EB differentiation
medium 1, suspension culture for 3 d in EB differentiation medium 1, 2 d on cell culture plate in EB
differentiation medium 2. E) Hanging drops for 2 d in EB differentiation medium 1, suspension culture for 3 d in
EB differentiation medium 2, 2 d on cell culture plate in EB differentiation medium 2. F) Hanging drops for 6 d,
suspension culture for 3 d, both in EB differentiation medium 1, before transfer to attachment plates aggregates
were dissociated with accutase, 2 d on cell culture plate in EB differentiation medium 2.
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Morphologically, aggregates most similar to mouse EBs were achieved with 3000, 4000 and
5000 cells per droplet (Fig. 34). Lower cell numbers did not form EB-like structures or did
not give rise to outgrown colonies on attachment plates. Albeit forming dense structures, also
high cell numbers did not result in round EB like structures. The most typical EB like
structures were obtained with 3000 cells per droplet. Further, it was shown that distinct
differentiation medium compositions (2.2.3) used had only a minor effect on the formation of
EBs and their resulting outgrowths. Also, the different cultivation periods did not have a
significant impact. The most obvious observation was that outgrowths of hanging drop EBs
were remarkably different in their morphology and its diversity to those formed only in

suspension culture.

o ald gas i - 1 1l
500 cells 1000 cells 3000 cells 4000 cells 5000 cells 6000 cells Images:100x 7000 cells S0x!

Figure 34: Typical aggregates formed during EB differentiation experiments.

Number of cells per droplet is given. The size of aggregates correlates with number of cells used per droplet.
However, only aggregates formed with 3000 cells per droplet formed typical EB-like structures. Note that
magnification of the image of 7000 cells/droplet is only 50 x, all other images are 100 x.

During microscopic observations lipid-like droplets (Gutta adipis) were seen in outgrown
aggregates from hanging drop cultures and were positively stained with Oil-Red-O (Fig. 35).
This strongly indicates an adipogenic differentiation of rbESCs and verifies a differentiation
into mesoderm. Contrary, outgrowths of EBs obtained only in suspension culture did not
show lipid-like droplets and did not stain. Since the differentiation media did not contain a
compound forcing adipogenesis, the observed mesodermal differentiation might be
spontaneous. Further, these findings show again that the differentiation by suspension culture

alone is less successful as hanging drop method.

5000 cells 6000 cells

Figure 35: Lipid droplets stained by Oil-Red-O in outgrown cells of attached EB-like structures.
The outgrowths of hanging drop EB-like structures formed lipid-like droplets that stained positive with Oil-Red-
O. Number of cells indicates the number used per droplet for EB formation.

One differentiation gave also rise to spontaneous active beating cardiomyocytes (video

available).
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3.2.1.4.2 Directed differentiation of rbESCs

In a further experiment the directed differentiation of rbESCs into distinct cells of the three
germ layers, namely endoderm, mesoderm and ectoderm, was performed by the addition of
defined chemicals (bFGF, activin A and retinoic acid), which were proven to direct

247,510,511; review: 512 513 ;
~ 10011 review and human °~ ESCs. The EB formation was

differentiation of both mouse
again performed in all three differentiation media, each for two different time frames (2 and
5d in hanging drop culture) and 4000, 5000, 6000 and 7000 cells per droplet. After
subsequent suspension culture, all floating aggregates were split 1 : 4 onto 12 well plates
covered with 0.1% gelatine, cultured in differentiation medium supplemented with 10 ng/ml
bFGF (for mesodermal differentiation), 20 ng/ml activin A (for endodermal differentiation)

and 1 uM retinoic acid (for ectodermal differentiation) (Fig. 36).
)
A) +2 +84d / Cell culture dish \

Differentiation Suspension + bFGF
medium B) +5d +5d
C) +2d +8d + Activin A
P13 Hanging drops |EB differentiation N
medium 1 3 + 5 d +5d + Retinoic acid
E) _£2 +8d < -
EB differentiation_ . - Supplement
medium 2 F)[+5 d Floating EBs +5d £P
\ / \ attachment /
Differentiation
medium

Figure 36: Outline of the differentiation strategy to direct differentiation into cells belonging to the three
germ layers.

After suspension culture, all aggregates were pooled and split in 4 parts to attachment plates covered with 0.1%
gelatine. Then, specific chemicals were added to differentiation medium. One group was left w/o
supplementation as control. A) Hanging drops for 2 d, suspension culture for 8 d, both in differentiation medium.
B) Hanging drops for 5 d, suspension culture for 5 d, both in differentiation medium. C) Hanging drops for 2 d,
suspension culture for 8 d, both in EB differentiation medium 1. D) Hanging drops for 5 d, suspension culture
for 5 d, both in EB differentiation medium 1. E) Hanging drops for 2 d, suspension culture for 8 d, both in EB
differentiation medium 2. F) Hanging drops for 5 d, suspension culture for 5 d, both in EB differentiation
medium 2.

Five days after supplementation with differentiation inducing chemicals, each group showed
same cell types, most of them having fibroblast-like phenotype (data not shown).

To elucidate possible active differentiation processes based on the expression of marker
genes, RT-PCR analysis was performed. For comparison, RNA was isolated from
undifferentiated cell lines. The quality of all RNAs was checked on agarose gels and found to
be intact. Then, RT-PCR was performed according to the one-step protocol. As controls, RNA
of MEF-MITO and of tbFB-1 (fibroblasts) was used. RT-PCR was carried out for Oct4, Sox2,
Nestin, Desmin, Hnf4a, Bmp4 and as control for Gapdh. For human Oct4, two different
isoforms were reported due to alternative splicing °'*. Since the existence of an atypical splice

donor site was found in rabbit Oct4 °'>, RT-PCT was performed for both possible isoforms. In
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a first experiment, those primer pairs were tested on the lines rbESC-5 and rbFB-1 (Fig.
37 A). Bands for the differentiation markers (Desmin (mesoderm), Nestin (ectoderm) and
Hnf4a (endoderm)) were found in the cell line rbESC-5 that should be undifferentiated.
Similar results were obtained in a second experiment in which RNA of different sources
(undifferentiated cells (rbESC-45 and -46), differentiated rbESCs (EB, diff. PS5 and P7) and
controls (rbFB-1, MEF). For each total RNA RT-PCR for Bmp4, Desmin, Nestin and Hnf4o
was performed (Fig. 37 B — D). Again, markers indicative for differentiation are present in
undifferentiated rbESC-45 and -47 but also in differentiated rbESCs. However, RNA isolated
directly from EBs did not give a band for Bmp4 and Desmin. Further, the markers Desmin and

Nestin seem to be expressed in the controls (rbFB-1, MEF).

300 bp

400 bp 200 bp

Nestin

Figure 37: RT-PCR analysis of differentiation markers.

A) Total RNA was isolated from rbESC-5 and tbFB-1 to perform RT-PCR. B) — D) Total RNA was isolated
from undifferentiated rbESC lines, from EB-like aggregates and from outgrown and induced EB-like aggregates.
For control, total RNA was isolated from rbFB-1 and MEF-MITO. Differentiation markers used for RT-PCR are
B) BMP4, C) Desmin, D) Nestin and E) Hnf4o.

Additionally, PCR products were sequenced to reveal the identity using either the PCR
products directly or after subcloning into pjetl.2/blunt vector. The identity of following
sequences to the corresponding gene could be verified: Sox2, Nanog, FoxD3, Rex1, Nodal,
Terc, Hnf4o.

3.2.1.5 Contribution of rabbit embryonic stem cells to the inner cell mass

A proof of pluripotency is the contribution of ESCs to the ICM of the developing embryo. To
assess the contribution of rbESCs, eight stably transfected rbESC-5 P25 (with pPGK-eGFP1-
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Neo) were transferred into 8-cell-stage embryos by microinjection. A total of 36 embryos
were injected and cultured in vitro to hatching blastocyst stage. The ICM was isolated and
cells were cultured. Out of the 36 embryos, 17 explants (47%) were obtained and 12 (33%)
went to passage 2. These 12 lines were then subjected to G418 selection at passage 3. Nine
lines (75%) survived selection indicating the presence of pPGK-eGFP1-Neo. In addition, a
PCR analysis of genomic DNA isolated from all 12 lines revealed that all those lines
surviving G418 selection were positive for the pPGK-eGFP1-Neo transgene construct (Fig.
38). However, expression of eGFP analysed by fluorescence microscopy could only be
detected in 5 lines but corresponded to the G418 selection and PCR results. These results
show that the injected tbESCs may have contributed to the developing embryo. That finding

is an indicator for pluripotency.

Images: 100 x

1 2 3 4 5 6 7 8 9 10 11 12 + WTH,0X

1000 bp

500 bp

Figure 38: Assessment of the contribution of rbESCs to the developing rabbit embryo.

Eight stably transfected (pPGK-eGFP1-Neo) rbESCs were injected per 8-cell-stage embryo. In late blastocyst
stage, ICM was isolated and cultured. Cells in P3 were subjected to G418 selection over 3 passages. A) Cells
bearing pPGK-eGFP1-Neo were resistant to G418 and were growing (Images on the left); some expressed eGFP
(left) whereas others did not (middle). Right image shows cells not resistant to G418. B) PCR for eGFP on
genomic DNA of all obtained explants. +: positive control (pPGK-eGFP1-Neo), WT: negative control (WT
DNA), X: empty lane.

3.2.2 Multipotent stem cells
Multipotent stem cells could serve as a possible alternative to ESCs for cell-mediated
transgenesis including gene targeting. The generation of transgenic animals with multipotent

cells would require NT.

3.2.2.1. Characterisation of rabbit MSCs

Mesenchymal stem cells (MSCs) were isolated from bone marrow (BM-MSCs) and fat tissue
(A-MSCs) and assessed for growth rate, colony formation and differentiation capability.

To reveal the growth rate of both MSC lines, a growth curve assay was performed. For this,
1.5 x 10° cells were seeded in each 25 cm” flask and cultivated under standard conditions or

under reduced O, conditions in a triple gas incubator (37°C, 5% CO,, 5% O,, 90% N,). BM-

-74 -



RESULTS

MSCs and A-MSCs were cultured in triplicates starting at P1 and finishing the experiment
after P9. Over the course of the experiment, the cells did not change their morphology neither
under standard nor under reduced O, conditions (Fig. 39). They maintained the typical
spindle-shaped cell body.
BM-MS

standard low O

standard

P1

= Images:
o 100x

P

Figure 39: Typical morphology of rabbit BM-MSC and A-MSC under standard cell culture conditions
and under reduced O, conditions each at P1 and P9.

When the cells reached a confluence of 80%, they were passaged and re-seeded at 1.5 x 10°.
After each passaging, cells were counted and a growth curve of each line was created (Fig.
40). It showed that the condition with reduced O, resulted in higher cell numbers for both
BM- and A-MSCs. However, A-MSCs resulted in higher cell numbers for both conditions
compared to BM-MSCs. Further, a slight decrease of growth rate can be seen for both A- and
BM-MSCs under standard condition at higher passages (P8 — P9) but not in the condition with
reduced O,.
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Figure 40: Growth curves obtained from data collected during the culture of rabbit BM-MSC and A-MSC
under standard cell culture conditions and under reduced O, conditions over 9 passages.
Starting cell number was 1.5 x 10° cells.
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Population doubling times were calculated in accordance with the growth curves. A-MSCs
possess the shorter doubling time (26 and 29 h). The population doubling times for both A-
and BM-MSC:s are shorter under reduced O, then under standard conditions (Table 13). Thus,

the optimal condition to culture rbMSCs is under reduced O, concentration.

Table 13: Population doubling times of rabbit BM-MSC and A-MSC cultivated under standard cell
culture conditions and under reduced O, conditions over 9 passages.

Population doubling times [h]

BM-MSC A-MSC BM-MSC A-MSC

34.73 29.33 28,51 26.09

The growth characteristics of tbMSCs were further assessed by colony forming assays. For
this, 5 x 10° cells of A- or BM-MSCs were plated onto 15 cm dishes in triplicates. After 14
days in culture, established colonies were stained with crystal violet dye (Fig. 41). Here, it
showed that A-MSCs have the potential to establish colonies at much higher frequency
compared to BM-MSCs when seeded at very low cell densities. In general, A-MSCs showed
to have a higher growth potential then BM-MSCs.

BM-MSC A-MSC

Figure 41: Colony forming assay of roBM-MSC and rbA-MSC.
5000 cells per 15 cm were seeded and stained after 14 d in culture.

To verify the positive effect of bFGF on the culture of tbMSCs, both BM- and A-MSCs (P4)
were cultured in the presence (standard medium) or absence of bFGF. Both lines cultured w/o
bFGF stopped growing and underwent senescence (Fig. 42). Thus, the supplementation of
bFGF is essential for the culture of rtbMSCs.
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+bFGF - bFGF
Figure 42: Dependency of rbMSCs on the supplementation of bFGF as verified on BM-MSC.
W/o supplementation with bFGF cells stop growth and go into senescence.

Images: 100 x

3.2.2.2. Differentiation of rabbit MSCs

The multipotential character of MSCs was tested by standard differentiation assays:
adipogenesis, osteogenesis and chondrogenesis as described in material and methods.
Experiments were done in triplicates.

The potential for adipogenesis of both A- and BM-MSCs was verified by the staining with
Oil-Red-O indicating the presence of lipid droplets (Fig. 43). However, the cells showed
morphologic differences after adipogenesis. A-MSCs grew as three dimensional loose cell
layers but did not detach whereas BM-MSC still grew as tight monolayer.

BM-MSC A-MSC

non stained stained non stained stained

diff.

control

Images: 200 x

Figure 43: Multipotency of rbMSCs. BM-MSCs and A-MSCs cultured under conditions inducing
adipogenic differentiation.
Differentiation was verified by Oil-Red-O staining.

The potential for osteogenesis could be verified for BM-MSCs by silver nitrate staining but
not for A-MSCs (Fig. 44). Again, morphologic differences after osteogenesis could be
observed. BM-MSCs changed their morphology to an endothelial like form consisting of
round and small cells whereas A-MSC did not change their morphology.
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BM-MSC A-MSC
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Images: 100 x

Figure 44: Multipotency of rbMSCs. BM-MSCs and A-MSCs cultured under conditions inducing
osteogenic differentiation.
Differentiation was verified by silver nitrate staining.

The potential for chondrogenesis of both A- and BM-MSCs was verified by pellet formation
(Fig. 45) and subsequent staining. Again, morphologic differences could be observed. BM-
MSCs formed a small compact and dense pellet after chondrogenesis, whereas the pellet

formed by A-MSCs was not dense but loose and fluffy.
BM-MSC

Figure 45: Multipotency of roMSCs.
BM-MSCs and A-MSCs cultured under conditions inducing chondrogenic differentiation thereby dense pellets
became formed.

Nevertheless, the homogenous deposition of proteoglycan in the pellets was successfully
stained by alcian blue. Mucopolysaccharides appeared blue in pellets formed by both A- and
BM-MSCs (Fig. 46).

Figure 46: Multipotency of roMSCs.
Pellets of BM-MSCs and A-MSCs stained positive with alcian blue verifying differentiation.

In summary, both A- and BM-MSCs could be differentiated into distinct cells. However, A-
MSC:s failed to differentiate into osteocytes.
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3.2.2.3. Assessment of optimal transfection methods for rabbit MSCs

In further experiments, different methods were tested for their ability to transfect tbMSCs. As
it is known that transfection efficiency depends also on the vector size, different constructs
varying in their size such as plasmids (standard constructs up to 20 kb) and BACs (large

constructs up to 250 kb) were used.

3.2.2.3.1. Transfection with plasmids

To allow drug selection of transfected cells the SV40-Neo-pA cassette of pcDNA-3 was
subcloned into pCAGGs-mCherry vector. The functionality of the resulting vector pCAGGs-
mCherry-Neo was successfully verified in cell culture experiments (data not shown).

Both BM- and A-MSCs were examined for their transfection efficiency. For this, pCAGGs-
mCherry-Neo and two transfection methods (nanofection and nucleofection) were applied.
For nanofection, 3 pg pDNA were used per well of a 6-well-plate with 9.6 ul Nanofectin per
well. Experiments were done in triplicates. For negative control, three wells of each line were
left non-transfected.

For nucleofection, 2 pg pDNA were used per reaction with 5x 10° cells. Cells were
nucleofected with by the supplier recommended programs C-17 and U-23. For negative
control, 5 x 10° cells were left non-transfected.

After 24 h post-transfection, the transient expression was determined by fluorescence
microscopy (Fig. 47). All transfected cells showed red fluorescence albeit at different
frequencies. For nanofection, no clear difference between A- and BM-MSCs was visible.
Contrary, differences were observable for nucleofection experiments. Here, for BM-MSCs the
program U-23 resulted in higher fluorescence frequencies then C-17 whereas the result for A-
MSCs was vice versa. For each experiment the triplicate wells were pooled, cells were
counted and 5 x 10° cells of each experiment were seeded per 10 cm dish (resulting in three
dishes per experiment) and cultivated with the addition of G418 (500 pg/ml) to select for
stable integration. After selection process, clonal cell colonies were counted and examined for
mCherry expression (Table 14). For BM-MSCs transfected with nanofectin 21 colonies
appeared of which 19 (90%) showed red fluorescence whereas for A-MSCs only 6 colonies
appeared of which 5 (83%) showed red fluorescence. For nucleofection, the results were
different. Here, for BM-MSCs 4 (C-17) and 5 (U-23) colonies appeared, but none showed red
fluorescence. On the other hand, for A-MSCs many more colonies appeared: 30 for C-17 and

28 for U-23 of which 18 (60%) and 22 (79%) showed red fluorescence, respectively.
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nanofection
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Figure 47: Transfection of roBM-MSCs and A-MSCs using pCAGGs-mCherry-Neo.

A) Transfection by nanofection. Both BM-MSCs and A-MSCs were stably transfected. B) Transfection by
nucleofection. BM-MSC could not stably transfected with both applied programs whereas A-MSCs were stably
transfected with programs C-17 and U-23.

Table 14: Assessment of transfection efficiencies of roBM-MSCs and A-MSCs applying different methods
Successful transfections are highlighted in red.

transfection method fluorescence BM-MSC A-MSC
c17 Yes 0 (0%) 18[90/}
. No 4 12
nucleofection —
U-23 Yes 0 (0%) 22 (79%)
No 5 6
] B Yes 19 (90%) | 5(83%)
nanofectin No 5 1

The results show that A- and BM-MSCs could be successfully transfected and stable colonies
could be established. The results (Table 14) revealed that the most efficient method to
transfect BM-MSCs is nanofection. Also, nanofection of BM-MSCs resulted in the highest
transfection efficiency (90%). However, nucleofection of A-MSCs with the program U-23
resulted in a higher number of red fluorescent colonies but with a minor efficiency (79%).
Based on these results and the differentiation assays, BM-MSCs were chosen for further
experiments. Thus, to determine the most efficient DNA-nanofectin-ratio BM-MSCs were
transfected with 2, 3 and 4 pg of pCAGGs-mCherry-Neo each with 9.6 ul and 16

plnanofectin. Transient expression of mCherry was determined by fluorescence microscopy
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48 h post-transfection. No differences were found in the transfection efficiency when different
amounts of nanofectin were used. A DNA amount of 4 pg showed the lowest percentage of
red fluorescent cells, but there was no significant difference between 2 pg and 3 pg (data not

shown). Thus, for further experiments 9.6 ul of nanofectin and 2 ug of DNA were used.

3.2.2.3.2. Transfection with bacterial artificial chromosomes

To optimize the transfection of MSCs with large constructs, the vector BAC-mCherry-Neo
(120 kb) was used in a nucleofection experiment with program C-17 using vector amounts of
5, 7.5, 10 and 12.5 pg. The vector BAC-mCherry-Neo has a similar size as the targeting
vector BAC-rbHPRT, After 48 h, it was found that the amount of fluorescent cells
increased with an increasing amount of vector DNA (data not shown). Best results were
obtained with 12.5 pg.

As transfection efficiency with large BAC constructs was low, four additional transfection
reagents were tested in their ability to transfect MSCs using BAC-mCherry-Neo. Promofectin
was used with 2 and 4 ug BAC-DNA each with 4 and 8 pl of the reagent. SatisFection was
used with 2 ng BAC-DNA and 3 pl reagent. jetPei was used with 3 pg BAC-DNA and 6 pl
reagent. An exception is Metafectene, which is used on detached cells. Here, 20 pg BAC-
DNA and 20 pl reagent was used with 1.3 x 10° cells and plated afterwards onto 1 well of a 6-
well plate.

After 24 h, transfection efficiencies were determined by microscopy as means of mCherry
fluorescence. Transfection efficiencies were very low for Metafectene and jetPei (Fig. 48).
The combination of 2 pg BAC-DNA and 4 pl promofectin gave the best result, but overall

efficiency remained low.
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Promofectin

Figure 48: Transfection of roBM-MSCs with vector BAC-mCherry-Neo applying different methods.

Cells were transfected with distinct methods but none outperformed regarding transfection efficiencies as
determined by mCherry fluorescence 24 h post-transfection. The picture of nucleofection is from an experiment
using 12.5 pg BAC-DNA; the picture of Promofectin is from the combination of 2 pg BAC-DNA and 4 pl
reagent. Images: 100x.

3.2.3 Assessment of nuclear transfer competence

Since the main goal was to define a cell type with the highest competence for NT and the
production of transgenic rabbits, BM-MSCs were compared with tbESCs. Both cell lines
showed to be efficiently and stably transfectable. Hence, both non-transfected and stably
transfected rbESCs and BM-MSCs were used for NT. All NT experiments were performed by
the groupf of Prof. Eckhard Wolf and have been published °'°.

For NT, six independently derived rbESC lines were used and more than 2000 embryo
reconstructions were performed. Of those, 85% fused and of these 86% underwent cleavage
which finally resulted in a blastocyst rate of 23% (Table 15 A). Remarkably, rbESCs did not
lead to a live born animal at all when embryos were transfferred into surrogate mothers (Table
15 B). However, it has been shown that both non-transfected as well as genetically
manipulated BM-MSCs result in higher rates of fusion (94% and 93%), cleavage (89% and
92%), blastocysts (38% and 55%) and live borns (2% and 4%) compared to tbESCs (Table
15). During these experiments, the first live cloned rabbit could be achieved from genetically

manipulated cells.
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Table 15: Assessment of the potential of rbESCs, rbBM-MSCs and stably transfected rbBM-MSCs
(eGFP) for NT

A) Development of reconstructed embryos in vitro. B) Development of reconstructed embryos in vivo. Adapted
and modified from Zakhartchenko et al. (2011)°'

A Donor cells Fused Cleaved Blastocysts®
1858/2181 1239/1821 243/1054
HHEECE (85%) (86%) (23%)

rbBM-MSCs 793/844 (94%) 698/786 (89%)  48/128 (38%)
eGFP-rbMSCs 412/444 (93%) 377/409 (92%) 97/178 (55%)
% Percentages relate to the number of embryos fused and cultured further.

B
Donor cells Transferred embryos/recipients Pregnant recipients Rabbits born®
rbESCs 607/23 12/2 0
rbBM-MSCs 483/13 9/13 10 (2%)
eGFP-rbMSCs 216/8 4/8 8 (4%)

¢ Percentages relate to the total number of embryos transferred.

In addition, rabbit fibroblasts (rbFB) were tested for NT *'®. These fibroblasts were isolated of
animals obtained from NT experiments described above using stably transfected tbBM-MSCs
(eGFP). This experiment was a test if cloned but non-viable rabbits could be rescued. Indeed,
two live born rabbits could be obtained from fibroblasts from previously cloned transgenic
rabbits (Table 16 B). Further, the obtained rates of fusion, cleavage and blastocysts (Table 16
A) were similar compared to MSCs as donor cells.

Ta_ble I16: Assessment of the potential of rabbit fibroblasts for NT obtained from cloned eGFP-transgenic
animals.

A) Development of reconstructed embryos in vitro. B) Development of reconstructed embryos in vivo. Adapted
and modified from Zakhartchenko et al. (2011) '

A Donor cells Fused Cleaved Blastocysts®
rbFB-eGFP-rboMSC-A  341/377 (90%) 274/341 (80%)  39/75 (52%)
rbFB-eGFP-rbMSC-B  566/607 (93%) 487/409 (86%) 27/76 (36%)

B ? Percentages relate to the number of embryos fused and cultured further.

Donor cells Transferred embryos/recipients Pregnant recipients Rabbits born?®
rbFB-eGFP-rbMSC-A 188/6 3/6 2 (1%)
rbFB-eGFP-rbMSC-B 365/8 7/8 0

? Percentages relate to the total number of embryos transferred.

3.24  Targeting of rabbit hprt

Classical, targeting vectors can be divided into four categories depending on the purpose:
conditional~, insertional~, knock-in~ and replacement vector. To target hprt, a replacement
vector design was constructed. During the time period of this project the sequence of rabbit
hprt become available in the GenBank (access number: EF219063.1). In this thesis, two
different strategies for gene targeting were assessed: The targeting of rabbit hprt by BAC

vector and by traditional targeting vector.

3.2.4.1 Construction of bacterial artificial chromosome targeting vector

The sequence of rabbit hprt is 48.9 kb and was present on a ~120 kb BAC vector. To excise

essential exons and to replace them with a selection cassette the technique of recombineering
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was employed. This requires a targeting vector with short (~500 bp) homologous sequences
(Fig. 49). The construction of this vector (pl452-rbHPRT, Fig. 50) was achieved by Ala El

Din Samara in his Bachelor-thesis.

1 1 1
1 a8k i i 476bp |
L

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9

47907 bp

Figure 49: Amplification of two parts of rbhprt for subsequent cloning.
One fragment includes a part of intron 1 and exon 2 (478 bp) and the other fragment includes exon 4 and a part
of intron 4 (476 bp).

487 bp 476 bp
Exon 2 PGK-Neo-pA Exon 4
1900 bp

Figure 50: pl452-rbHPRT.
Exon 2 and 4 of rbhprt were subcloned into pl452 to obtain a vector for subsequent recombineering. Size of the
both homology arms used for recombineering are highlighted in green.

In the next step BAC-rbHPRT was transferred into E. coli SW 106. Then, the backbone of the
vector pl452-rbHPRT was removed and this cassette (Fig. 50) was transformed into the
prepared E. coli SW 106 to replace exon 3 by recombineering. Successfully recombineered
clones (Fig. 51) were selected by ampicillin and chloramphenicol and verified by PCR

analysis (data not shown).

180 bp., 17 bp 82 bp 46 bp 576 bg; 47 bp
Exon 1 Exon 2 PGK‘N@D'DA EXOn 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9 —
1900 bp

35048 bp

Figure 51: Structure of rbhprt"® located on a BAC after successful recombineering thereby decreasing the
overall size of rbhprt.
This construct was used for transfections.

For the subsequent transfection, the BAC-rbHPRT™® (~120 kb) had to be linearized. Since
the whole sequence of the complete BAC is not known, various restriction endonucleases

were tested and it revealed that Fsel is a single cutter and was used for linearization.

3.2.4.2 Construction of a conventional rabbit hprt targeting plasmid

As an alternative strategy, a classical targeting vector was constructed. For this, the exon 2-

PGK-Neo-exon 4 fragment was digested from BAC-rbHPRT™®, ligated into the vector

pBluescript SK+ resulting in prbHPRT"

and subjected to sequencing. It was found that all
sequences were correct. This final vector provides 2797 bp homology on the left arm (5”) and

3896 bp homology on the right arm (3") (Fig. 52).
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2797 bp 3896 bp

Exon 2 PGK-Neo-pA Exon 4

1900 bp

Figure 52: Structure of the targeting vector proHPRT.
The size of the both homology arms for homologous recombination is highlighted in green.

Neo

3.2.4.3 Gene targeting of rabbit hprt " in mesenchymal stem cells

Since hprt is an X-chromosomal gene, male cells comprise only one allele. For a functional
knockout, only this allele needs to be targeted which allows the selection with 6-Thioguanine
(6-TG).

BM-MSCs originating from a male rabbit were transfected by previously established methods
(3.2.2.3.2). In all transfections, where BAC-TbHPRT *® was used, the DNA was purified with
the Qiagen Large-Construct Kit.

3.2.4.3.1 BAC targeting of hprt

In preliminary experiments, thBM-MSC P1 were transfected at 70% confluence using 1 and
1.5 pg of Fsel linearized BAC-rTbHPRT™°. After consecutive selection with G418 and 6-TG
no colonies could be obtained.

In further experiments, Fsel-linearized BAC-rbHPRT™® (precipitated by Phenol-Chlorofrom-
Isoamylalcohol) was transfected by nucleofection (5 and 12.5 pg; program C-17) into tbBM-
MSC P1. However, after consecutive selection with G418 and 6-TG no colonies could be
obtained.

Since attempts to generate single clones of transfected rbBM-MSC:s failed, transfected rbBM-
MSCs were mixed with the triple amount of non-transfected cells 2 — 4 days after the
transfection and seeded for G418 selection. It is expected that the non-transfected cells will
support the transfected cells that are stressed and seeded at very low confluence. Upcoming
cell colonies were passaged to 48-well plates and exposed to 6-TG selection. Cell colonies
resistant to G418 and the following 6-TG selection were subjected to PCR analysis to detect
targeting events. With this modified selection method, 162 resistant colonies could be
obtained. However, PCR analysis (Fig. 54 A) revealed that those colonies were false positive

(data not shown).

3.2.4.3.2 Conventional targeting of hprt

Despite spending lot of effort to generate targeted BM-MSCs using BAC vector, no targeting
event could be verified. Consequently, the targeting construct was shortened as described
(3.2.4.2). According to the results achieved for the transfection of BM-MSCs (3.2.2.3.1),
rbBM-MSCs P1 were transfected using nanofectin with prbHPRT™® (Fig. 52) using 2 pg (2
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wells) and 3 pg (3 wells) pDNA per well of a 6 well plate. Transfected rboMSCs were mixed
with the triple amount of non-transfected cells 2 days after the transfection and seeded for
G418 selection. Upcoming colonies were transferred each to 1 well of a 24 well plate in MSC
medium w/o selection antibiotics (Fig. 53). Growing colonies were transferred to 1 well of a 6
well plate and subjected to 6-TG selection in MSC medium. Resistant colonies were split 1:4

whereas 2 parts were frozen, 1 part was sub cultured and 1 part was used for PCR analysis.

Figure 53: Overview of the applied selection strategy.

Transfected cells were seeded with the triple amount of non-transfected cells onto 10 cm dishes 48 h post
transfection. G418 was added, growing colonies were passaged each to 1 well of a 24 well plate and cultured one
passage w/o selection pressure. Growing colonies were passaged each into 1 well of 6 well plate with the 2™
selection antibiotic (6-TG). Colonies surviving this selection step were split 1:4, whereas 1 part was used for
genomic DNA isolation and analysis, 2 parts were frozen and 1 part was subcultured under 6-TG selection.

The selection yielded in 142 G418 resistant colonies and 35 survived the subsequent 6-TG
selection (Table 17). However, PCR analysis revealed that those colonies were false positive
(data not shown). The sensitivity of the PCR assay was determined. It was found 10 copies of

the rabbit genome are necessary to obtain a band on the agarose gel.

Table 17: Summary of hprt targeting experiments using a conventional targeting vector.
To obtain a targeted BM-MSC cell clone, different parameters (circular/linear vector, amount of DNA) were
modified. After screening of all 6-TG resistant colonies only one was verified by PCR to be targeted.

Plasmid DNA amount Wells _# of G418 _ _# of 6-TG ) PCR
per well resistant colonies  resistant colonies  positive

) 2ug 2 49 7 0
circular 3 g 3 3 )% 0
. . 1.7 pg 1 19 2 0
linearized 3 e 3 40 4 0
linearized - 3ug 4 246 55 1
circular 3pug 8 202 14 0

Then, tbBM-MSCs P1 were transfected with linearized (Xmnl — cuts in Amp®) prbHPRTN*°
using 1.7 pg (1 well) and 3 pg (3 wells) per well. Selection strategy was the same as
described above (Fig. 53). In total, 6 colonies were resistant to 6-TG (Table 17). Again, PCR
analysis revealed that these colonies were false positive (data not shown).

In a last transfection experiment, tbBM-MSCs P1 were transfected with linearized (4 wells)
and circular (8 wells) prbHPRT™® using 3 pg per well of a 6-well plate. Selection strategy
was the same as described above. After G418 selection, 448 colonies were growing and 69

survived the subsequent 6-TG selection (Table 17). PCR analysis revealed that almost all
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colonies, except one, were false positive. This colony no. 16 showed a band for neo® in PCR
analysis, but no band for exon 3 (Fig. 54). Most likely, this colony might be successfully
targeted which would be the first targeting in rabbit cells. These cells can then be used for NT

to produce gene targeted rabbits.

P P —
A ——I Exon 2 I—I PGK-Neo-pA Exon 4 —
-

—
—I Exon 2 I—I Exon 3 = II Exon 4 Il

B
[bp] 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 [bp]40 41 H,0 WT + [bp]

C

[bp] 16 X 37 38 39 40 41 42 43 44 45 H,O0 WT + [bp]

Figure 54: PCR analysis of rbBM-MSC colonies transfected with prboHPRT® that were resistant against
both G418 and 6-TG.

A) Binding sites of oligonucleotides used for PCR analysis. The primer pair indicating presence of targeting
cassette anneals to the sequence of Neo and to exon 4 (upper panel). The primer pair indicating absence/presence
of exon 3 anneals to intron 2 and intron 3 (lower panel). Genomic rbhprt sequences are indicated by blue lines,
plasmid DNA are indicated by brown lines. B) PCR amplification of parts of PGK-Neo and exon 4. C) PCR
amplification of exon 3 of rbhprt. Colony no. 16 shows a band for PGK-Neo-ex4 as well as a missing band for
exon 3. +: control (prbHPRT™®®), WT: control (WT DNA), X: empty lane. Note that both DNA controls (+/WT)
serve as positive as well as negative controls in both different PCR amplifications due to the absence/presence of
exon 3.

3.2.5 Summary

To obtain gene targeted rabbits by the method of cell-mediated transgenesis, important
technical prerequisites were established and valuated. For this, different cell types were tested
and characterised.

In the case of pluripotent rbESCs, no stable culture conditions could be established. However,
the pluripotent potential was verified by the expression of crucial transcription factors, such as
Oct4 and Nanog. Pluripotency was further verified by the contribution of transgenic rbESCs
to the ICM of developing embryos and by the achievement of one chimeric rabbit. Moreover,
bESCs were shown to differentiate into fibroblast-like cells, adipocytes and spontaneously
active beating cardiomyocytes suggesting a mesodermal differentiation bias. However, the
expression of markers for each germ layer could be revealed (Desmin (mesoderm), Nestin
(ectoderm) and Hnf4o (endoderm)).

As an alternative cell type, rabbit A-MSC and BM-MSCs were established and characterised.

The multipotency of BM-MSCs was verified by successful differentiations. Furthermore,
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efficient transfection methods for rbMSCs as well as for tbESCs were established. The
potential for cell-mediated transgenesis was successfully shown in nuclear transfer
experiments. Totally, 18 live cloned rabbits from long-term cultured cells were achieved
within this project. This is the highest number reported so far. Moreover, the first live cloned
rabbit from genetically manipulated MSCs was achieved.

To obtain hprt knockout rabbits, thBM-MSCs were transfected with targeting constructs
whereby the hprt gene of one cell clone might be targeted by homologous recombination.

This would be the first gene targeting in rabbits.
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4 DISCUSSION

Today, the mouse is the most used animal in biomedical research due to well established
genetic manipulative techniques. On the other hand, this animal model is very limited because
of its small size and physiological investigations are not easily transferable to humans. There
are some major metabolic and physiological differences and other animals resemble the
human physiology more such as the pig, but it has limitations due to long generation times.
The rabbit ideally fills the gap between small rodents and large livestock animals. Compared
to livestock animals, the rabbit has shorter generation times and a large number of offspring.
Due to its longer lifespan compared to mice and rats, the rabbit is very suitable for
experimental human diseases that need longer observations. In addition, rabbits can be housed
under specific conditions, for instance pathogen free. However, techniques to precisely
genetically modify rabbits are not established and hamper the research. Therefore, the goal of
this thesis is to extend the repertoire in the two areas of direct transgenesis and cell-mediated
transgenesis.

The majority of genetically modified rabbits were established by using the breeds New
Zealand white, Japanese white and Dutch belted. The Zimmermann Kaninchen (ZIKA, a
hybrid strain of New Zealand White and Wiener Weiller) used in this thesis belongs to the
minority in research >+ V.

In general, difficulties have arisen through a lack of genomic sequence data. At the beginning
of the project, nearly no sequence data was available. Later, more and more rabbit sequences
were stored in the GenBank with the adjunct “provisional”. At the end, a whole coverage of

the rabbit genome was published, albeit some loci are still marked as a gap.

4.1 Transposon-mediated transgenesis

Due to high efficiency, integration as single copies, but being non-infectious, SB combines
advantages of viruses and naked DNA. Since viruses and cellular organisms co-evolved, cells
developed important defence mechanisms against viral infections. Non-viral vectors, such as
SB, can avoid many but not all of these defences >'"". The most common non-viral gene
delivery is simple plasmids. Plasmids have a very low integration rate and often turn off the
expression of their transgene due to cellular responses. Additionally, the delivery of plasmids
into cells is a difficult and inefficient process. SB can overcome at least the first obstacles due

520,521

to a precise integration and stable transgene expression . Importantly, the integration of

transposons avoids multiple tandem integrations and also the formation of concatemeres.
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Further, transposons facilitate single copy integration. Compared to retroviruses, DNA
transposons have genome wide a more random distribution ***. Since SB is a non-viral DNA
molecule, therefore S1, production and delivery costs are much lower compared to viral
vectors 2.

A prerequisite to apply DNA transposons to a selected organism some criteria need to be
fulfilled. The certain type of transposon needs to have sufficient transpositional activity and
already present endogenous copies in the target genome need to be absent to avoid their

mobilization. Further, the cargo capacity and integration site preferences are important for the

choice of transposon type.

4.1.1  Functionality of constructed Sleeping Beauty vector system

In this section, the functionality of the constructed SB system was tested by the expression of
mCherry transgene both in vitro in cell culture experiments and in vivo by microinjection into
fertilised rabbit oocytes. The constructed SB transposon system, consisting of the transposon
vector containing SB ITRs flanking the expression cassette of CAGGs promoter directing
mCherry and the transposase vector containing the CAGGs promoter directing SB100, was
transfected into tbBM-MSCs that were found to be positive for expression of red fluorescence
mCherry. As reported, SB shows the phenomenon of overproduction inhibition '%:1%%2432%,
On the other hand, a more recent study shows no overproduction inhibition for SB100 **°, but
is contrary to the results of this thesis and most publications. In this thesis, the phenomenon of
overproduction inhibition was clearly seen since the number of cells expressing mCherry
visualized by red fluorescence increased with a decreasing amount of pCAGGs-SB100.
Hence, the functionality of the constructed SB system was proven. It is also known, that under
same conditions the transposition efficiency can be different in distinct cell types of the same
species, but of course also in different species ** V. Thus, the results obtained on rbBM-

MSCs cannot be generalised to integration properties in other rabbit cells.

4.1.2  Generation of transgenic rabbits by transposon-mediated transgenesis
The aim of this part was to establish a transposon system for injection into fertilised rabbit
oocytes and thereby generating transgenic rabbits. This was the method of choice for the

generation of Ins"<

rabbits. As proof of principle a transposon carrying the marker mCherry
was constructed and transgenic rabbit foetuses were successfully achieved. In this work, the
SB system was established by co-microinjection of pT2-SB-CAGGs-mCherry to

pCAGGsSB100 in a molar ratio 1 : 0.01. In the first rounds of transfections, foetuses were
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analysed by PCR for the presence of mCherry. Here, in independent rounds of microinjections
transgenic frequencies per recovered embryo of 66.7% and 90% could be achieved. Cells of
recovered foetuses were isolated, cultured in vitro and investigated for mCherry red
fluorescence. Transgene expression could be detected and mCherry expression coincided with
presence or absence of vector DNA in the genome as confirmed by PCR analysis. Thus, no
silencing of the transgene could be detected. Also, foetuses obtained on d 21 p.c. showed no
obvious failures in phenotype but appeared normally developed. The higher transgenesis rate
relies on transposition-mediated gene delivery that increases the efficiency of chromosomal
integration. Importantly, it facilitates single-copy (monomeric) insertions. Despite the overall
integration of transposons is random there is a higher frequency of integration into accessible
euchromatic regions as shown by Matés et al. (2009) °® and Izsvék et al. (2010) °*’. This
behaviour prevents gene silencing that is seen by Grabundzija et al. (2010) ''* after
integration into heterochromatin. Further, the typical integration of transposons as single
copies prevents silencing of the transgene since single integrated expression units are less
prone for silencing by cellular mechanisms. SB does not show any preference to integrate into
genes. However, transgene silencing by DNA methylation and histone deacetylation was
observed by Garrison et al. (2007) *** after SB-mediated gene integration which was shown to
be dependent on the promoter (RSV or EF1a) used. Further, they reported that transgenes rich
in CpG dinucleotides are prone to silencing by methylation even when integrated into active
chromatin regions. Thus, they reported integration efficiencies between 41 to 52%. When
using SB100, Matés et al. (2009) 66 reported the generation of transgenic mice by pronuclear
injection with frequencies of 45% at embryonic day 7 and 37% at birth. Those results are
similar to the findings in this thesis. However, their results cannot be reliable compared due to
different stages of analysis (d 7 p.c. and at birth vs. d 21 p.c.). Further, they reported 1 — 2
integrations per genome, what matches the findings in this work. Here, as indicated by
Southern Blot, two foetuses showed two integrations of mCherry per genome whereas another
foetus showed a single integration. However, in a study by Wilber et al. (2007) ** larger
variations in copy numbers were observed in hESCs showing 1 to more than 10 stable SB
integrations per cell.

The transgenic frequency using SB-mCherry (25% and 50%) exceeded those of conventional
microinjections in rabbits (varying from 1.2 to 23.4%) that resulted in a low transgenic rate
(Table 18). Note, that transgenic frequency is calculated based on live born. Hence, results are

not exactly comparable, as the results of this thesis were obtained on recovered foetuses and
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not live born. In conclusion, the use of SB system in combination with microinjection resulted

in higher transgenesis rate as conventional microinjections.

Table 18: Summary of all published microinjection experiments performed in rabbits.

No. of injected No. of No. of
. . Notes Ref.
embryos live born  transgenics
1907 218 28 (12.8%) copy numbers vary from 3 — 88 integrations per genome 4
246 21 3 (14.3%) 41
248 39 3(7.7%) 42
552 47 11 (23.4%) 530
274 40 7 (17.5%) 37
665 19 2 (10.5%) 531
7100 411 27 (6.6%) 237 live born were examined for transgenesis 532
500 41 6 (14.6%) 533
1005 50 11 (22%) 534
560 64 6 (9.4%) 17
1530 51 3 (5.8%) 29
N/A 18 2 (11.1%) 535
367 43 3 (7%) 536
627 51 3 (5.9%) 49
Used a combined method of DNA microinjection into isolated blastomeres and
87 28 4 (14.3%) the following injection of this blastomeres to a 16 cell stage recipient which was 537
implanted into foster mothers until compaction stage.
292 72 8(11.1%) Injections into both pronuclei
331 85 1(1.2%) Injection into one pronuclei 538
In in vitro culture experiments only 66% of double injected embryos proceeded to
blastocyst stage, but 90% of single injected ones
456 80 12 (15%) 539

4.1.2.1 Influence of Sleeping Beauty on the integration and expression of the transgene

Due to the late integration of naked DNA into the host genome of fertilised oocytes by
microinjection, the resulting transgenic animals can be mosaic for the transgene review Thisg
integration process is facilitated by the use of transposons. Nonetheless, since the transposase
gene needs to be transcribed and translated into functional protein, the integration events of
the gene of interest (GOI) could occur in later developmental stages which could result in
mosaicism. Thus, the double integration indicated by Southern Blot obtained in this work
does not necessarily mean a double integration but could be a hint for single integrations per
genome occurred in different blastomeres of the developing embryo. This could be elucidated
in F1 offspring or in FO by FISH. Usually, in microinjections pDNA is used to obtain
transgenic animals but also mRNA could be delivered by microinjection to obtain a transient
expression. As reported by different groups, the generation of mosaics could be overcome by
the use of SBase mRNA or even protein ' *°~2*°*% In addition, this procedure prevents the
integration of the transposase bearing vector.

Also, the presence of the two bands obtained in Southern Blot could be due to a double
integration; whereas the second integration could result from a re-mobilisation due to still
present transient SB100 expression. On the other hand, the double integration could originate
from two integration events. Then the amount of transposon vector could be titrated to have a

lower concentration. Thus, the readjustment of SB100 concentration would be necessary.
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When analysing SB integrations, the phenomenon of local hopping should be considered.
Local hopping describes transpositions whereby transposons integrate into Cis-linked sites in
the vicinity of the original donor site. This phenomenon is observed in all DNA-transposons.
Wang et al. (2008) *** described a frequency of 50% for local hopping in SB that was within
an interval of 5 MB. However, as found by Luo et al. (1998), Fischer et al. (2001) and
Carlson et al. (2003) >**% the chromosomal window as well the extent of local hopping
varies drastically between distinct transposons systems, in different species as well in distinct
loci.

As reported by Henikoff (1998) ®', the random integration of transgenes may inactivate or
disturb the functioning of other genes or even cause severe unwanted effects. Additionally,
Kues et al. (2006) >* reports that transgenes can become silenced by epigenetic mechanisms.
The higher transgenesis rate obtained by applying SB could be partly explained by the

integration into transcriptional active euchromatine. Yant et al. (2005) 100

526

showed in a study
on human cells and Liang et al. (2009) *~ on mESCs that the integration of SB is very close
to random. Contrary, both groups verified that piggyBac (PB) hits more often genes. Further,
Ivics et al. (2009) *, Yant et al. (2005) ' and Hackett et al. (2007) >** found that those
integrated into genes, the majority of insertions was in introns. In principle, the integration of
naked DNA introduced by microinjection relies on the occurrence of double strand breaks
(DSB) and the subsequent repair mechanism through non-homologous end joining (NHEJ).
As shown by Brinster et al. (1985), Towbin et al. (2009) and Wako et al. (2010) **°!, since
around 60% of the mammalian genome consists of repetitive elements like centromeres,
telomeres and short~/long interspersed elements (SINE/LINE) and also other non-transcribed
sequences, the stochastic occurrence of DSB leads to integration in such regions followed by
epigenetic silencing of the transgene. Obviously, SB prevents the integration into those
sequences. In addition, SB prevents the formation of concatemeres which is commonly seen
by traditional microinjection **. Also, Kues et al. (2006) >*’ and Matés et al. (2007) >
showed that monomeric integrations obtained with transposons are less prone to silencing
mechanism compared to concatemeric integrations.

As discussed above, the integration locus is crucial for proper expression of the transgene.
Moreover, according to very recent findings, the majority of DNA consists of biochemically
functional regions that are important for the proper expression protein coding genes >>>°**. By
applying FISH, the integration loci could be figured out on chromosome level. This method is
especially helpful, if multiple integrations were detected by Southern Blot. To exactly

elucidate the integration sites of SB various groups performed a splinkerette PCR that became

-03 -



DISCUSSION

developed further in recent years “>°>>°°_ A further group focused on thermal asymmetric

360561 Another

interlaced (TAIL) PCR to elucidate integration sites in a similar manner
approach is the method of advanced inverse PCR that also allows the identification of
integration sites on sequence level **2. Wilson et al. (2007) '** and Yant et al. (2000) ** using
a more laborious way by subcloning the regarding fragments into plasmids followed by

sequencing.

4.1.2.2 Improvements for transposon-mediated transgenesis

Often, nuclei are difficult to identify during injections. This was also observed in this study.
Hence, injections were not reliable. This could be overcome by cytoplasmic injection which
simplifies the delivery of the transposon system. As shown by Sumiyama et al. (2010) ***,
cytoplasmic microinjection causes less damage to oocytes and leads to higher viability. This
group reported a transgenesis rate of 30 - 66.7% using Tol2 in mice. With pronuclear injection

they achieved a rate of 20%. As reported by Garrels et al. (2011) *®

, microinjection into
cytoplasm does not decrease the efficiency of SB100 in livestock. On the other hand, Brinster
et al. (1985) >* and Sumiyama et al. (2010) *** reported that cytoplasmic injection of vector
DNA alone is significantly less efficient as pronuclear injection. The findings in this thesis of
low survival rate of injected embryos could be due to damage that unavoidably occurs during
microinjections and due to toxic effects of foreign DNA. As reported by Sumiyama et al.
(2010) ***, linear DNA could be more toxic than circular DNA during pronuclear injection.
Since a linear pDNA (for transposon-transgene vector) was used in this thesis that might
partly explain the low survival rate. Further, the amount of DNA and the volume of DNA
solution that was injected are based on empirical experiences. Nevertheless, the size of the
droplet to be injected varies from injection to injection and could of course have an influence
on the embryos. Here, the microinjection into cytoplasm allows more tolerance as the
cytoplasm is more voluminous as the nucleus.

An improvement of transgenesis rate could be the use of methylases. As shown by different
groups methylation of SB transposon increases the transposition efficiency up to 9 fold ***>°*
> As a result, the donor site becomes heterochromatinised and enhances SB transposition.
Contrary, Wang et al. (2008) *** showed that methylation of PB decreased transposition

efficiency 12 fold. However, as reported by Carlson et al. (2011) °%

, the transposon becomes
reprogrammed during embryonic development and expressed in a manner characteristic for its

specific locus.
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When integrating transgenes into a host genome two processes need to be considered. One is
the variability in the expression level and the other the decrease of expression over time >’
review: 71 The expression of transgenes is controlled by its own promoter but also enhancers
and insulators that both are provided either endo- or exogenously >’ ™V - Additionally
the integration loci itself is important for the expression of transgenes. As shown by
Robertson et al. (1995) *’° the locus could become silenced by chromatin rearrangement
which is known as position effect. Hence, integrations close to heterochromatin became
silenced more often as in open euchromatin. Of course, the status of chromatin depends on the

571 and

differentiation and function of the particular cell. As shown by Giraldo et al. (2003)
van Keuren et al. (2009) °’®, the use of insulators can prevent transgene silencing regardless of
integration site and the use of enhancers leads to a reliable expression. Insulators need to be

579, review

located on each side of the transgene . However, insulators are neutral genetic

elements; they do not act as activators or repressors. Nevertheless, insulators are not able to

580 and

shield the transgene under each condition from silencing. Walisko et al. (2008)
Dalsgaard et al. (2009) **' successfully used insulators in combination with SB. In addition,
insulators prevent the risk of cis activation of neighbouring genes on the integration side.
However, Walisko et al. (2008) ** found that SB has a very weak activity as enhancer or
promoter for transcriptional activity of neighbouring genes.

Recently, Ammar et al. (2012) *** showed site-specific integration of SB. Hereby, so called
target fusion proteins were applied. This would allow targeted integrations with high

efficiency. Previously, Wilson et al. (2005) o8 applied the fusion of transposons with zinc

fingers to allow site directed transposition albeit with a very low efficiency.

Should problems arise following the analysis of transgenic rabbits, other DNA-transposon

systems that were developed in the last years for transgenesis of higher eukaryotes could be

86,584 74,585
2

used as they possess different characteristics, such as PB *, Frog Prince , Minos
Tol1/2 """®°% and Passport **’. PB allows cargos up to 9.1 kb without a loss in efficiency
whereas transposition is possible up to 14.3 kb albeit with decreasing efficiency. Distinct from
SB and PB, Wu et al. (2006), Balciunas et al. (2006) and Koga et al. (2007) ***% reported
that Toll and 2 does not show any preference for a specific sequence and no overproduction
inhibition was observed. Further, Suster et al. (2009) *' found that Tol2 transposes single
copies of 66 — 120 kb. Hence, the Tol2 system could be an interesting alternative.
Nevertheless, a very recent report shows the transposition of BACs (150 — 196 kb) on both

1093

SB- and PB constructs . However, the application of transposons has still limitations in the
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generation of transgenic animals. Since the usual transposon system allows only gene
addition, only dominant negative mutations can be introduced into the host genome. An

interesting option could be inducible transposon systems, whose construction was shown
592,593

4.1.3  Functionality of rabbit insulin expression vectors

The loss of p-cells is a hallmark of both Diabetes mellitus (DM) type I and II *** ¥ Hence,
a model that shows progressive loss of these cells could serve as an optimal model.
Interestingly, it was reported that the second insulin gene of rodents (mistakenly named
insulin 1) is a result of a transposition event 15 million years ago .

Contrary to mice and rats, the rabbit has only one insulin gene exactly like humans. This fact
predisposes the rabbit as animal model for DM. In this work, functional units of rabbit insulin

were estimated based on published sequence data from human and other species due to the

596-598 599
0.

high homology . The sequence of human Insulin was elucidated 198
The first report that the Akita mutation (1.2.1.2) leads to dysfunctionality of B-cells was from
Wang et al. (1999) **! in the maturity-onset diabetes of the young (Mody) mouse **°. This
Akita mouse model is widely used as a model for DM 1. It is not accompanied with obesity
and insulitis. Another report found this mouse suitable for modelling DM II due to the
appearance of insulin resistance as a result of chronic hyperglycemia albeit without obesity
690 Thus, this specific mutation and its effect could be an optimal model to study the common
aetiology of both types DM I and II and associated complications. The Akita mutation leads
to misfolding of INS because an essential disulphide bonds fails to form. That is due to the
single base pair exchange from guanine to adenine which results in a change in the coding
triplet (TGC - TAC) and finally in the aa from cysteine to tyrosine. Thus, the misfolded INS
accumulates in the ER and induces a series of rescue mechanisms that finally result in

- 390,391,397
apoptosis of B-cells =77,

A similar model is the Munich Ins2“”*° mouse !

. Here, the reason for development of DM is
also a point mutation (T = A) on a prominent position resulting in malformation of insulin
due to disruption of a disulphide bond. Summarised, the phenotype is very close to this of
Akita mice because the cellular responses are the same following the misfolded protein that
get stacked in the ER. However, both mutations, either in mice or humans, show sex specific
variations. In males the phenotype is more severe than in females. It was speculated that it is

due to an anti-diabetic effect of oestrogen > Vi<V

-96 -



DISCUSSION

Studies by Stoy J et al. (2007) ** and Edghill et al. (2008) ** of different insulin mutations
causing neonatal DM in humans revealed a mutation similar to that of the Akita mouse.
Neonatal DM is very rare due to distinct monogenic mutations (like the Akita mutation). Most
often DM is a result of multiple factors.

To introduce the Akita mutation into rabbits, rabbit genomic Ins was cloned, including
promoter and transcription unit. Then, the Akita mutation was inserted. Finally, two
expression vectors were obtained: pINS** (mutated Ins) and pINS™' (WT Ins). Both vectors
contain an artificial triple polyA site. The functionality of constructed rabbit insulin
expression vectors was verified in rat insulinoma cells (INS1E). These cells are very similar

604-608

both in morphology and function to native B-cells . Importantly, they are positive for

insulin expression.

Upon transfection of pINS™™ and pINS™' into INSIE cells, the expression of both rabbit

Akita

Ins and Ins"" was successfully proven by RT-PCR. Further, the functionality of both

AR and Ins"T was successfully verified in INS1E cells. Similar approaches like in this

Akita

Ins

thesis to show the apoptotic action of Ins™ - were performed by other groups. Araki et al.

(2003) ** transfected MING cells (a mouse B-cell line) with mutated and non-mutated mouse
insulin, respectively. The observations were the same as in this thesis: cells transfected with

mutated insulin underwent apoptosis but not cells transfected with non-mutated insulin. Since

Akita

INSIE cells transfected with Ins"*"™ expression vector died but not control cells (Ins™7), it is

very likely that this effect is due to ER stress induced apoptosis. To proof the very likely
action of ER stress induced apoptosis in INS1E cells, quantitative PCR for stress response
molecules (e.g. BiP), factors involved in ERAD (e.g. Hrdl, Selll) or specific apoptosis

inducing factors (e.g. CHOP, caspase-12) could be performed. That ER stress resulting from

Akita

murine Ins™™ causes apoptosis of INSIE cells was shown by Hartley et al. (2010) °'* who

verified also the up regulation of stress markers, chaperons and ER-associated degradation

Akita

genes. Directly, the bisulfide mispairing of Ins could be verified by non-reducing Tris-

Tricine-urea-SDS-PAGE which was shown to have a very high sensitivity in this regard °'"

613 Akita

. Importantly, this work demonstrates the action of Ins™* expression vector only in INS1E
cells, but not in rabbit fibroblasts. This indicates that the promoter of the cloned insulin gene
is functional and specific to insulin expressing cells. Further, the obtained results confirm the
cell specific functionality of the constructed vectors.

Recently, the molecular linkage between diet, obesity, DM and finally the dysfunction of

614
d

human and mouse B-cells was verifie . The trigger for the sequential molecular events

leading to this dysfunction is elevated concentrations of free fatty acids (FFA) resulting from
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a high fat diet. What follows is a series of typical metabolic disorders. In addition, a fatty liver
develops and it comes to resistance to insulin ®'*. This in turn leads to ER stress in p-cells and
finally in their apoptosis. This ladder step could be modelled with the Ins™™ rabbit.
Interestingly and important, the lipid metabolism of rabbits closely resemble this of humans
613 This indicates the usefulness of rabbits to study DM from the initial triggers until the overt

disease.

Akita

4.1.3.1 Implications of Ins rabbits

Akita

Once the rabbit Ins™™ model would be generated, it is necessary to detect its transcript and

protein. According to publications, the presence of plasma insulin 616,617

618,619

and also pancreatic

620

insulin can be verified in foetal rabbits. In an analysis of Fletcher et al. (1982) ™,

pancreatic insulin was found already at gestation day 22. Previously, Milner et al. (1969,

1975) °'%°1 reported that insulin secretion precedes the glucoregulatory action.

Akita

Once the Ins rabbit is available, measurements of C-peptide, a marker for endogenous

21

insulin production ®*', would allow a rapid and validated quantification. Righettoni et al.

(2010) °** measured the blood glucose concentration indirectly through the exhaled air by

determination of the acetone concentration with a tiny sensor chip.

Akita

Depending on the proceeding of DM upon Ins expression in rabbits or the research

Akita 623626,

question, the expression of Ins™~ could be controlled by applying the Tet-on system

review: 627 Hereby the insulin promoter would direct the Tet-transactivator that, upon
administration of doxycycline, would activate the Tet-promoter which directs Ins"® Thus,

WT Aki
& could be

Ins™ would be secreted as naturally controlled but the expression of Ins
controlled tissue specific and time dependent (spatiotemporal). Also, this system could be
applied the other way around (Tet-off). Then, administration of doxycycline would switch off
the expression of Ins"¥®@ The Tet system could be cloned as one cassette and introduced by
transposition into the rabbit genome.

In a healthy human, the B-cell mass is maintained by pancreatic stem cells also under difficult

conditions like obesity and some states of insulin resistance ®*% ™"V

. Under pathologic
conditions of DM, B-cells were destroyed and cannot become replaced by those stem cells.
Notkins et al. (2001) **7 found that at the time of clinical diagnosis and overt DM
(hyperglycaemia), already 70% of B-cell mass is destroyed. The introduction of the Akita
mutation into rabbit insulin finally results in the destruction of B-cells and a lack of insulin.
The underlying idea is to have an animal model for islet transplantation (Fig. 55). Successful
and functional transplantation should supply the rabbit with insulin whose level is regulated

according to blood glucose concentration. Later on, this could lead to new therapies for

-08 -



DISCUSSION

human patients suffering on DM. The use of autologous stem cells for transplantation in
autoimmune diseases has been reported % ™V Distinct efforts to cure DM I by cellular

transplantation both in animals and humans were performed albeit with low success %,

Also, a lot of research on islet transplantation in humans was already performed *%'%3>7637:64
reviews: 638-641 "\ fattsson et al. (2002) ** reported that often the transplantation fails due to
disconnection from blood supply which results in too late revascularization leading to
dysfunction. Hence, Zhang et al. (2004), Lai et al. (2005) and Su et al. (2007) ***** achieved

improvements by overexpressing angiogenic growth factors. Miao et al. (2006) *’

expanded
the findings by the administration of other growth factors and subsequent transplantation. A
further attempt was the application of MSCs that enhance revascularisation, excrete immune-
modulatory molecules and create a cytoprotective milieu *** ™% ®%_Qlerud et al. (2009) **°
applied successfully the co-transplantation of neurospheres. Instead transplanting isolated
islets the transplantation of whole pancreas was suggested for better prognosis and long term
stabilisation of the glycaemic level *" ™"V, On the other hand, Ricordi (2003) ®* and Froud
et al. (2005) ® reported that transplantation of islets is much simpler then pancreases.

However, after interruption of immunosuppression, DM relapses ** review - All those facts

highlight and underline the importance of a suitable animal model.

Immunointervention

Islet
transplantation

B cell replacement

Figure 55: Overview of current strategies to restore the natural adaptive insulin providing function.
B-cells could be replaced by stem or precursor cells, by in vitro cultivated B-cells or transplantation of islets.
However, intervention of immune reactions is necessary. Adapted from Couri and Voltarelli (2008) **°

Due to the progress in stem cell biology and the opportunity to have patient specific,
autologous stem cells either by isolation or full or partly reprogramming and their subsequent
directed differentiation or transdifferentiation into islet cells, the need for immunosuppression
decreases. Spontaneous in vivo differentiation of mESCs into INS producing cells was

656

reported in the mouse as well as a directed reprogramming approach of differentiated

pancreatic exocrine cells into cells resembling B-cells ®*’. Further, an approach that opens the
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possibility for patient specific cells was developed by Kunisada et al. (2012) ''%°

using
reprogramming of human fibroblasts into iPSCs and their differentiation into insulin-
producing cells. On the other hand, safety is still a matter. Today, there are no safely
reproducible and convenient differentiation protocols available. Mostly, some cells present
after differentiation possess still stem cell character. To prevent their possible carcinogenic
action in the patient, those cells need to be efficiently eliminated before transplantation. Here,
Ak rabbit could serve as a valuable model.

Timper et al. (2006) **® and Gao et al. (2008) ** showed the transdifferentiation of hMSCs

the Ins

into INS producing B-cells. Since these protocols were also established using human A-MSCs
660-662 " this could simplify the process as A-MSCs are obtainable in minimal surgical. Those
differentiated islet cells could then serve as autologous transplants. First studies to use those
cells were already performed in mice and rats ***°®*. Again, the rabbit could serve as optimal
model. Due to carcinogenic risks when transplanting stem cells as observed in human patients

665666 it must be shown that stem cells considered for transplantation meet the criteria by the

International Society of Stem Cell Research .

Successfully established transgenic rabbits could then serve as models for human diseases of
interest that have also huge impact, for instance Parkinson’s disease. To model this disease a
truncated parkin protein could be expressed. This causes cellular stress which results finally in
apoptosis of specific neurons. It is known, that recessive mutations of parkin are the most
common cause for this disease and that this gene is the most affected one albeit mutations in

other genes lead to the same disease ©°%06% reviews,
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4.2  Cell-mediated transgenesis

Since numerous obstacles of SCNT are attributed to faulty epigenetic reprogramming of the
cell nucleus, it is thought that cells with a higher potency prevent these circumstances. Hence,
the aim of this work was to obtain pluripotent or at least multipotent rabbit cells. Typically,
success rate (live births of transferred embryos) of mammalian SCNT is only 1 — 3% ®"*"! In
general, a major influencing factor for efficient NT is the cell type. The cells should fulfil
distinct criteria: high proliferation rate in vitro, amenable for genetic manipulations, stable
chromosome number, support of HR and should undergo successful reprogramming after NT.

Previously, the cloning of rabbits was reported only by two other groups *’*°"

transgenic rabbit *7*.

including one

4.2.1  Pluripotent cells

Pluripotent cells are the cells with the highest potency cultivable in the laboratory. Totipotent
cells are only available in the first cleavages of the developing embryo ¢/ ™Vie"s: 676678 gince
verified rabbit pluripotent cells are not available today, attempts to cultivate those cells were
carried out. As shown by our own work important markers could be verified indicating a

pluripotent character of the isolated cells 509,516

. ES-like cells of rabbit have been reported
albeit the formation of chimeras from cultured pluripotent cells was not shown 7%, Also,
rabbit ES-like cells were not yet used for NT. Fang et al. (2006) °” reported the ability of
differentiated ES-like cells for successful NT. Surprisingly, the derivation of definitive

pluripotent cells, regardless if ESCs or iPSCs, shows to be difficult in many species *** %%,

4.2.1.1 Pluripotency is influenced by extrinsic factors

According to the achieved results, optimal culture conditions for rtbESCs could not be
revealed. It is highly likely that a culture consisting of both differentiated and undifferentiated
cells (as revealed by the expression of markers for pluripotency and differentiation) is not
stable. Since stem cells possess two opposing hallmarks, self-renewal and multi-lineage
differentiation potential, the underlying signalling network, most importantly Oct4, Nanog
and Sox2, needs to be tightly controlled. Probably, this network is not balanced in our rbESC
cultures, which is mainly influenced by culture conditions. As shown with the experiments in
3.2.1.2, the culture conditions indeed provided some factors maintaining pluripotency.
Especially, this is obvious when rbESC-5 was cultured long-term under three different
conditions without faulty karyotype. Cells grown in mES medium showed the most

karyotypes with normal diploid chromosome set (2n = 44). However, the mode was 44 in all
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three sublines. The phenotype changed drastically when cultured in DMEM+ that does not
provide pluripotent stimuli for both murine and human ESCs. This indicates the influence of
extrinsic factors on maintaining pluripotency of rbESCs.

The most convenient way to culture ESCs is to use mitotically inactivated mouse embryonic
fibroblasts (MEF-MITO), called feeders. In addition, there is a need to supplement the
medium with LIF for mESCs and bFGF for hESCs, respectively (Fig. 56). Due to unknown
signalling in rabbits, both were supplemented to rbESC medium. As shown, the downstream
effectors of LIF are among others Nanog, KIf4, Tbx3 and c-myc 2224244687692 A1 BMP4
F 3

becomes activated by LI

BMP4 is activated during mesodermal differentiation of hESCs. Thus, the role of BMP4

which than activates inhibitor of differentiation genes. Contrary,

remains unclear in rbESCs. Previously it was shown by Beattie et al. (2005) °, that MEFs

694
.In

express and secrete activin into the medium that is necessary for pluripotency of hESCs
addition, Hsu et al. (1998) ** found that MEFs express gremlin that is an inhibitor of BMP.
However, the quality of feeders varies from isolation to isolation. Thus, a reliable expression
and secretion of pluripotency promoting molecules could not be stably secured over longer
periods which influence rbESCs pluripotent signalling.

The composition of serum has an important extrinsic effect but may vary from batch to batch.
It would be worth to use a chemical defined medium. In addition, this would allow a feeder
free culture as shown for hESCs **®7. Furthermore, then it is possible to determine if LIF
and/or bFGF are needed for rabbit pluripotency (Fig. 57). In a defined medium, one can figure
out which bioactive small molecules have positive effects on rbESCs. For instance, SC1
(pluripotin), that has an inhibitory effect on Erkl, was shown to support mESCs in the
absence of serum, feeders and cytokines ®®. Further, the concurrent inhibition of glycogen
synthase kinase 3 (GSK3, an inhibitor of Nanog " and FGF4-Erk1/2 MAPK supports mESC
pluripotency ®% ™" 7% 1 addition, Storm et al. (2007), Stefanovic et al. (2009) and Snyder
et al. (2010) "> reported that the continuous supplementation could have side effects
causing differentiation. It was reported that those secondary effects lead to a high variability
by the creation of heterogeneous and unstable ESC culture with fluctuating degrees of
pluripotency highly similar to the findings in this thesis. Here, it would be important to

elucidate the optimal concentration of LIF for rbESCs. Yang et al. (2009) 705

reported the
derivation of mESCs of formerly refractory non-obese diabetic (NOD) mice using a defined
chemical medium approach in which LIF and SC1 were used. Also, similar approaches, €.g.
LIF in combination with inhibitors of Erk and GSK3 (referred as 2i condition) **7%7°7 were

successful, also on other non-permissive strains (C57BL76, CBA) 708710 (Fig. 56).
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Interestingly, Sato et al. (2004) '°® found that inhibition of GSK3 maintains pluripotency in
both mESCs and hESCs. In addition to LIF, the PI3K/AKT pathway is also activated by IGF1
193194 "This could explain the positive influence of IGF2 onto rbESCs that was seen in this
work. Bendall et al. (2007) """ and Brill et al. (2009) "** showed that IGF and bFGF act
together to maintain pluripotency. Hence, this particular combination needs to be tested on
bESCs.

Another small molecule, IQ-1 acting in the Wnt pathway was shown to maintain mESCs in

feeder free conditions ’'. Burton et al. (2010) "**

applied successfully similar experiments on
hESCs. Here, a condition free of both feeders and cytokines (including bFGF) could be
achieved with the supplementation of defined chemicals "'> ™", However, Li et al. (2007)
716 reported that conditions using two inhibitors (2i) failed in maintaining hESCs since their
pluripotency requires MEK/ERK signalling. Recently, as conclusion of the distinct species
specific signalling in pluripotency, hESCs are classified as primed pluripotent, as they are
slightly differentiated. In contrast, mESCs are classified as naive pluripotent 220222 ™Vie¥s ¢
was concluded, that LIF is important for the acquisition of the naive state. Attempts by Hanna
et al. (2010) "' to convert hESCs to a naive pluripotent state using 2i and LIF albeit with a
constitutive expression of Oct4 and KlIf4 were successful. On withdraw of exogenous
expression, cells underwent differentiation but could be rescued by the addition of forskolin
that partly activates KIf2/4. Experiments supplementing rbESCs with forskolin were
performed within this work but cells underwent apoptosis (results not shown). Recently,
Tsutsui et al. (2011) "'® performed a systematic analysis of various surface coatings and five
small molecules in distinct concentrations (inhibitors of ROCK, MEK, GSK3, FGFR) and
their combinations on hESCs. Due to the disappearance of naturally occurring naive hESCs
and also of other species, but the relative simple obtaining of mESCs, it was speculated that
this phenomenon is a cause of the diapause ’'*. Thus, cells have a halt in their developmental
progression and it is possible to capture pluripotent cells. Apart from more simple organisms,

diapause occurs only in rodents, bears, mustelids and marsupials. Accordingly, derivation of

rbESCs might be hampered.
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Figure 56: Signalling pathways induced by LIF and bFGF that result in self-renewal.
Also, cross interactions of the LIF pathway into bFGF pathways are indicated. Adapted from Hsieh et al.
(2011) ™°

A further impact has the handling of ESCs especially during passaging. It was reported by
Ohgushi et al. (2010) "*' and Chen et al. (2010) '*, that dissociation of mESCs to single cells
has no effect on cell viability whereas hESCs undergo apoptosis when dissociated. The use of
the Rho-associated protein kinase inhibitor (ROCK-i, stabilises E-cadherin) was shown to be
helpful under standard conditions in rbESCs and also for hESCs ** and monkeyESCs "%, In
a stable culture, the cell-cell interactions inhibit Rho-ROCK signalling itself. In this condition,
the addition of ROCK-i would be only needed right after passaging, when cells are
dissociated and Rho-ROCK signalling becomes upregulated which then destabilises cell-cell

. 724-729
adhesions

. In turn, Rho-ROCK signalling increases further which finally leads to a
complete and irreversible loss of cell adhesions. On the other hand, supplementation of
rbESCs with ROCK-i showed only positive effects on the morphology when cultured in CM
and in the combination with LIF and bFGF, but not under any other condition (3.2.1.2). Also,
mES medium supplemented with LIF, bFGF and ROCK-i led to differentiation of rbESCs.
Since the positive feedback loop of increased Rho-ROCK signalling after dissociation and
loss of cell adhesions was not observed in mESCs this could be a hint that tbESCs have a
more similar signalling to mESCs than to hESCs. Recently, Kawamata and Ochiya (2010) *°
used ROCK-i to obtain and culture ratESCs. As shown by Xu et al. (2010) ">, the negative
impact of passaging could be overcome by the use of small molecules which enhance the
survival after dissociation in chemical defined medium. These molecules improve the
adhesion to extracellular matrix (ECM), like matrigel or laminin but not to gelatine. Since the
plates for rbESCs were covered with gelatine there could be a need for a distinct ECM
substrate. It was reported by Paling et al. (2004) "' and Armstrong et al. (2006) "* that the

increased cell-ECM interactions enhance cell survival and growth mediated by integrin

signalling (Fig. 57).
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In this thesis the cultivation of rbESCs in feeder-free condition was shown, although the

733

medium was still conditioned by feeders. Xu et al. (2001) used the same cultivation

procedure for hESCs. However, for hESCs Amit et al. (2004) "** used non-conditioned and
serum free medium with defined factors (TGFf, bFGF and LIF) and cultivation on fibronectin
735 review The supplementation of the medium with an Erk inhibitor could help to stabilize the
pluripotent state in rbESCs. Nichols et al. (2009) "*° found that an inhibition of Erk reduces
the population of Nanog-negative cells. Accordingly as found by Kunath et al. (2007) " and
Stavridis et al. (2007) 7**, a stimulation of ESCs with Erk primes them for differentiation.
Since Erk becomes activated by bFGF signalling, the supplementation of rbESCs cultures

could have an opposite effect as expected. In general, it was reported that the activation of

oxidative pathways is linked to the induction of differentiation "*° %',

An important extrinsic factor influencing cell culture is the concentration of O, (Fig. 57) 1088~

1% Wion et al. (2009) ™ showed that the O, concentration has influences on various cell

743

functions. Recently, it was reported by Lengner et al. (2010) that atmospheric O,

concentration (20%) leads to X-chromosome inactivation in hESCs. As mentioned by Silva et
al. (2008) ™, the reactivation of the X-chromosome is a further hallmark of ESCs. This could
be tested in tbESCs. In this work, rbESCs were routinely cultured under atmospheric O,

concentration. Most importantly, Hu et al. (2003) '* and Covello et al. (2006) "*® found a

747

direct linkage of O, sensing and Oct4 regulation. Also, Yoshida et al. (2009) ™" reported an

enhanced induction of pluripotency by low O,. Thus, it could be that tbESCs are especially
sensitive to high O, concentrations and should be cultivated under permanent low

concentration. In a study on hESCs, 149 genes were found to be regulated differently under

. . 48,74
high and low O, concentrations 748,749,

C. Nonproteinaceous
chemicals
i.e., dexamethasone

D. Biophysical parameters l
i.e., O, tension,
temperature L 4 A. Protein-based
L 3 o cytokines/growth factors
i.e., TGF-8

Neighboring cell

/
4
4

0o o o o

E. Cell-to-cell contact,
gap junction-mediated B. Extracellular matrix
intercellular coupling substratum
i.e., determined by cell density i.e., collagen type Il
within in vitro culture

Figure 57: Extrinsic signalling that influences various cellular processes here in particular pluripotency.
For instance when the neighbouring cell is differentiated, their signalling often induces differentiation in the
pluripotent cell. Adapted from Heng et al. (2004) "°
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4.2.1.2 Plasticity of pluripotent cells

Due to the obtained results, it is speculative that rbESCs might have an unstable pluripotent
state. The expression of various markers (e.g. Oct4, Sox2 and Desmin, Nestin, Hnf4o)
indicated both the presence of pluripotent and differentiated cells. The fact that not all
pluripotent cells differentiated but maintained self-renewal also in high passages leads to the
hypothesis of inherent plasticity of tbESCs. This is underlined by recent findings by other
groups. Since the late blastocyst consists of three cell types, namely trophectoderm, hypoblast

676,751; reviews

(both contributing to extraembryonic tissues ) and the epiblast, the cells are

already affected by distinct cues. After implantation, pluripotent cells can still be found in the
epiblast. When isolated and cultured, these cells are called EpiSC (primed ESCs) '""!'"%
Nevertheless, Wei et al. (2005) * reported that those cells have distinct properties then
mESCs 7% ™V For instance as shown by various groups »>**¢®+7%757 instead a
requirement for LIF or BMP4, they need activin/Nodal and bFGF and instead expression of
Rex1 (Zfp42) and Klf4 as markers, they express Fgf5 and brachyury (T). By switching the
media composition (supplementation with activin and bFGF °® or inhibition of LIF/STAT3
79 it is possible to convert mESCs to EpiSCs (Fig. 58). Zhou et al. (2010) 70 used small
molecules (inhibitors of LSD1, ALKS, MEK, FGFR and GSK3) for the reprogramming of
EpiSCs to mESCs highlighting the huge influence of those chemicals in ESC derivation and

cultivation. Previously, Chou et al. (2008) '

showed that available growth factors define
distinct ground states of stem cells. It would be interesting to reveal their influences on
rbESCs. Due to these important differences in the signalling network the pluripotent state is
subdivided into naive ~ (ESCs) and primed pluripotency (EpiSCs) (Fig. 58). Noteworthy, as
shown by Tesar et al. (2007) ', Kerr et al. (2010) *'” and Chenoweth et al. (2010) *'®* hESCs
resemble EpiSCs very closely in terms of phenotype, culture requirements and signalling.

In addition, studies by Laslett et al. (2007), Hough et al. (2009) and Kolle et al. (2009) "%
showed that within the same population of ESCs various states exist, revealing certain
plasticity in the culture. It was shown, that cells within those cultures with the highest self-
renewal capacity express the highest levels of pluripotency genes. This finding underlines the
hypothesis of an unstable rbESCs culture and the presence of pluripotent and differentiated

cells. Accordingly, it would be necessary to elucidate the expression level of pluripotent genes

in rbESCs by quantitative RT-PCR.
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Figure 58: Plasticity of stem cells.
Summary of various factors influencing pluripotency of mESCs. Not all cell types are discussed in the text, due
to irrelevance in optimisation the cultivation of rbESCs. Adapted from Pera et al. (2010) **

4.2.1.3 Pluripotent signalling network

The expression and identity of important pluripotent signalling molecules could be verified on
the obtained rbESCs, including the crucial factor Oct4. Oct4 was reported by Chew et al.
(2005) **° to target and promote itself. Further the expression of Nanog, Sox2, FoxD3 and

4 779 \as demonstrated in rbESCs previously **. Shi et

Rex1, which are target genes of Oct
al. (2008) °" characterised the rabbit gene coding for Oct4. In addition, in localisation studies
thousands of sites in the genome were identified to which Oct4 binds "**7’°. The expression
level of Oct4 is very critical in the maintenance of pluripotency. Lower levels of Oct4
7 whereas elevated levels leading to

72 This finding fits to the

resulting in a trophectodermal phenotype
differentiation into the endodermal and mesodermal lineage
obtained results of rtbESCs. Here, the line tbESC-5 expresses markers for those both lineages
(Desmin (mesoderm) and Hnf4a (endoderm)). This indicates a heterogeneous cell population

consisting of differentiated cells and cells maintaining pluripotent character. However, the

-107 -



DISCUSSION

expression level of Oct4 was not determined in rbESCs and needs to be confirmed to support
this hypothesis. The simultaneous expression of two or more lineage associated TFs in
undifferentiated stem cells is called lineage priming .

The TF Sox2, whose expression was also shown in rbESCs, has many of the same targets as
Oct4, since both factors interact together '*’"°. Hence, many target genes possess composites
of Oct4/Sox2 recognition sequences *°""’®. As shown by Ivanova et al. (2006) ””’, a decreased
level of Sox2 leads to differentiation into both trophectoderm and epiblast derived lineages;
but Masui et al. (2007) "”® found solely a differentiation into trophectoderm. It is believed,
that Sox2 stabilizes the expression of Oct4 .

The third most important factor, Nanog, found also to be expressed in our rtbESCs, was shown
by Chen et al. (2008) " to bind composite Oct/Sox2 motifs on target genes. As reported,

promoters co-bound by Oct4, Sox2 and Nanog direct the expression of signalling molecules,

microRNAs and epigenetic regulators (chromatin-remodelling, histone modification)

768,769,779-781 782 In

. The epigenetic regulation in ESCs is reviewed by Bibikova et al. (2008)

vivo, Nanog is essential for the specification of the epiblast ">

. It has been found by Mitsui
et al. (2003) "™ and ™ Chambers et al. (2003) that an overexpression of Nanog confers a
cytokine independent self-renewal. On the other hand, a decreased or even absent level of

Nanog does not terminate self-renewal. However, Chambers et al. (2007) "*

reported that
self-renewal continues at lower efficiency and thus Nanog modulates the regulatory network.
As found by Ichida et al. (2009) 787 and Maherali and Hochedlinger (2009) 8 the expression
of Nanog can be upregulated by the inhibition of TGF-B. Xu et al. (2008) * reported that
TGF-B can substitute for activin/Nodal in hESCs pluripotency.

However, it might be that the discussed mixed population of rbESCs is a result of initial not
pure ICM due to mechanical surgery with needles. Hence, an immunosurgical method as
shown by Axelrod (1984), Heins et al. (2004) and Chen and Melton (2007) 790792 ould result

in pure isolations.

4.2.1.4 Pluripotency of rabbit cells
In 1965 Cole et al. (1965 7**, 1966 "*) reported the derivation of trophoblast-like cells from

rabbit blastocysts and their differentiation. One line with an epithelial phenotype showed AP

activity. Later, Alliston and Pardee (1973) 795

assessed the early morphologic development of
rabbit embryos. The 4.5 d blastocyst consists of approx. 278 cells of which only approx. 81
cells belong to the ICM. Twenty years later, the first report of putative rbESCs was published
by Moreadith and Graves (1992 ", 1993 7). Later, this group performed NT with the

obtained cells **. Graves and Moreadith (1993) ™ reported growth in undifferentiated state
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on MEF-MITOs with addition of LIF and the ability to form EBs and all three germ layers.
Also, this group reported the formation of chimeras upon injection of these rbESCs into the
blastocyst despite the huge mucin coat °°. Compared to other animals, such as mice and rats,
the rabbit blastocyst is surrounded by a thick mucin coat that is difficult to penetrate. Years
later, Fang et al. (2006) ®”° reported the derivation and culture of rbESCs from three different
strains (New Zealand White, Chinchilla and Angora) on MEFs in serum-free medium w/o LIF
but with addition of bFGF, thus sharing properties to hESCs while expressing AP and Oct4.

Another group, Wang et al. (2008) 5%

, investigated the signalling pathways underlying
pluripotency in their previously obtained rbESCs ®*. The morphology of those cells is very
similar to those obtained in this thesis. They reported a similarity of their cells to hESCs and
that pathways of TGFp, bFGF and Wnt need to be active but BMP pathway needs to be
inactive (Fig. 59). However, there is a difference in Wnt signalling that is high in tbESCs but
low in hESCs where it becomes upregulated upon differentiation. bFGF activates both
downstream pathways MAPK/Erk and PI3K/Akt. Therefore, they reported independency of
bESCs from LIF supplementation. Contrary to mESCs, hESCs and rbESCs of this thesis,
Wang et al. could not detect the expression of nodal. Quite to the contrary, they verified the
expression of lefty, an inhibitor of Nodal. The morphology of their obtained EBs (1200
cells/droplet) is similar to this obtained in this work with 3000 cells/droplet.

FGF
Signaling

y TGFBVIActivinlNodaI \ Activation g 2
Signaling branch of Smad2/3 i Pluri
: : uripotency
| and self-renewal |
of ESCs

TGF B

superfamily ) } .
BMP4 Activation

Signaling branch of Smad1/5/8

N

(inhibitor of BMP4)

(~ Canonical Wnt
Signaling

Figure 59: Suggested molecular signalling network of rbESCs obtained by Wang et al. (2008) .

A different group, Chiang et al. (2008) *', cultured rabbit ICM cells on feeders in DMEM
containing 20% FCS, 1% NEAA, 1% nucleoside solution, 0.1 mM 2-mercaptoethanol and
10 mg debekacin. However, one line was propagated to P14 with LIF supplementation and
stained positive for AP and Oct4. They showed also expression of AP, Oct4, Sox2, Nanog and

a similar morphology to hESCs ®*

. Later, they reported the maintenance of rbESCs on
feeders and in medium supplemented with both LIF and bEGF "*°. However, if either LIF or
bFGF was added rbESCs still were pluripotent even under MEF-free conditions. Also the

quantification of protein levels of Oct4 and Nanog does not show any significant variation
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when increasing concentrations of LIF, bFGF or in combination of both was used. They
conclude that rabbit pluripotency can be maintained at a basal level by low concentration of
either LIF or bFGF, or can be reinforced by higher concentrations of each factor or both
factors together. Very recently, this group reported the use of recombinant rabbit LIF (in
addition to bFGF) and rabbit embryonic fibroblasts as feeder cells for the derivation and
cultivation of rbESCs, but without clear findings in comparison to cultures with MEFs and
human LIF '"%. However, they conclude that bFGF is essential for rabbit pluripotency.
Contrary, the group of Bosze found that LIF is essential for tbESC derivation and culture and
that these cells are similar in their signalling to mESCs 2. Nevertheless, the morphology is
similar to hESCs *®. Further, they verified the expression of AP, Oct4 and Nanog. After EB-
mediated differentiation they found fibroblasts and beating cardiomyocytes. These findings

are equally to the results of this work. Recently, this group isolated rabbit pluripotency genes

8 805, review: 1099

. However, nothing is mentioned about
681

% and used them to generate iPSCs
contribution to the germ line. Also, Honda et al. (2008) reported the establishment of
rbESCs and found that bFGF maintains pluripotency of rbESCs and that signalling through

806 They revealed the expression of AP,

activin/Nodal is necessary but LIF is dispensable
Oct4 and Nanog. Further, this group used the same ROCK-i as in this work and was found to
enhance cell growth. They conclude a similarity of rbESCs to hESCs. In further attempts,
Honda et al. (2010) *” established rb-iPSCs from both liver and stomach cells by lentiviral
vectors with the human genes c-Myc, KIf4, Sox2 and Oct4 using both bFGF and LIF as
supplement. When they used foetal and adult fibroblasts the reprogramming failed. However,
established 1PSCs could be cultured in the absence of LIF. They verified the endogenous
expression of c-Myc, KIf4, Sox2, Oct4 and Nanog. Very recently, Teramura et al. (2012) '*!
reported the derivation and culture of rbESCs on MEF-MITOs in DMEM/F12 containing
20% knockout serum replacement and bFGF. Their cells are positive for AP, Oct4, Nanog,
Sox2 and SSEA-4. Further, they report hESC-like characteristics such as decency on bFGF
and activin/Nodal but no effect of LIF. Also, they claim a crucial effect of ROCK-i during
passaging.

Obviously, the publications of the various groups differ largely in their findings. None of the
publications reporting the derivation of rabbit pluripotent cells used the ZIKA strain that was
used in this work. Therefore, it could be possible that this particular strain is more refractory
as the commonly used strains New Zealand and Dutch Belted. Similar observations were

705,808

reported for various mice strains . However, the large variations in culture conditions

and marker expressions could be hardly explained with strain variations. Therefore,
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experiments to elucidate the signalling network in developing embryos, especially in the ICM
and epiblast, need to be performed to discover the required cues for rabbit pluripotency. For
sure, the expression of Oct4 is needed in true tbESCs as Oct4 is expressed in preimplantation

rabbit embryos ** 1.

As recently shown by Tang et al. (2010) 2

, a single cell approach to elucidate the processes
occurring in cells during ICM isolation and in primary culture could be applied. This method

is very interesting and could be promising in understanding rabbit pluripotency.

4.2.1.5 Differentiation of pluripotent cells

The formation of EBs is usually the first step to differentiate ESCs. Martin and Evans (1975)
813 achieved the first EBs from embryonic carcinoma cells (ECCs). EBs consist of a
heterogeneous mass of distinct cell types belonging to all three germ layers. To induce

d 348! Qince the

differentiation into the desired direction defined chemicals were adde
signalling network regulating pluripotency is not absolutely understood, factors leading to
guided differentiation need to be found empirically and are distinct in mESCs and hESCs
752822827 The most obvious difference is BMP4 as discussed above *** ™V To differentiate
hESCs, the PI3K signalling needs to be inhibited **. In addition, D'Amour et al. (2005) ®
and McLean et al. (2007) **° suggested that serum contains factors promoting pluripotency
since hESC easily differentiate in the absence of serum and knockout serum replacement.

Rabbit EBs obtained in this work did not show perfect round and circular shape, but similar
results were published by Mogi et al. (2009) *° and Wang et al. (2010) **'. Various efforts to
differentiate rbESCs derived in this work into distinct cell types of each germ line resulted in
a mixture of differentiated cells, not in pure populations. When the initial culture does not
consist of pure pluripotent cells it is not possible to guide the differentiation process into
desired directions. Also, right after differentiation the most cells underwent senescence. So it
might be likely that the right cues are missing in the medium. While the directed
differentiation was problematic, EB-mediated spontaneous differentiation into the three germ
layers could be observed as well as unambiguously the differentiation into adipocytes
(positive Oil-Red-O staining) and actively beating cardiomyocytes. Accordingly, pluripotent
potential of tbESCs was proven. In addition, the expression of genes specific for each germ
layer (desmin (mesoderm), nestin (ectoderm) and /snf4o. (endoderm)) was shown by RT-PCR.
As mentioned, these transcripts could be also detected in “undifferentiated” rbESCs

strengthening the hypothesis of unstable pluripotent culture conditions.
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4.2.1.6 Generation of rabbit chimeras

Another proof of pluripotency is the generation of chimeric animals when transplanting ECSs
into donor blastocysts in which ESCs contribute to the development of the embryo and all
resulting tissues including germ cells “*****% The first chimeric rabbit was reported 1974
but without the use of cultured cells ''°. The results of this work of injections of eGFP
expressing rtbESCs into 8-cell stage rabbit embryos strongly suggests a contribution to the
ICM, since the isolated and outgrown cells showed green fluorescence and PCR for eGFP
was positive. These results indicate the presence of pluripotent cells in the original culture.
The observation that not all eGFP positive cells (by PCR analysis) showed green fluorescence
(by fluorescence microscopy) could be due to epigenetic silencing. For discussion of
epigenetic silencing see 4.1.2.1 and -2. Also, Liu et al. (2009) *** showed that PGK-eGFP-
Neo becomes silenced in hESCs and Xia et al. (2007) ** reported silencing of PGK-eGFP-
Neo in hESCs and mESCs. Further, the latter group reported a silencing of eGFP by 55% in
hESCs that is, regarding the not statistically evaluable number, similar to 45% silencing of
eGFP in rbESCs. Finally, the first live born rabbit chimera from cultivated cells could be

achieved in our group.

4.2.1.7 Improvements for the derivation of rabbit pluripotent cells

To achieve pluripotent rabbit cells, distinct other attempts could be tried. Pluripotent cells can

be obtained by SCNT 336 ™% cel| fusion ©70#37-83% reviews ' the cultivation of cells in the

840-844

presence of cell extracts and the conversion of spermatogonial stem cells into germ line

derived pluripotent cells %54

However, the most successful possibility to obtain pluripotent rabbit cells could be the

1096, review

method of reprogramming . This induction of pluripotency of somatic cells was first

181

shown in mouse by Takahashi and Yamanaka (2006) °. Remarkably, the both most

important pluripotency genes Oct4 and Sox2 were used for this experiment, together with c-
Myc and KIf4. In mESCs culture, the latter both become activated by LIF 23424 whereas K1f4
directly regulates Nanog . Shortly afterwards, Takahashi et al. (2007) ** showed the

induction of pluripotency in human somatic cells. Later, successful reprogramming was

853 850,851 852,1095,1103 1102
, T , horse

reported in cells of rhesus monkey **°, marmoset at and

» big
. One enhancement could be the use of transposons to efficiently deliver
855,856,1094,1005; review: 857

canine 854,1101

pluripotent inducing genes . Transposons possess the ability to get

excised after successful induction. Recently, it was shown that the expression of specific

microRNAs (miRNAs) can rapidly reprogram both mouse and human somatic cells with a

1100
d

higher efficiency than the standard induction metho . miRNAs are a class of small
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endogenous RNAs, that are noncoding but have crucial roles in the posttranscriptional
regulation of gene expression. Nevertheless, before performing induction experiments, it is
necessary to elucidate the pluripotent signalling network in rabbits. Otherwise induced cells
could be lost rapidly.

However, iPSCs are not absolutely identical to ESCs as shown in experiments by Kim et al.
(2010) %* and Hasegawa et al. (2010) 859 where pluripotent mouse cells derived from
blastocysts (ESCs), NT derived ESCs and iPSCs showed substantial differences in DNA
methylation profiles. iPSCs still showed characteristic epigenetic marks for their original
tissue, whereas NT-derived ESCs are very close to ESCs obtained from fertilised mouse

embryos.

4.2.2  Multipotent cells
Multipotent stem cells (MSCs) play crucial roles in tissue homeostasis and regeneration of the

275 .. .. ..
6 “"°, minimal criteria for the definition

adult body *** ™"V In a position paper published 200
of human multipotent mesenchymal stromal cells were stated. According to this paper, under
standard culture conditions, MSCs must adhere onto plastic surface and, upon applying the
right cues, must differentiate into osteoblasts, adipocytes and chondroblasts. Further they
must express a defined set of surface molecules but must be shown to not express others, both
needs to be proven be flow cytometry. These criteria were defined for the usage of human
MSCs with regard to clinical applications. The first two criteria could be successfully verified
for rabbit A-MSCs and BM-MSCs. The assessment of surface markers was difficult as almost
no rabbit specific (primary) antibodies are available. In addition, as mentioned by Gronthos et
al. (2001a,b) *** not all surface markers are specific for MSCs. A further complication is
the fact that expressed surface markers are influenced by extrinsic factors and vary between

863, review

species . In particular, the surface marker set or tbhMSCs is completely unknown.

Unlike ESCs, there is no standard assay to assess multipotency of MSCs in vivo, e.g. teratoma
formation 262 "eVieY,

Since the initial isolation of MSC consist of mixed population of various cells *** and to have
a more pure culture of MSCs, they could be enriched by the use of dyes like Hoechst 33342 as
shown by Goodell et al. (1997) ¥, Also, the dependency on bFGF supplementation to sustain

proliferation and differentiation capacity as verified in this thesis is commonly seen in human

—871 2. . .
866-87 , mouse 872-875 , equine 877 and rabbit ** MSCs.
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4.2.2.1 Differentiation of multipotent cells

Since the multipotency of MSCs is based on trilineage potential (osteoblasts, adipocytes and
chondrocytes), A-MSCs and BM-MSCs obtained in this thesis were differentiated into those
three cell types. As could be expected due to their origin, A-MSCs comprised a remarkably
adipogenic differentiation potential since the formation of lipid droplets was seen easily by
eye. Also, the morphology changed drastically. Morphologic change was also seen in BM-
MSC:s and lipid droplets were verified.

As reported by Castano-Izquierdo et al. (2007) ¥’®, osteogenic differentiation proceeds
through three steps: proliferation, matrix maturation and finally mineralisation. The
deposition of calcium is a marker for the later stages of this differentiation and was verified in
this thesis by silver nitrate staining. In osteogenic differentiation, BM-MSCs revealed a much
higher potential then A-MSCs that is also very likely due to their origin. Further, the
morphologic change of BM-MSCs is conspicuous. On the other hand, A-MSCs did not
drastically change their morphology and also silver nitrate staining failed. Also, Merkl (2009)
879 reported this missing osteogenic potential for porcine A-MSCs. This might be due to the
presence of bFGF in our differentiation medium that was shown by Quarto and Longaker
(2006) % to inhibit osteogenesis in mouse A-MSCs. However, upon withdrawal of bFGF this
inhibitory effect is reversible. In addition, Malladi et al. (2006) *** reported that
dexamethasone, a supplement in both adipogenic and osteogenic differentiation media,
inhibited osteoblast differentiation in mouse. Further, dexamethasone increases the expression
of an early marker for adipogenesis in mouse A-MSCs.

After chondrogenic differentiation both A-MSC and BM-MSC stained positive for
mucopolysaccharides albeit the formed pellet was dense for BM-MSCs only. Chiou et al.
(2006) *” reported that the supplementation with bFGF enhanced chondrogenesis of mouse
A-MSCs. Thus, bFGF might improve chondrogenesis of rbA-MSCs. Because differentiations
were successful in this thesis, multipotency of rabbit A- and BM-MSC was proven. To shed
more light in the differentiation potential, quantification of the calcium as well as
mucopolysaccharides content could be performed.

The differentiation procedures applied in this thesis were widely used as standard and based
on established protocols 27217887 ' A5 shown by Pittenger et al. (1999) **! and de Ugarte et
al. (2003) 3, for a more detailed characterisation, immunocytochemical analysis could be
performed, e.g. for CD14, CD45 (haematopoietic markers) and CD29, CD44 (mesenchymal
markers). Lapi et al. (2008) ®° characterised some specific markers that were expressed by

bBM-MSCs: CD29, vimentin, a-smooth actin and desmin, but were negative for CD14,
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CD45, CD90, MHCI/II and cytokeratin. These results are similar to mouse and human MSCs.
In 2010, Mazzetti et al. ** reported the isolation and analysis of rabbit A-MSCs. However,
the growth characteristics and multi-lineage potential differs among distinct isolates of MSCs
8917893 a5 well as in distinct strains of mice ***°. All MSCs used in this thesis originates from
one isolation procedure. Therefore, all performed experiments are comparable. On the other
hand, either negative or positive features of this particular isolate are not necessarily

characteristic (or a mean representative) for all A- and BM-MSCs of rabbits. In this work, the

multipotent character of the isolated rbBM-MSC was clearly proven.

4.2.2.2 Heterogeneity of mesenchymal stem cells

The heterogeneity in proliferative and differentiation capacity observed in this work between
rabbit A- and BM-MSCs was also reported by others **7%¢ %% Also Zuk et al. (2001) **’

reported variations in the marker expression between MSCs of these both sources. In addition,

899-901 902-906

heterogeneity is observed within the same isolation and also cell clone . In the
case of A-MSCs it was shown by Jiang et al. (2010) **’ and Rada et al. (2011) **® that the site
of isolation has a huge impact on the differentiation potential which could explain the missing
osteogenic potential of tbA-MSCs. Here, a further isolation might be required. All these
findings are explained with the inherent plasticity of MSCs 3!7-70912 reviews

As mentioned above, an important extrinsic factor influencing cell culture is the composition
of the atmosphere. Albeit having 5% CO,, 21% O, and 37°C in vitro, the in vivo conditions
are still different. Under physiological conditions, the O, concentration varies from 0.7 — 9%
depending on organ and localisation *">”'> ™ Wion et al. (2009) *?, Fehrer et al. (2007)
%16 and Krinner et al. (2009) °'7 found that the O, concentration has influences on various cell

1078-1082 I. °'7 showed that ovine BM-

functions and in particular on stem cells . Krinner et a
MSCs improved their growth under physiological low O, which is similar to the results of this
thesis obtained on rabbit A-MSCs and BM-MSCs. Comparable findings were reported for

918 919 920,1083-1087
mouse ~ °, rat *~ and human MSCs " .

4.2.2.3 Ageing of mesenchymal stem cells

921, review

According to published data approx. 45 population doublings are necessary for the
whole procedure beginning with the isolation of cells, until screening of targeted cells and
their usage for NT. During long-term culture, Bonab et al. (2006) *** and Miura et al. (2006)
923 reported increasing signs of cell ageing and chromosomal instability *** ™" In this thesis,
these signs were seen from the 9™ passage on in both A- and BM-MSCs cultured under

standard conditions since they slowed in their growth rate. A study on human MSCs by Bork
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et al. (2010) °* reported changes in methylation pattern in these higher passages. In turn, this
could have negative effects during reprogramming in NT experiments. Since MSCs do not
express telomerase ¢, their growth capacity is limited by the Hayflick limit **"°*°. However,
as found by Colter et al. (2000) *°, MSCs could undergo senescence due to contact inhibition.
Nevertheless, Martin et al. (1997) *® and Bianchi et al. (2003) **' reported more than 70
population doubling for human MSCs. Digirolamo et al. (1999) *** and Vacanti et al. (2005)
%32 reported a decrease in the differentiation potential of BM-MSCs (human and porcine,
respectively) after the 15 passage. All MSCs in this thesis were used in early passages for all
experiments.

Since both self-renewal and proliferation capacity of MSCs declines with age of the animals
933-935,1076.1077 " rabbit cells in this work were isolated from 5 weeks old rabbits. Also, with
increasing age mutations due to metabolic toxins and errors in DNA replication were
accumulated that could have negative effects for subsequent experiments. The observations in

this thesis reveal that tbMSCs support efficiently the whole procedure necessary to generate

transgenic cells, single cell cloning and NT.

4.2.3 Competence of pluripotent and multipotent rabbit stem cells for NT

Advantages of NT over microinjection are that the selection process for transgenesis precedes
the obtaining of animals. Here, selection of genetic modification occurs during cell culture. In
addition to random integrations, this method allows precise genetic engineering. Thus, if the
donor cell was transgenic, offspring obtained after NT are 100% transgenic and production of
chimeric animals is avoided. Further, the selection of the sex proceeds the generation of
animals and is important for subsequent breeding.

The first mammalian ET experiments can be traced back to 1890, when Walter Heape *>°
transferred rabbit embryos from one doe to another resulting in live births. Already in 1952,
Briggs and King **” reported the first cloned animals by the use of blastomeres in frogs and
much later in mice *** and sheep **°. Blastomeres are cells of the very early embryo (up to 8
cell stage) and are still totipotent **°, but cannot be cultivated in vitro. Stice and Robl (1988),
Collas and Robl (1990), Yang et al. (1992) and Chrenek et al. (2008) °*'** reported initiating
NT experiments in rabbits using blastomeres and cells of the morula. Skrzyszowska et al.
(2006) *** reported cloned chimeric rabbits by the transfer of one karyoplast into one
enucleated blastomere of the 2-cell stage embryo. The low performance of rbESCs in NT
experiments within this thesis might be very likely due to their unstable pluripotent character

and the existence of distinct cell types within the culture (as discussed in 4.2.1.2). Therefore,
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it is not clear which cell type was indeed used for NT. Du et al. (1995) ™

reported successful
NT using putative tbESCs. They achieved a blastocyst rate of 17% of reconstructed embryos
compared to 23% blastocyst rate of our rbESCs. When they used blastomeres, they achieved a
rate of 31%. Chesné et al. ** reported in 2002 the first cloned rabbit using somatic cells.
Now, within this project, in total 18 live cloned rabbits from long-term cultured cells could be
achieved, which is the highest number reported so far. Further, the first live cloned rabbit
from genetically manipulated MSCs was achieved. Previously, Meng et al. (2009) ¢”* reported
the highest success rate of live cloned rabbits that survived until adulthood. In that study,
freshly isolated non cultured cumulus cells were used since 90% of them are naturally in the

Go/G stage 947,948

. Unfortunately, these cells are not well suitable for genetic manipulations
due to their poor in vitro proliferation **° and resulting offspring are strictly female due to
their origin. On average in mammalian cloning, only 3 — 6% of transferred cloned embryos
survive to term 670 review: 930,

Since prolonged cultivation and in vitro manipulations like DNA transfection and drug
selection could lead to genetic and epigenetic defects; the obtained results using transgenic
BM-MSC are noteworthy. The first animal cloned from MSCs was reported by Kato et al.
(2004) ! in cattle and was later extended to further species including pigs where the

successful usage of both transfected and non-transfected MSCs for NT was shown %7777,

As reported for pigs ¥+

, the use of BM-MSCs results in higher NT rates compared to
fibroblasts which is similar to the results achieved with rabbit cells in our work. In those
studies, the use of BM-MSCs resulted in similar cleavage rates compared to fibroblasts but to
increased blastocyst rates (MSCs: 29.5%, FBs: 17.5% (Faast et al. (2006) *); MSCs: 9.9%,
FBs: 2.9% (Kumar et al. (2007) °>*); MSCs: 18.4%, FBs: 9.5% (Jin et al. (2007) **®). Further,
Kumar et al. reported that MSC derived cloned embryos are more similar to naturally
fertilised in vivo embryos in terms of the expression of key embryonic genes and epigenetic
mark-up. Since both blastocyst rate (38% (transgenic MSCs: 55%)) and number of live born
rabbits (2% (transgenic MSCs: 4%)) was higher with MSCs as with tbESCs (23% and O,
respectively) tbMSCs were chosen for subsequent targeting experiments.

In principle, it would be of great practical importance to use cells of a transgenic cloned
animal for a second round of NT. Therefore, precious animals could be rescued without
repeating all laborious steps in the forefront, like transfections and selection. This was also
shown within this project, where two cloned transgenic rabbits were born originating from
fibroblasts derived from a previously MSC cloned rabbit. Thus, it is possible to rescue cloned

but possibly unviable rabbits.
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4.2.3.1 Influencing factors for nuclear transfer

The efficiency of NT followed by ET is affected by arresting the oocyte at meiotic metaphase
II, enucleation of the recipient oocyte, fusion of the enucleated oocyte with donor cell,
activation of the reconstructed oocyte, reprogramming of donor genome, timing of ET and

synchronisation of the recipient animal **®%°7 ™ Qung et al. (2011) **

reported higher
fusion rates and development to morula and blastocysts in rabbits when oocytes were used
from the ovary in contrast to oocytes from the oviduct. Thus, they suggest that already the
origin of the oocyte has an influence on successful NT. In our experiments, oocytes were
flushed from the oviduct and this might have resulted in lower efficiency. Also, Du et al.
(2009) **° revealed the optimal time point of oocyte collection after hormonal induction in
rabbits and demonstrated an age-dependency.

Once transferred into the oocyte, the somatic nucleus needs to become quickly reprogrammed
to express early developmental genes. Obviously, failures in this process result in
developmental disturbances. The process of reprogramming involves about 20000 genes that
need to become down regulated (somatic cell status) or up regulated (embryonic program),
respectively. This involves epigenetic modifications consisting of DNA methylation,
assembly of histones and its variants and the remodelling of chromatin-associated proteins
(e.g. polycomb group, scaffold proteins) ***%% % ' Ag found by Lanza et al. (2000) ',
Tian et al. (2000), Wakayama et al. (2000) and Betts et al. (2001) **%, the adjustment of
telomere length often occurs faithfully due to reactivated telomerase in cloned embryos ***

review

. Hence, postzygotic reprogramming processes do not impair the development of NT

embryos. Wakayama et al. (1998) **

reported, that reprogramming is only successful in 1 —
5% of NT derived embryos, whereas in 70% abnormal reprogramming is the case and it fails
in 25 — 30% of NT derived embryos.

From this arising knowledge, much has been learned about the optimal cell types to use **"*%*
"eViews - An important factor for successful NT is the cell itself. During normal aging processes,
Schnieke et al. (1997) '' and Kiihholzer et al. (2001) °* found both accumulation of genetic
abnormalities and epigenetic damage in cells and also during prolonged in vitro cultivation
970971 reviews Hence, cells should be isolated from animals as early as possible and cultured
with minimal passaging numbers. In general, the higher the cell’s degree of developmental
plasticity, the better the potential for their usability for NT 77297 view:976 O the other hand,
as found by Wakayama et al. (1998) **, Rideout et al. (2000) °”* and Wakayama and
Yanagimachi (1999) °”’, 60 — 70% of NT embryos derived from somatic cells developed to

blastocyst, but only 10 — 20% derived from ESCs. However, 10 — 20 fold more of NT
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embryos in blastocyst stage derived from ESC nuclei develop to term as in the case of somatic

948,972-974.977-982 Overall, ESCs are more effective donors.

cell derived blastocysts
Nevertheless, Doherty et al. (2000), Khosla et al. (2001) and Young et al. (2001) 7%
reported that handling during NT and ET procedures themself could affect the development of
the clone ** ™" A further factor which influences NT efficiency is the cell cycle stage that
can be controlled by starvation which was shown to enhance SCNT in rabbits by Li et al.
(2006) ™. Serum starvation arrests cell cycle in Go/G;. Campbell et al. (1996) '*® and Cibelli

et al. (1998) * reported that only cells in G and G; can efficiently promote development.

4.2.4  rbhprt knockout
As mentioned above, mice are not able to resemble the complex phenotype of Lesch-Nyhan
syndrome (LNS) like overproduction of uric acid and neurobehavioral albeit the gene is

987,988

conserved in humans and rodents . Further, a lot of knowledge about LNS was obtained

989, revi - ; 990
VY Hence, inconsistent results were reported ~ . An excellent

using cell culture models
animal model of LNS could elucidate relationships of cognitive development, behaviour and

the involved neurologic functions including biochemistry of the brain.

4.2.4.1 Generation of targeting constructs

Since exon 3 of hprt is the largest exon and a lot of mutations in this exon are reported to
cause LNS " rmew, the knockout of this exon was chosen. In particular, exon 3 was found to

992,993
S >

be highly conserved and to be a hotspot for mutations causing LN . In addition, most

mutations that cause LNS result in modifications of the size of hprt **°,

Due to the availability of a BAC containing rbhprt, the PGK-Neo cassette was introduced by
recombineering, a relative fast procedure to obtain the targeting construct. After linearization
of BAC-tTbHPRT™® a clean-up of the DNA was necessary leading to a high loss of DNA,

limiting the experiments to determine best transfection methods.

4.2.4.2 Selection of hprt"® cells

The first hurdle to generate genetically engineered animals by cell-mediated transgenesis is
the In vitro manipulation of the cells. It was shown within this project that the use of
transgenic tbBM-MSC resulted in live born cloned animals. Therefore, tbBM-MSCs were

transfected with the constructed hprt"®

vector. By applying chemical transfection methods
the exogenous DNA becomes more compact as most reagents have condensing properties. In
addition, they shield the DNA to neutralise their negative charge and act as carriers to

facilitate the cell entry. These complexes are able to become spontaneously endocytosed.
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More advanced technologies even induce the endocytosis *°* V. Right after, most of the
internalised DNA becomes degraded. Only a small percentage reaches the nucleus. In
addition, naked DNA causes cellular stress resulting in cell-cycle arrest and even apoptosis.
This could explain the low efficiency seen in BAC transfections. Once successful,
transfections with random integrations are not reproducible. However, with genome
engineering it is possible to modify a specific area of DNA with a very high precision and is
therefore reproducible. Studies by White et al. (2003), Walker et al. (2004) and Askautrud et
al. (2009) *>7 showed that an increase in plasmid size leads to a decrease in transfection
efficiency. Thus, the uptake by the cell depends largely on the DNA size, because larger
plasmids are more susceptible to degradation ***. As found by Abrahams et al. (2003),
Chandler et al. (2007) and Le Saux et al. (2010) ** ' the use of BAC could be
disadvantageous since deletions and rearrangements occur frequently in large transgenes. In
addition, higher amounts of naked DNA cause cellular stress (as mentioned above).

The successful HR depends on various factors; especially the cells capacity for HR and the
state of the chromatin at the given locus. Since hprt is ubiquitously expressed, the chromatin
is supposed to have an accessible euchromatin status. Due to the poor results obtained with

N
€ cassette was

BAC transfections, consequently a smaller plasmid containing the hprt
constructed and used for transfections. Thereby, homology was decreased to 2.8 kb (left arm,
57) and 3.9 kb (right arm, 3"). The results were more promising and finally resulted in one
putative hprt knockout clone out of 448 G418 resistant clones. This clone showed resistance
against both G418 and 6-TG. Further, PCR analysis verified the presence of neo® and the
absence of hprt exon 3. During this HR event a genomic part of 14.6 kb became removed
from hprt. This clone is now available for NT experiments.

The selection process depends on the expression of neo (which in fact is the aminoglycoside
phosphotransferase that confers resistance against geneticin (G418) through a simple
phosphorylation) as positive selection and in turn depends on genomic context. Therefore, the
optimal concentration of G418 to select targeted cells can be distinct of that obtained in the
preceding killing curve experiments. This could result in a selection pressure where random
integrations were selected and the correct targeted cells might be lost. Additionally, the
expression of marker genes could negatively influence cell biology. The random integration
of inserted DNA molecules into the host genome occurs via micro-homologies or NHEJ both
during DNA DSB repair 0031004 review: 1002 "1 reduce random integrations by NHEJ, this
g 100s

mechanism could be blocke

reported by Arbonés et al. (1994), Hanson and Sedivy (1995) and Brown et al. (1997) 1007-

thereby enhancing targeting events. Moreover, it was
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199 that the targeting in somatic cells is more difficult as in ESCs due to senescence, lower

rates of HR but higher rates of NHEJ 0% review.

Since the targeting of hprt results in its knockout, no protein is synthesised and this event can
be selected by 6-TG, which is a thio-analogue of the naturally occurring purine base guanine
(Fig. 60). It competes with hypoxanthine and guanine for HPRT that converts 6-TG into
thioguanylphosphate (TGMP). Summarized, 6-TG acts through inhibition of purine
biosynthesis by inhibiting the conversion of purine nucleotides and by incorporation into the
DNA and RNA. This leads to a blockade of the synthesis and utilization of purine nucleotides.
Unfortunately, the selection by 6-TG is hampered by its action on single cells only. Therefore,
clones of putative targeted cells needs to become thoroughly dissociated during passaging

procedure.
§

N
A NH
<ﬂ N)\NHQ

Figure 60: Chemical structure of 6-TG, an analogue of the purine base guanine.
Instead having a sulphur atom the natural purine base has an oxygen atom.

The first animal model for LNS, a mouse, was derived through injection of mutated mESCs

into blastocysts by Hooper et al. (1987) 498

. The mESCs were randomly mutated by retroviral
infection and cells were selected based on resistance to 6-TG. Almost the same experiments
were carried out by Kuehn et al. (1987) *°. Later in the same year, Doetschman et al. '**
showed the first gene targeting using hprt, where the mutated hprt was corrected in mESCs.
The homology used was between 2.5 and 5 kb (endpoint of deletion on targeting vector was
not known at time of publication) with a highest success rate of 2.7 x 10, At the same time,

Thomas and Capecchi >

reported successful gene targeting using mESCs. Instead to repair
mutated hprt, neo® was introduced into hprt thereby replacing exon 8. Successful targeting
events were discovered by G418 resistance and resistance against 6-TG. They reported that 1
out of 1000 cells was resistance against both chemicals. They used homologies of 2.8 kb (3")
and 4, 5.4 and 9.1 kb (5"). With an increase of homologous size the targeting efficiency
increased. In this work, the targeting vector possessed homologous sites of 2.8 kb (57) and
3.9kb (37), 6.7 kb in total. That is almost equivalent to the smallest vector of Thomas and
Capecchi and might explain the low targeting efficiency. One year later, '°'° disrupted hprt by
gene targeting in mESCs. Here, exon 3 was disrupted by introduction of neo using
homologies of only 132 bp (5") and 1.2 kb (3"). Selection of targeting events in cells was the
same (first G418, then 6-TG) with a highest targeting efficiency of 1.6 x 10°. Later,

Doetschman et al. (1988) """ showed germ line transmission of genetically corrected hprt
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mESCs. There, previously randomly mutated cells were used, the mutation was identified and
a corrective targeting construct with homology between 2.3 and 4.2 kb (endpoint of deletion
on targeting vector was not known at time of publication) was applied. The highest targeting
rate was 2.2 x 107, Generally, the longer the homology between transgene and genomic locus,
the higher was the targeting frequency '°'?. Also, genes that are highly expressed are simpler
to target due to their accessibility. By targeting hprt in different strains of mESCs, Udy et al.
(1997) '°"* found that the targeting frequency is inversely correlated to the cell doubling time.
The targeting of hprt in hESCs was successful with a rate of 1.4% '°'*. This group introduced
also a PGK-Neo cassette but in exon 1. The homologies were 7 kb (5") and 2 kb (3").
Generally, Deng and Capecchi (1992) '°"° reported an optimal requirement of approx. 14 kb
homology for efficient HR in mESCs. However, Thomas et al. (1992) '°'° reported a minimal
requirement of 1 kb on each site of the transgene. Recently, Yang et al. (2009) '°'” showed the

usability of the hprt locus for knock-in mutations in mice

4.2.4.3 Improvements for the generation of hprt knockout cells

Years later, the hprt locus is still of interest for gene targeting. Therefore, the hprt locus was
shown to be an optimal surrogate site for gene targeting in mESCs '*'*'°"”. However, Mir and
Piedrahita (2004) %% reported that no clone at all could be obtained after targeting hprt in
bovine foetal fibroblasts. Instead, when they applied a nuclear localisation signal (NLS), 1 out
of 1 million cells was targeted. In addition, a cell cycle block in S phase by the use of
thymidine increased targeting efficiency 7 fold while at the same time reducing random
integrations by 54 fold. The homology was 6.5 kb (5”) and 4 kb (3"). As reported by Wilson et
al., Ludtke et al. and Vacik et al. (1999) "' the NLS improves the transport of the
transgene vector to the nucleus. Usually, DNA molecules can pass the nuclear membrane only
in M phase since the membrane stays intact during the cell cycle. In mitosis when chromatids
become separated, the nuclear membrane brakes. Accordingly, exogenous DNA must wait
until M-phase, but is then in the nucleus during G; phase when NHEJ is dominant minimizing
change for HR. Wong and Capecchi (1987) 1924 and Takata et al. (1998) % reported that HR
occurs in the late S/G, phase before the cell enters mitosis and therefore a block with
thymidine enhances HR '*°. Difficulties in the targeting of hprt in fibroblasts of rhesus

macaque were reported from Meehan et al. (2008) '**’

, which were successful with cell cycle
synchronisation and the inclusion of the SV40 NLS on the targeting construct. They reported
a reduction of random integrations by 28 fold after synchronisation. The homology was
10.3 kb. Further, this group used 8-azaguaine (8-AG) after puromycin selection to select for

hprt targeted cells. However, after 8-AG application they performed additionally a 6-TG
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selection that survived 2625 out of 10’ cells. Summarised, to achieve higher numbers of
positively targeted rbBM-MSC, the application of thymidine to arrest the cell cycle should be
done. In forefront, a NLS should be cloned onto the targeting construct when conventional
electroporation or chemical transfection is used. Further, as found by Kang et al. (1999) '
targeting could be improved by the addition of SINEs at both sides of the exogenous DNA
which promotes HR. Arbonés et al. (1994) 1007 reported that HR is much less efficient in
somatic cells than in ESCs '*21030:1eViews ‘Therefore, it would be advantageous to have rbESCs

to perform targeting experiments.

Although HR is a very precise genetic technology it is a very time consuming and random
process that could be improved by applying site directed endonucleases, which are in
principle restriction enzymes. This includes ZFNs and meganucleases. Recently, our group

1031

showed precise gene targeting by ZFNs in rabbits . Those tools recognizes sites over 12 bp

providing the necessary specificity and inducing DSB which than triggers the DNA repair

1932 This increases the chance for HR with exogenous DNA even though NHEJ

mechanisms
occurs at higher frequencies. Thus, the frequency of the very rare event of HR can be
increased by the introduction of a DSB into a defined position within the target gene. For this
ZFNs are a usable tool that allows precise knockout of genes '**'*!. Cathomen and Joung
(2008) '%** reported that the efficiency of knockout without additional introduction of a
transgene is more than 5%. Recently, as shown by Whyte et al. (2011a,b) '**'** knockout in
pigs and genetic modification could be achieved with ZFNs. Unfortunately, the method of
ZFN is very laborious in the design and creation of functional ZFNs. Often it is reported that

1049

ZFNs do not work as expected '**'*** However, Doyon et al. (2011) showed that

specificity can be increased by using heterodimers instead of homodimers.
An alternative approach for endogenous gene targeting which could be applied for both genes
used in this study could be the method of transcription activator-like effector hybrid nucleases

(TALENs) '%%193  Although coming from plant genomics, their feasibility was shown in

1054,1055

vertebrates . Those molecules contain structural features and domains including NLS,

translocation signal, activation domain and a central repeat domain responsible for DNA

binding and therefore conferring specificity '*°*'%*. Compared to ZFNis, their construction is

1059-1062 1063

simpler and showed fewer side effects . Recently, Hockemeyer et al. (2011)

showed precise genetic modification of both human ESCs and iPSCs using TALENs. Both

methods, ZFNs and TALENS, rely on HR due to the induction of DSBs that become repaired

1042,1064-1068; reviews

by intrinsic pathways and were designated as molecular scissors . In these
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methods, as found by Moehle et al. (2007) '°*® and Hockemeyer et al. (2009) '°®, the size of
homologous sequence needs to be only around 1 kb or less.

Another possibility to knockout rbhprt is by a promoter-trap vector as reported by Jasin and
Berg (1988) '’ and Sedivy and Sharp (1989) . Hereby, the selection gene (e.g. neoR) lack
its own promoter (e.g. PGK) and is introduced also by HR into the target gene. Importantly,
the selection gene is only directed by the endogenous promoter and therefore only expressed
if it is integrated into a gene.

To achieve a knockdown of selected target genes, the method of RNA interference could
come into focus. This method uses a conserved gene regulatory process of the cell '
reviews Notably, this results not in a knockout of the gene. Therefore, unwanted side effects

could occur. For example, in a potential LNS model a still present minimal HPRT activity

does not result in LNS but in Kelley-Seegmiller syndrome.
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5

6-TG
8-AG

aa
AIDS
BAC
bFGF
BM
BMP

CAGGs

DM
DNA
DSB
EB
ECC
ECM
eGFP
EpiSC
ER
ESC
ET
FISH
GMP
GOI
GSK3

HIV
HPRT
HR
ICM
ICSI
IGFI
IMP
iPSC
ITR
Jak
LIF
LINE
LNS

MAPK
MEF

ABBREVIATIONS

6-thioguanine

8-azaguaine

adipose

amino acid

acquired immunodeficiency syndrome
bacterial artificial chromosome

basic fibroblast growth factor

bone marrow

bone morphogenic protein

chimeric cytomegalovirus immediate-early enhancer/modified chicken B-actin

promoter/chicken B-globin intron sequence
diabetes mellitus
Deoxyribonucleic acid

double strand break

embryoid body

embryonic carcinoma cell
extracellular matrix

enhanced green fluorescent protein
epiblast stem cell

endoplasmatic reticulum
embryonic stem cell

embryo transfer

fluorescence in situ hybridisation
guanosin mono phosphate

gene of interest

glycogen synthase kinase 3
Human

human immunodeficiency virus
hypoxanthine-guanine phosphoribosyl-transferase
homologous recombination

inner cell mass

Intracytoplasmic sperm injection
insulin-like growth factor I
inosine mono phosphate

induced pluripotent stem cell
inverted terminal repeat

Janus kinase

leukaemia inhibitory factor

long interspersed element
Lesch-Nyhan syndrome

mouse

mitogen-activated protein kinase
mouse embryonic fibroblast
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MEF-
MITO
miRNA
MSC
NEAA
Neo
NHEJ
NT

o/n

PB
PCR
PI3K
rb
ROCK-i
ROS
rpm
s/n

SB
SCNT
SINE
SSEA
STAT3
TALEN
TGMP
TF
TGF
UPR
w/0

wt

yr

ZFN

mitotically arrested MEFs

mircoRNA

mesenchymal stem cell
Non-essential amino acids
neomycin resistance
Non-homologous end joining
nuclear transfer

over night

piggyBac

polymerase chain reaction
phosphoinositide 3-kinase

rabbit

Rho-associated protein kinase inhibitor
reactive oxygen species
revolutions per minute
supernatant

Sleeping Beauty

somatic cell nuclear transfer
short interspersed elements

stage specific embryonic antigen

signal transducer and activator of transcription 3

transcription activator-like effector nuclease
thioguanylphosphate

transcription factor

transforming growth factor

unfolded protein response

without

wild type

year

zinc finger nuclease

- 126 -



LIST OF TABLES

6 LIST OF TABLES

Table 1: PCR cycling parameters concerning to the amplifications described above. -41 -
Table 2: PCR cycling parameters concerning to the amplifications described above. -45 -
Table 3: Summary of all mammalian cell lines used in this thesis. - 46 -

Table 4: Summary of the microinjection experiments of SB-system with mCherry as transgene.
-59 -
as transgene.
-62 -
Table 6: Overview of the supplements and their combinations used to reveal the optimal conditions.
-64 -

Table 7: Summary of the morphologic results of the medium condition experiment using CM as basic

Table 5: Summary of the microinjection experiments of SB-system with rabbit Ins”k@

medium. - 65 -
Table 8: Summary of the morphologic results of the medium condition experiment using mES medium
as basic medium. - 65 -
Table 9: Complete overview of the results of the medium condition experiment. - 66 -
Table 10: Summary of counted chromosomes obtained from karyotyping of cells cultivated under
stated conditions. - 67 -
Table 11: Combinations of transfection reagents. - 68 -
Table 12: Overview of the results obtained applying different reagents in different concentrations and
in different combinations with distinct amounts of pPGK-eGFP1-Neo. - 69 -
Table 13: Population doubling times of rabbit BM-MSC and A-MSC cultivated under standard cell
culture conditions and under reduced O, conditions over 9 passages. -76 -

Table 14: Assessment of transfection efficiencies of rboBM-MSCs and A-MSCs applying different

methods - 80 -
Table 15: Assessment of the potential of rbESCs, roBM-MSCs and stably transfected roBM-MSCs

(eGFP) for NT -83-
Table 16: Assessment of the potential of rabbit fibroblasts for NT obtained from cloned eGFP-

transgenic animals. -83-
Table 17: Summary of hprt targeting experiments using a conventional targeting vector. - 86 -
Table 18: Summary of all published microinjection experiments performed in rabbits. -92-

-127 -



LIST OF FIGURES

7 LIST OF FIGURES

Figure 1: Overview of different methods to achieve transgenic animals. -2-
Figure 2: Principle structure of the Sleeping Beauty transposon. -5-
Figure 3: Transposition of the Sleeping Beauty system. -6-
Figure 4: Early specification of cells in the blastocysts. -8-
Figure 5: Regulatory network of key transcription factors. -9-
Figure 6: Extrinsic factors maintaining pluripotency in ESCs. -10-
Figure 7: Occurrence of mesenchymal stem cells. -12 -

Figure 8: Metabolites of glucose pathways that result in an increase in reactive oxygen species. - 15 -

Figure 9: Insulin action and its inhibition. -16 -
Figure 10: Summary of the negative consequences of obesity. -16 -
Figure 11: Amino acid sequence of preproinulin. -17 -
Figure 12: Cellular responses (UPR) to misfolded proteins. -18 -
Figure 13: The central role of HPRT (orange box) in the recycling of adenine and guanine (blue
boxes). -21-
Figure 14: Structure of the rbhprt gene. -22 -
Figure 15: Two PCR amplicons of rbhprt for subsequent cloning purposes. -40 -
Figure 16: Two PCR amplicons of BAC-rbHPRT"® for analysing purposes. -41 -
Figure 17: PCR amplicons of rbins for cloning purposes. -41 -
Figure 18: Schematic draw of rabbit insulin and 3 x poly adenylation signal placed behind. -55-
Figure 19: Co-transfection of either pINS*"®: pPGK-Neo (10 : 1) or pINS"": pPGK-Neo (10 : 1) into
INS1E cells. -55-
Figure 20: Co-transfection of either pINS*"®: pPGK-Neo (10 : 1) or pINS"": pPGK-Neo (10 : 1) into
rbFB-1. - 56 -
Figure 21: RT-PCR for rabbit insulin of co-transfected INS1E cells using either pINSAkita : pMACSKk I
(5: 1) or pINS"'" : pMACSK* 11 (5 : 1). -57 -
Figure 22: Two vector SB-system. -57 -
Figure 23: Verification of the functionality of SB vector system by the use of mCherry red fluorescent
transgene in rbBM-MSC P1. - 58 -
Figure 24: Transgenic rabbit foetuses obtained by applying mCherry SB-transposon system. - 60 -
Figure 25: Location of the recognition site of the restriction enzyme Blpl on the vector pT2-SB-CAGGs-
mCherry. - 60 -
Figure 26: Southern Blot analysis of DNA of the three positive foetuses and of WT as negative control.
-61 -

Figure 27: Schematic draw of pT2-SB-INS"*" bearing the transposable rabbit Ins"<

transgene and
artificial 3x polyA. -61 -
Figure 28: PCR analysis of putative transgenic rabbit embryos obtained applying SB-transposon
system. -62 -
Figure 29: Typical morphology of putative rboESCs under specific conditions of the medium

composition experiment. - 66 -

- 128 -



LIST OF FIGURES

Figure 30: Typical morphology of the long term medium experiment of rbESC in CM. - 67 -
Figure 31: Typical karyotype of rabbit normal diploid chromosome set after DAPI staining. - 67 -
Figure 32: Transfection of roESC-5 P11 with the plasmid pPGK-eGFP1-Neo applying different

transfection reagents, 4 distinct concentrations and each in combination with 1 and 2 pg plasmid

DNA. - 69 -
Figure 33: Overview of applied conditions to differentiate rbESCs. -70 -
Figure 34: Typical aggregates formed during EB differentiation experiments. -71-

Figure 35: Lipid droplets stained by Oil-Red-O in outgrown cells of attached EB-like structures. - 71 -

Figure 36: Outline of the differentiation strategy to direct differentiation into cells belonging to the three

germ layers. -72-
Figure 37: RT-PCR analysis of differentiation markers. -73-
Figure 38: Assessment of the contribution of rbESCs to the developing rabbit embryo. -74 -

Figure 39: Typical morphology of rabbit BM-MSC and A-MSC under standard cell culture conditions
and under reduced O, conditions each at P1 and P9. -75-
Figure 40: Growth curves obtained from data collected during the culture of rabbit BM-MSC and A-

MSC under standard cell culture conditions and under reduced O, conditions over 9 passages.

-75 -
Figure 41: Colony forming assay of roBM-MSC and rbA-MSC. -76 -
Figure 42: Dependency of roMSCs on the supplementation of bFGF as verified on BM-MSC. =77 -
Figure 43: Multipotency of roMSCs. BM-MSCs and A-MSCs cultured under conditions inducing
adipogenic differentiation. -77 -
Figure 44: Multipotency of roMSCs. BM-MSCs and A-MSCs cultured under conditions inducing
osteogenic differentiation. -78 -
Figure 45: Multipotency of roMSCs. -78 -
Figure 46: Multipotency of roMSCs. -78 -
Figure 47: Transfection of roBM-MSCs and A-MSCs using pCAGGs-mCherry-Neo. - 80 -
Figure 48: Transfection of roBM-MSCs with vector BAC-mCherry-Neo applying different methods.
-82-
Figure 49: Amplification of two parts of rbhprt for subsequent cloning. -84 -
Figure 50: pl452-rbHPRT. -84 -
Figure 51: Structure of rbhprtNeo located on a BAC after successful recombineering thereby decreasing
the overall size of rbhprt. -84 -
Figure 52: Structure of the targeting vector proHPRT". -85-
Figure 53: Overview of the applied selection strategy. - 86 -
Figure 54: PCR analysis of roBM-MSC colonies transfected with prbHPRTNeo that were resistant
against both G418 and 6-TG. - 87 -
Figure 55: Overview of current strategies to restore the natural adaptive insulin providing function.
-99 -
Figure 56: Signalling pathways induced by LIF and bFGF that result in self-renewal. -104 -

Figure 57: Extrinsic signalling that influences various cellular processes here in particular pluripotency.
- 105 -

-129 -


file:///C:/Users/Tobi/Documents/PhD/Thesis/110402.09.17.-Nature%20reviews%201.docx%23_Toc337578722

LIST OF FIGURES

Figure 58: Plasticity of stem cells. - 107 -
Figure 59: Suggested molecular signalling network of rhESCs obtained by Wang et al. (2008) **.
-109 -
Figure 60: Chemical structure of 6-TG, an analogue of the purine base guanine. -121 -
Figure 61: Schematic draw of the annealing of the primer pair SB-Cherry. - 133 -

- 130 -



APPENDIX

8 APPENDIX

This chapter gives a detailed description of the construction of vectors and its verification by

detailed restriction digests. However, data are not shown.

8.1 Construction of rabbit insulin expression vectors

In a first step, rabbit insulin was cloned stepwise. The promoter region was amplified using
primer pair rblns-5"region (2.1.14.1) resulting in a 1187 bp fragment, whose correctness was
verified by two restriction digests (Pvull: 554 bp + 633 bp, Ncol: 236 bp + 924 bp). The
successful ligation (4161 bp) of this fragment into the cloning vector pjetl.2 was verified by
three restriction digests (Smal: 614 bp + 3547 bp, Sacl: 592 bp + 3569 bp, Swal: 1780 bp +
2381 bp). The ligated fragment was sequenced with the oligonucleotide pJET1.2 sequencing
primer-fwd.

The transcription unit was amplified using oligonucleotides rblns-ex1-fwd and rblns-ex3-rev
resulting in a 824 bp fragment, whose correctness was verified by two restriction digests
(Sacl: 335 bp + 489 bp, EcoNI: 247 bp + 577 bp). The successful ligation (3798 bp) of this
fragment into the cloning vector pjetl.2 was verified by colony PCR and four restriction
digests (Sacl/Pmel: 883 bp + 2915 bp or 728 bp + 3070 bp, EcoNI/HindIII: 831 bp + 2967 bp
or 377 bp + 3421 bp; Haell: 67 bp + 79 bp +370 bp + 417 bp + 704 bp + 2250 bp, Ncol:
744 bp + 3076 bp). The ligated fragment was sequenced with the oligonucleotide pjetl.2
sequencing primer-rev.

In order to insert the desired Akita mutation, the transition of guanine to adenine at position
303, the Quick Change II-E Site-Directed Mutagenesis kit was used. After transformation,
positive colonies were identified by colony PCR and two restriction digests (Sacl/Pmel and
EcoNI/HindlIII). The inserted transition was proved by sequencing with oligonucleotide rblns-
Mut-seq.

In the next step, the two parts of the insulin gene, promoter and mutated transcription unit

) (for control vector non-mutated transcription unit (Ins)), were combined. For this,
promoter bearing vector was digested with restriction endonucleases EcoNI and HindIII
(1283 bp + 2898 bp) and transcription unit bearing vector with NotI-HF and EcoNI (288 bp +
3532 bp). In following steps, both underlined fragments were ligated together and proper
ligation (4821 bp) was verified by four restriction digests (Swal: 2381 bp + 2440 bp, Rsal:
769 bp + 1331 bp + 2692 bp, Haell: 79 bp + 282 bp + 417 bp + 704 bp + 2969 bp, Hinfl:

65 bp + 75 bp +396 bp +400 bp + 519 bp + 531 bp + 1295 bp).
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In a final cloning step, a poly adenylation signal was added to both insulin expression vectors.
For this, the vectors of the previous step were linearized with restriction endonuclease
HindIII, the vector pBluescript-3xpA (4613 bp) was digested with restriction endonucleases
Xhol and EcoRI-HF (3956 bp + 657 bp) and the underlined fragment was ligated to the first
mentioned vector. The final vectors (5470 bp) were verified by seven restriction digests (Sacl:
592 bp + 1153 bp +3725 bp, Hincll: 1141 bp + 4329 bp, Pstl: 27 bp + 133 bp + 312 bp +
415 bp + 543 bp + 700 bp + 3340 bp, Haell: 79 bp + 282 bp + 370 bp + 417 bp + 1353 bp +
2969 bp, Rsal: 796 bp + 1333 bp + 3349 bp, Ncol: 744 bp + 962 bp + 3772 bp, Pvull: 60 bp +
584 bp + 1050 bp + 1179 bp + 2605 bp). Finally, the vectors were subjected to sequencing.
Here, oligonucleotides rbIns-pA-fwd, pjetl.2 Sequencing Primer-fwd and —rev were used.

Hence, pINS™® and pINS™" have been constructed.

8.2 Construction of Sleeping Beauty transposon system

To prepare SB system vectors, the transposase SB100 was subcloned. For this, SB100
transposase cassette (1731 bp) was cut out of the received vector carrying SB100 (4984 bp)
by restriction digest with Notl and Sacll. The obtained fragment was verified by EcoRI
restriction digest (641 bp + 1090 bp). Then, the correct SB100 cassette was subcloned into
pCAGGseGFP of which the eGFP cassette was cut out by restriction digest with Notl and
Sall. The correctness of the resulting transposase expression vector pPCAGGsSB100 (5819 bp)
was verified by restriction digests with Blpl/HindlIII (252 bp + 617 bp + 1281 bp + 3669 bp),
Dral (19 bp +261 bp + 692 bp + 1772 bp + 3075 bp), Haell (36 bp + 43 bp +114 bp + 126 bp
+ 354 bp + 370 bp + 2359 bp + 2417 bp) and Hinfl (65 bp + 75 bp + 396 bp + 517 bp +
577 bp + 1217 bp + 1386 bp + 1586 bp).

To flank the gen of interest with SB-IR, the vector pT2BDS3 (7644 bp) was modified. For
this, the vector was digested with BglIl and Xhol to remove unnecessary sequences between
IRs, resulting in a 3304 bp fragment. Also, the vector pSL1180 Amersham (3422 bp),
containing a superpolylinker, was digested with Mscl to release the superpolylinker (279 bp)
which was then ligated into pT2BDS3. The resulting pT2BDS3-polylinker (3583 bp) was
verified by restriction digest with Sacl (343 bp + 3240 bp or 586 bp + 2997 bp).

Afterwards, the first GOI, CAGGs-mCherry, was cloned into the superpolylinker of
pT2BDS3. For this, the CAGGS-mCherry cassette of pCAGGs-mCherry (5546 bp) was cut
out by restriction digest with HindIII and Sall (3030 bp). This fragment was subcloned into
linearized pT2BDS3-polylinker resulting in the vector pT2-SB-CAGGs-mCherry (6693 bp),
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which was verified by restriction digests with Ndel (2842 bp + 3851), Xbal (463 bp +
2682 bp + 3548 bp) and Bglll/Sall (64 bp + 973 bp + 2660 bp + 2996 bp) and sequencing.

Akita

After successful generation of mCherry positive rabbits, the Ins cassette including 3 x

polyA was cloned into the superpolylinker of pT2BDS3. For this, pINSAkita was restriction
digested with Pmel/Sbfl. The resulting fragment (2559 bp) was ligated into the target vector
pT2-SB-polyinker (linearized by restriction digest with EcoRV (3583 bp)). This resulted in
the vector pT2-SB-INS*** (6154 bp), which was verified by restriction digests with BamHI
(357 bp + 905 bp + 1910 bp + 2982 bp), EcoRI/BsrGI (357 bp + 5797 bp) and Blpl/HindIII

(22 bp + 193 bp + 324 bp + 353 bp + 567 bp + 653 bp + 1102 bp + 2940 bp) and sequencing.

8.3 Generation of transgenic rabbits carrying mCherry

In this chapter, details for the verification of the obtained positive PCR bands are given. From
the recovered foetuses during the generation of mCherry transgenic rabbits genomic DNA
was isolated and PCR with primer pair SB-Cherry was performed to verify the integration of
CAGGsmCherry. The correct identity of the obtained PCR products was proven by restriction
digests (Fig. 61) with BstXI (222 bp + 772 bp) and BstEII (171 bp + 191 bp + 642 bp) (data

not shown).

BstX| BstEll BstEll
1
— = -

ﬁCAGGs i

Figure 61: Schematic draw of the annealing of the primer pair SB-Cherry.
The obtained PCR products were restriction digested separately with BstXI and BstEIL.

mtherry

8.4 Mutagenesis of a bacterial artificial chromosome

The following experimental steps were part of the Bachelor-thesis of Ala El Din Samara: To
provide homologous sites for the recombineering process, part of intron 1 with exon 2
(478 bp) and exon 4 with part of intron 4 (476 bp) were amplified by PCR both from BAC-
rbhprt using oligonucleotides designed with restriction sites (rbHPRT-exon2-EcoRI-fwd,
rbHPRT-exon2-Nhel-rev, tbHPRT-exon4-BamHI-rev and tbHPRT-exon4-Notl-rev) (Fig. 49,
3.2.4.1). Each PCR product was ligated into pjetl.2/blunt. Correct vectors (3467 bp (exon 2)
and 3461 bp (exon 4)) were verified by restriction digests with BglII (539 bp + 2937 bp) and
EcoRI/Nhel (487 bp + 2974 bp), both for exon 2, or Bglll (533 bp + 2928 bp) and
BamHI/NotI (45 bp + 476 bp + 2940 bp), and these both for exon 4. The ligated PCR pro-

ducts were cut out of the cloning vectors by restriction digests with EcoRI and Nhel (exon 2)
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or BamHI and Notl (exon 4). The cloning vector pl452 (4823 bp) was digested with BamHI
and Notl resulting in a 4804 bp backbone in which the cassette exon 4 (476 bp) was ligated 3
of the PGK-Neo-pA cassette. Correct integration of exon 4 into pl452 was verified by
restriction digests with BamHI/NotI (476 bp + 4804 bp) and BsaAl (1642 bp + 3638 bp).

The resulting cloning vector pl452-exon4 (5280 bp) was digested with EcoRI and Nhel
resulting in a 5171 bp backbone in which the cassette exon 2 (487 bp) was ligated 5” of the
PGK-Neo-pA cassette. Correct integration of exon 4 into pl452 (5658 bp) was verified by
restriction digests with EcoRI/Nhel (487 bp + 5171 bp) and Pscl (640 bp + 5018 bp).

The final construct pl452-rbHPRT was then subjected to sequencing with oligonucleotides
rbHPRT-exon2-fwd, rbHPRT-exon2-rev, rboHPRT-exon4-fwd and rboHPRT-exon4-rev. Here,
the work of the Bachelor thesis ends.

To get rid of the backbone of pl452-rbHPRT for recombineering, this plasmid was digested
with BstXI and Sall. Since the expected fragments would have a similar size (2778 bp +
2880 bp), the plasmid was further digested with Bsal, resulting in three bands: 2778 bp +
1508 bp + 1372 bp. The isolated tbHPRT-ex2-PGK-Neo-pA-ex4 cassette (2778 bp) was
transferred by transformation into recombineering-competent E. coli SW106 and selected by
ampicillin and chloramphenicol. Successful recombineering was verified by PCR analysis,
whereby one fragment (2002 bp) was amplified with a primerpair (Intron1-PGK) binding in
intron 1 of rbHPRT (sequence not on pl452-rbHPRT) and in the PGK promoter. The 2™
fragment (2000 bp) was amplified with a primerpair (pA-intron4) binding in the pA and in
intron 4 (sequence not on pl452-rbHPRT). Both reactions resulted in a positive band on the
agarose gel. Hence, the artificial cassette introduced into the rabbit hprt gene has a size of

1743 bp.

8.5 Construction of a rabbit hprt targeting construct

Neo \vas restriction

To construct a conventional targeting vector for rabbit hprt, BAC-rbHPRT
digested by Kpnl. The correctness of the obtained fragment (9508 bp) was verified by
restriction digest (Ncol: 571 bp + 1289 bp + 1640 bp + 3019 bp + 3380 bp) before ligation
into restriction digested (Kpnl) vector pBluescript SK+ (2691 bp, control restriction digest
with Ddel: 166 bp + 409 bp + 540 bp + 771 bp + 1075 bp).

The resulting targeting vector, prbHPRT'® was subjected to sequencing using
oligonucleotides T3 and T7 provided by the sequencing company. Additionally, this vector

was sequenced completely in the cassette supposed for targeting using oligonucleotides

HPRT-3"-site-a-rev, HPRT-3"-site-b-rev, HPRT-5"-site-a-fwd, HPRT-51 fwd and 73 rev,
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HPRT-51 fwd and 73 rev-b, HPRT-51 fwd and 73 rev-c, HPRT-51-fwd, HPRT-51-b-fwd,
HPRT-51-rev, HPRT-51-b-rev, HPRT-51-c-rev, HPRT-73-fiwd, HPRT-73-b-fiwd, HPRT-73-

Icv.
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