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Abstract [N

Abstract

RNA interference (RNAI) is a mechanism for sequence-specific gene silencing. It is initiated
by short double stranded RNAs within a cell, leading to degradation of homologous mRNAs.
This results in a reduction of the corresponding protein within the cell, mimicking loss-of-
function mutations. RNAI is a routine technology in mice but application in large animals is
not yet well established. In this work, RNAi mediated knockdown in pigs should be evaluated
as an alternative to gene knockout by gene targeting.

Two target genes, the porcine milk whey protein Beta-Lactoglobulin (BLG) and the porcine
tumor suppressor protein p53 were downregulated by RNAi. Moreover, two widely used
RNAi vector systems, based on short hairpin RNAs (shRNAs) and artificial microRNAs
(miRNAs), were compared.

The porcine milk whey protein Beta-Lactoglobulin (BLG) was chosen as a first target. The
function of this protein is unknown and the bovine BLG protein is a major factor involved in
cows’ milk allergy and intolerance in children. ShRNAs were designed for the knockdown of
porcine BLG and in preliminary experiments, two sequences leading to efficient
downregulation were identified. These RNAi sequences were then also inserted into an
artificial miRNA expression vector with different promoters (CMV, PGK, ovine BLG
promoter). Cell lines expressing recombinant porcine BLG were established for the
evaluation of knockdown efficiencies and the most promising shRNA and artificial miRNA
construct used for the generation of RNAI transgenic porcine fetuses by somatic cell nuclear
transfer. The obtained fetuses were transgenic for artificial miRNA constructs. However
analysis of the RNAI transgenic fetuses by small RNA northern blot did not show detectable
expression of the artificial miRNA.

The porcine tumor suppressor protein p53 was chosen because of its importance in cancer
biology. Knockdown of p53 might serve as an alternative to gene knockout for the creation of
an animal model for Li-Fraumeni syndrome, an inherited human cancer syndrome. ShRNAs
and artificial miRNAs were designed against similar sequence positions of porcine p53
mRNA. The knockdown of porcine p53 was evaluated in a variety of assays and not all
sequences showed the same knockdown potential. The most reliable prediction of the in vivo
knockdown level is most likely provided by the downregulation of endogenous p53 in primary
porcine cells. In these cells, two shRNAs and two artificial miRNAs showed up to 85%
knockdown of endogenous p53. It was shown that shRNA and artificial miRNA were equally
effective, depending on the target sequence. Additionally, the downregulation of porcine p53
by one artificial miRNA resulted in an enhanced resistance to the chemotherapeutic drug
doxorubicin indicating a functional knockdown of porcine p53.



Zusammenfassung

Zusammenfassung

RNA Interferenz (RNAI) ist ein Mechanismus zur sequenz-spezifischen Stilllegung von
Genen. Er wird durch kurze doppelstrangige RNAs in Zellen ausgeldst und fihrt zum Abbau
von homologen mRNAs. Dadurch wird ein Effekt &hnlicher einer loss-of-function Mutation
erzielt. Die RNAi Technologie ist in Nutztieren bisher kaum etabliert. Im Rahmen dieser
Arbeit sollte ermittelt werden, ob RNAi vermittelte Herabregulierung von Genen als
Alternative zu gene knockout mittels gezielter Genmodifikation in Schweinen dienen kann.

Zu diesem Zweck wurden zwei porzine Zielgene, das Molkeprotein Beta-Lactoglobulin (BLG)
und das Tumorsuppressor Protein p53, ausgewahlt. Zudem wurden zwei Vektorsysteme fir
RNAI, short hairpin RNAs (shRNAs) und kinstliche mikroRNAs (miRNAs), verglichen.

Das porzine Molkeprotein Beta-Lactoglobulin wurde als erstes Zielgen ausgewahlt. Die
Funktion dieses Proteins ist unbekannt und bovines BLG ist einer der Ausléser fir
Kuhmilchallergie und -intoleranz bei Kindern. Fir erste Untersuchungen wurden shRNAs
gegen porzines BLG konstruiert und zwei Sequenzen mit effektiver Herabregulierung
identifiziert. Diese Sequenzen wurden dann auch in einen Expressionsvektor fiir kiinstliche
miRNAs mit unterschiedlichen Promotoren (CMV, PGK, oviner BLG Promotor) eingeflgt. Fur
die Beurteilung der knockdown Effizienzen der Konstrukte wurden Zelllinien mit Expression
von rekombinantem BLG etabliert. Die Vektoren mit der hdéchsten Effizienz wurden
verwendet um durch somatischen Kerntransfer transgene Schweine zu erzeugen. Die
erhaltenen Foéten trugen kunstliche miRNA Konstrukte, allerdings konnte mittels Northern
Blot keine Expression von miRNAs gegen BLG nachgewiesen werden.

Das Tumorsuppressor Protein p53 wurde als Zielgen ausgewahlt, da es eine wichtige Rolle
in der Krebsentstehung spielt. Es sollte ermittelt werden, ob eine Herabregulierung von p53
als Alternative zu einem gene knockout fir die Erstellung eines GroBtier-Modells flr eine
menschliche Erbkrankheit, das Li-Fraumeni-Syndrom, dienen kann. Zu diesem Zweck
wurden shRNAs und kunstliche miRNAs gegen &hnliche Sequenzpositionen der p53 mRNA
ausgewahlt. Diese Sequenzen wurden in verschiedenen Testsystemen untersucht und nicht
alle Sequenzen zeigten in diesen Untersuchungen das gleiche Potential. Die verlasslichste
Aussage bezulglich eines in vivo Effekts ist sehr wahrscheinlich die Herabregulierung von
endogenem porzinem p53 in Primarzellen. In diesen Zellen konnten je zwei shRNAs und
kinstliche miRNAs die Menge an p53 Protein unabhangig vom verwendeten Vektorsystem
um bis zu 85% reduzieren. Zudem fihrte die Herabregulierung von p53 mit einer kiinstlichen
miRNA Sequenz zu einer erhdhten Resistenz gegenidber dem Chemotherapeutikum
Doxorubicin. Dies deutet auf einen funktionalen knockdown von p53 hin.
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Introduction

1 Introduction

The goal of the work described in this thesis was to explore, whether the RNA interference
technology can be used for the downregulation of gene expression in pigs. This introduction
presents a brief overview of transgene technologies with an emphasis on pigs, including
random transgenesis and targeted modification of endogenous genes by gene targeting. The
advantages and disadvantages of RNAi compared to gene targeting, especially in livestock,
are considered followed by an overview of the RNAi mechanism. Finally a brief description of
the experimental target genes, which have relevance in nutritional research and functional
genomics (Beta-Lactoglobulin) or in biomedicine (Tumor suppressor protein p53) will be
provided.

1.1 Genetically modified animals in science

A transgenic animal is defined as an animal which has foreign DNA incorporated into its
germline after experimental introduction of DNA (Palmiter and Brister, 1985). A wider
definition includes the modification of the endogenous genomic sequence of an animal (Melo
et al., 2007). A variety of species have been used to generate transgenic animals for a wide
range of applications in agriculture, medicine and industry. Transgenic animals, in particular
mice, are valuable tools for scientific applications. Although the mouse remains the most
important model for studying gene function and dysfunction, livestock species have gained
relevance for research over the last years. This can be attributed to the fact that in particular
pigs resemble humans more closely in size, organ development, physiology and are
genetically closer to humans than mice (Lunney, 2007; Wernersson et al., 2005). Large
animals can be used to study the function of genes, as disease models, to develop new
therapeutic drugs or to produce recombinant proteins. In addition genetically modified pigs
might be used to provide organs for xenotransplantation in the following years.

The following section will focus on the generation of transgenic pigs by a variety of methods,
including pronuclear microinjection of DNA, sperm-mediated gene transfer, retroviral
transgenesis and genetic manipulation of cells in tissue culture followed by somatic cell

nuclear transfer (SCNT).

DNA microinjection

For many years, the most common technique to produce transgenic pigs was microinjection
of purified DNA into the male pronucleus of a fertilized oocyte. This method was first
successfully used in mice and five years later, the first transgenic pigs were born after
pronuclear microinjection (Gordon et al., 1980; Hammer et al.,, 1985). Since then various
transgenic pigs have been generated by this method. Some examples are pigs expressing
human growth hormone, the human complement regulatory protein CD59 and miniature pigs
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expressing the minipig huntingtin gene (Hirabayashi et al, 2001; Niemann et al., 2001;
Uchida et al., 2001). The percentage of transgenesis at birth ranges from 5 to 11%. The DNA
microinjection procedure is outlined in Figure 1. Although pronuclear microinjection is one of
the main methods used to generate transgenic pigs, it has several disadvantages. The
efficiency of transgenic livestock per injected zygote is generally under 1%. Moreover, the
integration site of the recombinant transgene or its copy number into the genome cannot be
controlled. All these factors lead to variable gene expression and random integration of the
foreign DNA can also result in insertional mutagenesis (Robl et al., 2007).

Sperm-mediated gene transfer

An alternative approach to introduce foreign DNA into animal genomes is sperm-mediated
gene transfer (SMGT). This method utilizes the ability of sperm cells to transport foreign DNA
into the oocyte (Brackett et al. 1971; Francolini et al., 1993). It was successfully applied in
mice where transgenic animals were produced after in vitro fertilization and transmission of
the introduced DNA to the F1 generation was observed (Lavitrano et al., 1989). The
technique was also used to produce transgenic pigs expressing human decay-accelerating
factor (hDAF) or multi-transgenic pigs that express three different fluorescent proteins.
Furthermore pigs expressing enhanced green fluorescent protein (EGFP) from an episomal
vector have also been generated by SMGT (Lavitrano et al., 2006; Manzini et al., 2006) and
transgenic efficiencies of up to 80% of born pigs have been reported (Lavitrano et al., 2006).
Nevertheless, SMGT suffers from low reproducibility between different laboratories and in
different species and is therefore not widely used (Robl et al., 2007).

In addition to sperm-mediated gene transfer, intracytoplasmatic sperm injection mediated
gene transfer (ICSI-GT) provides an alternative method to produce transgenic animals. The
method was established by Perry et al. (1999) and transgenic mice generated after
incubation of sperm with plasmid DNA followed by injection of the sperm into the cytoplasm
of an oocyte. Moreover, ICSI-GT has also been successfully applied to produce transgenic
mice with large 176-200 kb bacterial artificial chromosome constructs (Osada et al., 2005). In
2006, Kurome et al. reported a transgenic porcine fetus and the birth of a transgenic piglet
expressing human albumin and EGFP after ICSI-GT. The transgenic efficiency per treated
oocyte was low (0.3%) but the rate of transgenic fetuses or piglets of all fetuses/piglets
reached 5.7% (Kurome et al., 2006). Therefore the efficiencies are comparable to those
achieved by DNA microinjection.

Retro- and lentiviral transgenesis

More recently, transgenic pigs have been generated by viral transgenesis with retro- or
lentiviral vectors. Retrovirus mediated transgenesis was first demonstrated in mice

(Jaenisch, 1976) and in 2001 Cabot et al. reported the generation of piglets with EGFP
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expression from a Moloney murine leukemia virus (MMLV) based vector after injection of
retroviral particles into the perivitelline space of porcine oocytes. However, expression of
genes from retroviral constructs is often epigenetically inactivated during embryo
development or after birth and therefore impairs the use of retroviral vectors to create
transgenic animals (Chan et al., 1998; Pfeifer, 2004).

Human immunodeficiency virus (HIV-1) based lentiviral vectors offer an alternative for
generating transgenic animals since they are not silenced during embryogenesis and can
also infect non dividing cells (Pfeifer, 2004; Robl et al., 2007). Lentiviral transgenesis was
established after injection of concentrated lentiviral supernatant under the zona pellucida of
mouse zygotes (Lois et al., 2002). Shortly after, transgenic pigs expressing EGFP in all
tissues under the control of the ubiquitous PGK or skin-specific from a construct containing
the keratin K14 promoter were obtained after injection of high titer (10° to 10'° infectious units
per ml) HIV-1 based lentiviral vectors into the perivitelline space of zygotes. Analysis showed
that at birth, 70% of the animals were transgenic and 65% expressed the transgene
(Hofmann et al., 2003). Furthermore a lentiviral vector derived from the equine infectious
anemia virus (EIAV) showed efficient transgenesis in pig. 92% of the born animals were
transgenic and 85% showed expression of EGFP (Whitelaw et al., 2004). Lentiviral injection
into the perivitelline space is outlined in Figure 1. Despite the high efficiency of generating
transgenic animals, lentiviral transgenesis has some drawbacks. First, high viral titers are
necessary to generate transgenic animals which is not easily achieved (Al Yacoub et al.,
2007), second, the capacity for foreign DNA in lentiviral vectors is limited to about 10 kb
(Sinn et al., 2005) and third, random integration of the provirus can lead to disruption of
endogenous genes (Robl et al., 2007).

[Pronuciear DNA microinjection — Wmmw

Lentiviral
vectors

b=

Figure 1: Pronuclear DNA microinjection and subzonal lentivirus injection (Fassler, 2004). For pronuclear
microinjection, purified DNA is injected into one pronucleus of a fertilized oocyte. Subzonal lentivirus injections are
performed by injecting high titer lentiviral vectors in the perivitelline space of a zygote.
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Somatic cell nuclear transfer

Another widely used method to generate transgenic livestock animals employs the
modification of somatic cells in vitro followed by somatic cell nuclear transfer (SCNT). While
DNA microinjection, sperm-mediated DNA transfer and lentiviral vectors only allow addition
of genes after random integration, in vitro manipulation of cells followed by SCNT can also
be used to precisely modify the mammalian genome by gene targeting.

Three years after the first report of mammals cloned from somatic cells (Wilmut et al., 1997),
several groups reported successful cloning of pigs by SCNT (Polejaeva et al., 2000; Onishi
et al., 2000; Betthauser et al., 2000). Onishi et al. (2000) microinjected porcine fetal fibroblast
nuclei into enucleated oocytes, Betthauser et al. (2000) fused porcine fetal fibroblasts and
Polejaeva et al. (2000) granulosa cells with enucleated oocytes. In addition to fetal fibroblasts
and granulosa cells, other cell types, such as preadipocytes and adult fibroblasts have also
been used to generate cloned pigs and efficient SCNT with porcine adult somatic stem cells
could be shown in vitro for bone marrow derived mesenchymal stem cells (Tomii et al., 2005;
Tomii et al., 2009; Brunetti et al., 2008; Colleoni et al., 2005; Bosch et al., 2006; Kumar et al.,
2007; Jin et al., 2007).

SCNT can be applied to clone animals but also to generate genetically modified animals. The
first transgenic animals born after genetic manipulation of cells in vitro followed by SCNT
were sheep expressing human factor IX (Schnieke et al, 1997). In the following years,
several genetically modified pigs generated by SCNT, expressing for example fluorescent
proteins or human erythropoietin, have been reported (Hyun et al., 2003; Kurome et al.,
2006; Brunetti et al., 2008; Lee et al., 2005; Cho et al., 2009; Umeyama et al., 2009).

Manipulation of cells followed by SCNT can be used to precisely modify the cell genome by
gene targeting. This approach uses homologous recombination (HR) to replace genomic
sequences in cells with an exogenous DNA sequence, leading to knockout, knockin or
precise mutations of endogenous genes (Thomas et al., 1986). In mice, embryonic stem (ES)
cells allow the transfer of a modified genotype into an animal by creating chimeric mice after
injection of ES cells into blastocysts (Evans and Kaufman, 1981; Martin, 1981; Bradley et al.,
1984; Capecchi, 2005) and gene targeting by HR in ES cells has become a routine
procedure. In addition, the complete genome sequence of the mouse is known, facilitating
the generation of gene targeting vectors. Due to the fact that in livestock species, definitive
ES cells have not yet been isolated (Talbot and Blomberg, 2008), somatic cells are used for
gene targeting followed by SCNT. The procedure for creating gene-targeted mice from ES
cells and gene-targeted livestock from somatic cells is illustrated in Figure 2.
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Figure 2: Comparison of gene-targeting in mice and livestock (adapted, from Denning and Priddle, 2003).
Left: Generation of gene-targeted mice via transfection of ES cells followed by blastocyst injection. The resulting
chimeric animals are bred to homozygosity. Right: Generation of gene-targeted mice and livestock by gene-
targeting in somatic cells followed by somatic cell nuclear transfer. Heterozygous animals are bred to
homozygotes.

Gene targeting by HR in somatic cells is less efficient than in ES cells. A direct comparison
showed that one in six G418 resistant colonies in murine ES cells and one in hundred
colonies in murine myoblasts were correctly targeted (Arbonés et al., 1994). Moreover, it has
been shown that in sheep fibroblasts the efficiency of HR is about two orders of magnitude
lower than in murine ES cells (Piedrahita, 2000; Wang and Zhou, 2003).

This low rate of HR in somatic cells hampers the routine application of gene targeting in
livestock species and therefore techniques to augment correctly targeted cells have been
developed. If the target gene is expressed, cells can be selected using vectors with
promoter-less selectable markers. These constructs, so called promoter-trap vectors, can
only confer resistance if they are integrated downstream of endogenous promoter sequences
allowing an enrichment of targeted cells (reviewed in Robl et al., 2007). However, this
approach cannot be applied to genes not transcribed in a particular cell type. In this case,
selectable markers with promoter sequences are used which results in resistant cells after
random integration as well as gene targeting. Therefore an enrichment of correctly targeted
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cells is not possible, resulting in large numbers of cell clones which have to be analyzed. In a
direct comparison in porcine fetal fibroblasts, the efficiency of targeting the alphai,3-
galactosyltransferase was 2.3% with and 0.07% without promoter-trap (Thomson et al.,
2003).

Modification of somatic cells is followed by SCNT to generate gene-targeted animals. The
first gene-targeted animals born were sheep (McCreath et al., 2000) and in pigs, gene
targeting has been successful for the knockout of alphai,3-galactosyliransferase and the
disruption and mutation of the cystic fibrosis transmembrane conductance receptor (CFTR)
(Lai et al., 2002; Dai et al., 2002; Rogers et al., 2008). The low number of gene targeted pigs
shows that it is still not a routine technology.

A comparison of the methods to generate transgenic mice and pigs is presented in Table 1.

Table 1: Comparison of transgenesis methods in mouse and pig

Efficiency in pigs

Transgenesis method Mouse Pig (transgenic animals
perborn animals)

DNA microinjection + + 5-11%
Sperm-mediated gene transfer + + up to 80 %
ICSI mediated gene transfer + + 6 %
Lentiviral transgenesis + + 70—-190 %
In vitro manipulation of ES cells, chimera + - -
{n vitro manipulation of primary cells, SCNT + + 100 %

RNA Interference

A widely used method for gene silencing in cells and animals is RNA Interference (RNAi), a
mechanism initiated by double stranded RNA leading to sequence-specific downregulation of
gene expression either by translational repression or degradation of the homologous mRNA.
RNAi therefore represents an alternative to gene knockout. Moreover, stable gene
knockdown can be achieved by introducing double stranded RNA expression constructs into
cells which can then either be used for in vitro experiments or for generating RNAI transgenic
animals after SCNT or in case of ES cells by chimera formation. In addition, the constructs
can be introduced into fertilized oocytes by pronuclear microinjection or lentiviral
transgenesis to generate RNAI transgenic animals.

In livestock, the method might offer an alternative to gene targeting, especially if the target
gene is not expressed in somatic cells. Additionally, many livestock species have not yet
been fully sequenced. This limits the creation of gene-targeting vectors since genomic
sequence information is necessary for generating them. The advantage of RNAI is that only
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the mRNA sequence needs to be available to produce knockdown constructs and this

sequence is more rapidly obtained than large genomic sequences.

Knockdown of genes by RNAi can generate effects similar to loss-of-function mutations and
might serve as a substitute for gene targeting. Furthermore it is generally not necessary to
breed animals to homozygosity to obtain a specific phenotype, allowing analysis in the FO
generation (Kunath et al.,, 2003). This reduces the time needed to generate animals with
downregulation of gene expression, which is especially valuable in livestock species with
long gestation times. A comparison between gene knockout by gene targeting and
knockdown by RNAI in mice is illustrated in Figure 3.
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Figure 3: Generation of knockout and knockdown mice (adapted, from Prawitt et al., 2004). A: Knockout
technology; B: Knockdown technology. Details see text.

In contrast to knockout animals produced by gene targeting, the reduction of gene

expression by RNAI is not complete. This effect is a consequence of the copy number, the
integration site and the knockdown potential of the chosen RNAi sequence in the animals
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and allows different degrees of loss-of-function conditions, which can mimic hypomorphic
mutations resembling human disease phenotypes (Rao and Wilkinson, 2006; Hemann et al.,
2003). Furthermore it is possible to downregulate gene expression in the whole animal or
tissue/developmental stage specific. This is achieved using RNAi constructs based on
microRNAs which can be expressed from RNA polymerase Il promoters, allowing an
appropriate promoter to be chosen to express the RNAi construct in a tissue of choice
(Hasuwa et al., 2002; Xia et al., 2006; Rao et al., 2006). Tissue or developmental stage
specific gene-knockout approaches are more difficult to accomplish. Conditional gene
targeting is based on site-specific recombinase systems such as Cre-loxP. To achieve tissue
or developmental stage specific gene knockout, animals with the modified endogenous gene
including the recombinase recognition sites have to be bred with animals expressing the
recombinase from an appropriate promoter (Furuta and Behringer, 2005). Therefore, two
different genetic modifications are necessary for tissue-specific gene knockout whereas one
RNAi construct is sufficient. These are good reasons to apply the RNAi technology to
livestock especially considering the lack of ES cells, difficulties regarding gene targeting and
possible time savings.

At the time this project was started, only one report concerning RNAi in livestock species had
been published. Golding et al. (2006) had produced one cloned goat fetus with knockdown of
the prion protein (PrP). In the following years it was shown that RNAi is applicable in pigs by
generating animals with downregulation of porcine endogenous retroviruses (PERVSs)
(Dieckhoff et al., 2008; Ramsoondar et al., 2009).

The following sections provide an outline of how RNAi downregulates gene expression, a
more detailed description of applications of RNAi and background to the target genes chosen
for this project.

1.2 RNA interference
This section describes the mechanism of RNA mediated gene silencing under endogenous
and experimental conditions. Moreover, some examples of in vitro and in vivo applications

will be given.

1.2.1 Overview of RNA mediated gene silencing

Definition of RNA interference:

RNA interference (RNAI) is a mechanism initiated by the presence of double stranded RNA
within a cell leading to sequence-specific post-transcriptional gene silencing. Different types
of double stranded RNA can downregulate the expression of genes by translational
repression or degradation of the homologous mRNA.
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Short history of RNAi
RNAI was first observed in plants and termed post-transcriptional gene silencing (PTGS) or

co-suppression and in fungi it was named quelling but the exact mechanism was unknown
(Napoli et al., 1990; Baulcombe, 1996; Romano and Macino,1992). The phenomenon of
RNAI in animals was first discovered by Fire and Mello in the nematode Caenorhabditis
elegans (C. elegans) (Fire et al., 1998) for which they were awarded the Nobel Prize in
Physiology or Medicine in 2006. Fire and coworkers compared single stranded (ssRNA) and
double stranded RNAs (dsRNA) for their ability to mediate gene silencing in C. elegans. After
injection, only worms treated with dsRNA showed a phenotype identical to a loss-of-function
mutation of the studied gene. To verify the effect, they performed similar experiments with
three other genes. These experiments showed that dsRNA of 300 to 1000 basepairs (bp)
was the trigger for gene specific silencing and the resulting phenotype resembled null-
mutants. In addition the downregulation of endogenous mRNA complementary to one strand
of the dsRNA could be shown. The phenomenon was referred to as “RNA-mediated
interference” (RNAI) (Fire et al., 1998).

In the following years the RNAi pathway was studied in more detail and in 2000, the central
molecules of the RNAi pathway, the so-called short interfering RNAs (siRNAs), were
discovered. These siRNAs with a size of 21 to 23 bp are generated from long exogenous and
endogenous dsRNA in the cell by the endoribonuclease Dicer (Zamore et al., 2000). They
are the effector molecules of RNAi and lead to degradation of complementary mRNA (Chu
and Rana, 2007).

The RNAI pathway is highly conserved and plays an important role in defending the genome
from repetitive elements, transposons, viruses and aberrant transcripts by degrading the
corresponding RNAs. The mechanism can also be used to downregulate gene expression by
addition of artificial dsRNAs or siRNAs (Zamore, 2002).

RNAI presented a valuable tool for studying gene function but attempts to use dsRNA longer
than 500 bp for RNAi in mammalian cells were only successful in mouse oocytes, early
embryos, undifferentiated mouse ES cells and mouse embryonic carcinoma cells (Svoboda
et al., 2000; Wianny and Zernicka-Goetz, 2000; Yang et al., 2001; Billy et al., 2001). In other
mammalian cells, long dsRNA caused activation of the interferon response resulting in
general decrease of mMRNA production instead of sequence-specific gene silencing (Caplen
et al., 2000; Elbashir et al., 2001b). The interferon response was triggered by dsRNA longer
than 30 bp, which led to an activation of the protein kinase PKR and 2’,5-oligoadenylate
synthetase. This resulted in a stop of protein translation and a non sequence-specific
degradation of mMRNA (Stark et al., 1998; Elbashir et al., 2001a).
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The success of RNAi as an efficient method to repress gene expression in mammalian cells
emerged in 2001 when Elbashir et al. discovered that RNAI could be triggered by exogenous
short instead of long dsRNAs. They showed that base-paired RNAs with a length of 21 to 23
bp and two 3’ thymidine overhangs could mediate sequence-specific gene silencing in
mammalian cells. The RNAs were named short interfering RNAs (siRNAs) and led to
silencing of endogenous genes in mammalian cells without activating the interferon response
pathway (Elbashir et al., 2001a; Elbashir et al., 2001b; Caplen et al., 2001).

Endogenous small RNAs - MicroRNAs:

As already mentioned, the endogenous RNAi pathway is mainly a defense mechanism that
protects the organism from exogenous and endogenous long dsRNA derived from viruses,
repetitive elements, transposons and aberrant transcripts. Moreover, several types of
genome encoded small dsRNAs with gene regulatory function have been found in a variety
of organisms. One example is the so called microRNAs, originating from genomic pri-miRNA
transcripts that form hairpin structures (Lagos-Quintana et al.,, 2001). These precursors are
processed into 19 to 25 bp long microRNAs (miRNAs) in the cell by the endoribonucleases
Drosha and Dicer (Chu and Rana, 2007). The resulting miRNAs show homology to 3
untranslated regions (UTRs) of mRNAs and lead to translational inhibition or mRNA
degradation (Lee et al., 1993; Reinhart et al., 2000). MiRNAs are involved in the regulation of
gene expression in many developmental stages as well as tissues and about one third of all
human genes are thought to be regulated by miRNAs (Lau et al., 2001; Lagos-Quintana et
al., 2001; Lee and Ambros, 2001; O’Hara et al., 2009). Generally miRNAs are not fully
complementary to their cognate mRNA sequences and furthermore, miRNA stem loop
precursors do not show perfect base-pairing within the hairpin region. In contrast to perfectly
basepaired siRNAs, this results mainly in translational inhibition instead of mRNA cleavage
(Pasquinelli, 2002; Agrawal et al., 2003; Carrington and Ambros, 2003). Nevertheless,
artificial experimental miRNAs can be designed to mediate mRNA cleavage similar to
siRNAs. Since endogenous miRNA are generally expressed from RNA polymerase Il
promoters, the artificial mMiRNAs can be expressed ubiquitous or tissue-specific (McManus et
al., 2002; Gregory et al., 2005).

1.2.2 Mechanisms of RNA interference mediated gene silencing
Sequence-specific gene silencing in animals mediated by double stranded can be divided
into three steps. At first, long double stranded RNA (dsRNA) is converted to short interfering
RNAs (siRNAs) by the enzyme Dicer in the cytosol. In the next step, the siRNA is unwound
and one strand incorporated into the RNA-induced silencing complex (RISC). Finally, RISC
complexed with the guide strand, mediates cleavage of the target mRNA (Siomi and Siomi,
2009; Carthew and Sontheimer, 2009).
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More steps are involved in miRNA mediated gene silencing in animals. MiRNAs are
transcribed as pri-miRNAs. Processing by Drosha/DGCR8 in the nucleus generates pre-
miRNAs after flanking regions are removed. Then the pre-miRNA is exported from the
nucleus. In the cytosol Dicer generates mature miRNAs and the guide strand is incorporated
into the RISC. This complex, loaded with miRNAs, binds to target mMRNAs and inhibits their
translation or leads to their cleavage (Siomi and Siomi, 2009; Carthew and Sontheimer,
2009). An overview of the mechanism of siRNA and miRNA mediated gene silencing is

shown in Figure 4.
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Figure 4: Processing of and silencing by double stranded RNA in mammalian cells (adapted, from
Gonzalez-Alegre and Paulson, 2007). Different RNA effector molecules can mediate sequence-specific gene
silencing. Among those are shRNAs, siRNAs, natural and artificial miRNAs. Although the generation of siRNAs
and miRNAs differs, both molecule types are finally incorporated into RISC. The result is either sequence-specific
degradation of the complementary mRNA after perfect base pairing between the short RNA and the mRNA or
translational repression after imperfect base pairing.

Biogenesis of small RNAs

Short interfering RNA (siRNAs) and microRNAs (miRNAs) are the central effector molecules
of RNA mediated gene silencing. Several different precursors are processed into siRNAs or
miRNAs.
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Short interfering RNAs:

SiRNAs are either generated by Dicer cleavage of long endogenous or exogenous dsRNA,
by introducing short hairpin RNAs (shRNAs) or are exogenously added to the cell (Bernstein
et al., 2001; Elbashir et al., 2001a; Elbashir et al., 2001b; Paddison et al., 2002). Long
dsRNA from natural or experimental sources is cleaved into siRNAs by the endoribonuclease
Dicer in the cytosol after recognition of the 3’ end of the dsRNA. The siRNAs with a size of
21 to 23 nt contain 5 phosphate groups, 3’ hydroxyl groups and 3’ overhangs of two
nucleotides (Elbashir et al., 2001a; Bernstein et al., 2001; Zhang et al., 2004; Macrae et al.,
2006). Short hairpin RNAs are artificial constructs resembling siRNAs where the two siRNA
strands are connected by a loop structure. The shRNAs can be either added exogenously to
the cells, transiently transcribed from plasmid DNA or transcribed after genomic integration of
the construct (Paddison et al., 2002; Yu et al., 2002; Miyagishi and Taira, 2002; Paul et al.,
2002; Brummelkamp et al., 2002). RNA polymerase |ll promoters are generally used for the
expression of shRNAs. They are specific for the expression of small RNAs and usually have
a defined transcriptional stop signal composed of four to five thymidine bases (Bogenhagen
and Brown, 1981). Commonly used promoters are the murine or human U6 small nuclear
RNA or the human H1 RNA promoter (Das et al., 1988; Kunkel et al., 1986; Myslinski et al.,
2001). After the shRNA is exported from the nucleus, the loop sequence of short hairpin
RNAs is cleaved by Dicer, generating siRNAs (Yi et al., 2003; Lund et al., 2004; Vermeulen
et al., 2005). Exogenously added experimental siRNAs are not processed by Dicer because
they are designed to resemble Dicer cleavage products (Provost et al, 2002). The
generation of siRNA is depicted in Figure 5.
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Figure 5: Generation of siRNAs (adapted, from Rutz and Scheffold, 2004). Long dsRNA or short hairpin
RNAs (shRNA) are cleaved by Dicer into short interfering RNAs (siRNAs). Alternatively, siRNAs can be directly
added to the cells.
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MicroRNAs:

Another type of small RNAs is miRNAs. These can originate from genome encoded pri-
miRNAs, after splicing from introns or from artificial miRNA expression cassettes. Natural
genome encoded pri-miRNAs are generated mostly after transcription by RNA polymerase |I.
The precursors contain 5’ caps and polyA tails (Lee et al., 2004). As an alternative, artificial
miRNA expression cassettes mimicking natural miRNA genes can be introduced (McManus
et al., 2002). These precursors comprise stem loop structures containing the mature miRNA
and flanking regions (Lau et al., 2001; Lee et al., 2002). In animals, the RNAse Il enzyme
Drosha, complexed with its cofactor DGCR8, removes non-paired flanking regions from the
pri-miRNA in the nucleus to generate stem-loop containing pre-miRNAs of about 65 to 70
nucleotides (Lee et al., 2003; Gregory et al., 2004; Denli et al., 2004). Another mechanism
for generating pre-miRNAs is splicing dependent. In this case the pre-miRNAs are located in
introns, called mirtrons. They are spliced from the precursor RNA and do not require
processing by Drosha (Berezikov et al., 2007; Okamura et al., 2007; Ruby et al., 2007).

In animals pre-miRNAs are exported from the nucleus via exportin-5. Mature miRNAs are
then generated by Dicer mediated removal of the loop sequence connecting the two miRNA
strands (Yi et al., 2003; Lund et al., 2004; Bernstein et al., 2001; Ketting et al., 2001). The
processing steps for the generation of miRNAs in animals are shown in Figure 6.
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Figure 6: Biogenesis of miRNAs in animals (Carthew and Sontheimer, 2009). The flanking regions of pri-
miRNAs are removed by Drosha/DGCR8 or the pre-miRNA is generated by splicing from mirtrons. The resulting
pre-miRNAs are exported to the cytosol and a miRNA duplex is generated by Dicer. Thereafter miRNAs are
assembled into RISC.

Loading of siRNAs and miRNAs onto the RNA-induced silencing complex:

To mediate silencing activity, the siRNAs or miRNAs generated by Dicer have to be loaded
onto the effector complex of RNA mediated gene silencing. This complex, called RNA-
induced silencing complex (RISC), leads to sequence-specific gene silencing (Hammond et
al., 2000).

In human cells, Dicer together with the double-strand RNA binding protein TRBP and Ago2
form the RISC-loading complex (RLC) which can bind to double stranded RNA. In this
complex, dsRNA is cleaved into siRNAs by Dicer and TRBP and then transferred to Ago2
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within the complex where the passenger strand is eliminated after Ago2 mediated cleavage
(Gregory et al., 2005; Matranga et al., 2005). The mechanism responsible for distinguishing
between the RNA strand used for gene silencing (guide strand or siRNA/miRNA) and the
RNA strand that is degraded instead of being incorporated into RISC (passenger strand or
siRNA*/miRNA*) is not fully understood.

One proposed model for siRNAs is based on the thermodynamic asymmetry of the small
dsRNA. Preferential loading of the guide strand into the RISC is achieved by incorporating
the strand with lower thermodynamic stability at its 5’ end (Schwarz et al., 2003; Khvorova et
al., 2003). In some cases, both strands are loaded onto RISC with similar frequencies (Hong
et al., 2008; Wei et al., 2009).

For the loading of miRNAs onto RISC an additional mechanism has to be considered,
because in most miRNA/miRNA* duplexes, the passenger strand is not cleaved by Ago2 but
removed from the RISC. This might be due to the fact, that miRNA/miRNA* duplexes have
internal bulges preventing cleavage (Matranga et al., 2005). The proposed mechanism is
based on unwinding of the miRNA/miRNA* complex by the P68 RNA helicase followed by
the elimination of the passenger strand (Salzman et al., 2007). A similar mechanism, based
on unwinding and elimination, has to be considered for RISCs containing Argonaute proteins
without endonuclease activity (Liu et al., 2004; Meister et al., 2004; Okamura et al., 2004).
The thermodynamic asymmetry rule for strand selection, previously described for siRNAs,
has also been observed for miRNAs (Khvorova et al., 2003). Another study showed tissue-
dependent selection of the miRNA or miRNA* strand instead of incorporation of the strand
with lower 5’ thermostability (Ro et al., 2007).

Post-transcriptional silencing by siRNAs:

Messenger RNAs complementary to the incorporated siRNA are cleaved after the
incorporation of siRNAs into RISC. The Argonaute protein Ago2 mediates cleavage of the
cognate mRNA in a variety of species such as humans, mice and D. melanogaster. Due to
this activity, the Ago2 protein has been termed Slicer (Meister et al., 2004; Okamura et al.,
2004; Liu et al., 2004). The cleavage site is located between nucleotide 10 and 11 from the 5’
end of the siRNA in perfectly matched siRNA/mRNA duplexes (Elbashir et al., 2001a). The
mRNA is then degraded by cellular exonucleases (Orban and lzaurralde, 2005). Mismatches
between siRNA and mRNA at these positions prevent mRNA cleavage. In these cases,
silencing is still possible by translational inhibition or degradation of the mRNA similar to
miRNA mediated mechanisms (Doench et al., 2003).
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Post-transcriptional silencing by miRNAs:

After the incorporation of endogenous miRNAs into RISC, gene silencing is achieved either
by translational repression or mRNA degradation. In animals, endogenous miRNAs target
the 3’ UTR of mMRNAs (Wightman et al., 1993; Lee et al., 1993; Reinhart et al., 2000). Binding
is mostly imperfect with bulges or mismatches in the central part of the miRNA/mRNA
duplex, that inhibit mRNA cleavage. Binding of the miRNA to the mRNA between the second
and the eighth nucleotide, the so called seed region, is mostly perfect (Pillai et al., 2007). In
case of perfect homology between miRNA and mRNA, the Ago2 containing RISC can
directly cleave the mRNA (Gregory et al., 2005). This mechanism is also relevant for artificial
miRNAs designed to knockdown the expression of a specific gene (McManus et al., 2002). In
case of imperfect base-pairing, two different mechanisms can lead to gene silencing.
Silencing is then either mediated by translational repression or by mRNA decay. These two

main mechanisms are presented in Figure 7.
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Figure 7: Gene silencing mediated by endogenous miRNAs (adapted, from Pillai et al., 2007). 5 cap
dependent translational repression at translation initiation, posttranslational repression and deadenylation of
mRNA followed by mRNA degradation in cytoplasmatic processing bodies (P-bodies) are shown.

The most common mechanism is translational repression. This can take place either at the
initiation step of translation, or after translation initiation. It has been suggested that miRNAs
impair the 5 cap dependent initiation of translation by interfering with cap recognition
(Humphreys et al., 2005; Pillai et al., 2005). Other studies have shown that the repression
takes place after translation initiation, since miRNA targeted mRNA is associated with
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ribosomes (Maroney et al., 2006). A proposed mechanism is based on the observation that
5’ cap independent repression occurs by rapid dissociation of ribosomes during translation
(Petersen et al., 2006). A recent study showed that the same mRNA can be silenced either
at the initiation step of translation or thereafter, depending on the promoter sequence used to
transcribe the mRNA (Kong et al., 2008).

MiRNA mediated gene silencing by mRNA decay has been shown to take place in so-called
cytoplasmatic processing bodies (P-bodies). Argonaute proteins complexed with miRNA and
the corresponding mRNA accumulate in P-bodies in the cytosol of cells. There the Argonaute
proteins can interact with mRNA decapping enzymes, the P-body protein GW182 and
deadenylation complexes. GW182 promotes mRNA decay via deadenylation and decapping
of the mRNA followed by mRNA degradation (Liu et al., 2005a; Liu et al., 2005b; Rehwinkel
et al., 2005; Behm-Ansmant et al., 2006).

1.2.3 Applications of RNA mediated gene silencing

The technology of RNA mediated gene silencing can be used in a variety of areas, such as
studying gene functions in low- or high-throughput applications for functional genomics,
development of therapeutics in medicine, identifying genes involved in diseases, generating
animal models for diseases and various other biotechnological applications.

SiRNAs and shRNAs can be directly employed to knockdown gene expression in vitro by
transfecting cells and large scale genetic screens have been performed to identify gene
functions. These screens have for example identified novel tumor suppressor genes,
previously unknown modulators of p53 activity and novel components of the mammalian
circadian clock (Westbrook et al., 2005; Berns et al., 2004; Maier et al., 2009). Furthermore,
RNA mediated gene silencing can also be applied in vivo. SIRNAs and shRNA expression
plasmids have been introduced into mice via hydrodynamic tail vein injection resulting in
transient gene silencing and moreover the administration of siRNAs has been shown to
protect mice from fulminant hepatitis and liver fibrosis in mouse models for liver failure (Song
et al., 2003; Zender et al., 2003).

ShRNA expression plasmids have been used to generate transgenic animals with long term
gene silencing. Those animals were generated to study gene functions and to create disease
models. Transgenic mice and rats with constitutive or inducible expression of shRNAs have
been produced for example with ubiquitous knockdown of GFP (Hasuwa et al., 2002) or a
diabetes mellitus rat model in which a doxycyclin regulated shRNA downregulates the
expression of the insulin receptor (Kotnik et al., 2009). ShRNA mediated RNAI has also been
applied in livestock to downregulate the expression of the prion protein in brain tissue of a
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goat fetus (Golding et al., 2006) and of porcine endogenous retroviruses (PERV) in pigs
(Dieckhoff et al., 2008; Ramsoondar et al., 2009).

Not only shRNAs but also artificial miRNAs have also been described for ubiquitous or
tissue-specific knockdown. Xia et al. (2006) utilized this approach to systemically
downregulate the expression of the Mangan superoxide dismutase 2 (Sod2) in mice, creating
a phenotype resembling Sod2 knockout mice. Rao et al. (2006) reported tissue-specific
knockdown of the tumor-suppressor gene Wilms’ tumor 1 (WT1) specifically in sertoli cells in
vivo in mice with an artificial miRNA construct and identified previously unknown functions of
WTA1.

The treatment of diseases by RNAI has also been attempted and several siRNA therapeutics
are being investigated in clinical trials. SiRNAs against Respiratory Syncytial Virus (RSV),
Human immunodeficiency virus (HIV), Hepatitis B virus (HBV), acute kidney failure, diabetic
macular edema, pachyonychia congenita and neovascular age-related macular degeneration
(AMD) are currently in phase | to lll clinical trials (Lépez-Fraga et al., 2008; Whitehead et al.,
2009).

1.3 Target genes and proteins for RNA interference
To assess the novel technology in pigs, two different target genes were selected for RNAI
mediated downregulation in this work. These targets were the porcine whey protein Beta-
Lactoglobulin (BLG) and the porcine tumor suppressor protein p53.

Several reasons led to the selection of porcine BLG as a target gene. First of all, porcine
BLG is a whey protein with unknown function and therefore, the knockdown of BLG would
provide valuable information, especially because gene knockout of BLG by gene targeting
has not yet been achieved. Second, it is only expressed in the lactating mammary gland and
it is therefore unlikely that a knockdown of BLG would harm the animal. Moreover, since BLG
is a whey protein, sample acquisition can easily be performed over a period of time without
sacrificing the animal. Another reason for the choice of this target gene was, that bovine BLG
is @ major cause of milk allergy and intolerance in humans. Therefore the downregulation of
porcine BLG could serve as a model for reducing the amount of bovine BLG in milk which
would be of importance and benefit to human health.

The porcine tumor suppressor p53 was chosen because of its importance in biomedicine and
cancer development as it is mutated in about 50% of human cancers. The protein is
expressed in primary cells of pigs and knockdown effects can be analyzed in vitro before the
cells are employed to generate transgenic pigs. TP53 knockout pigs by gene targeting would
be important for cancer research but, as previously described, the targeted gene knockout
has several disadvantages in livestock species such as the time period required to create
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homozygous animals displaying a cancer phenotype. Therefore RNAi mediated knockdown
could serve as a faster alternative to establish large animal models for cancer research.
More detailed information on both target genes will be given in the following sections.

1.3.1 Beta-Lactoglobulin (BLG)

BLG is a milk whey protein with unknown function. It is the major protein component in the
whey fraction in ruminants with a concentration of 2 to 4 g/l in cow’s milk (Kontopidis et al.,
2004; Farrell et al., 2004). Several non-ruminants such as pigs, horses, dogs, manatees,
dolphins and cats express BLG (Kessler and Brew, 1970; Jones and Kalan, 1971; Godovac-
Zimmermann et al., 1985; Pervaiz and Brew, 1986; Halliday et al., 1990). However, BLG is
not present in the milk of rodents, lagomorphs or humans (Monti et al., 1989). Furthermore it
is one of the main allergens involved in cow’s milk allergy or intolerance (Wal, 1998a). The
following section will provide information regarding the protein structure of porcine and
bovine BLG, suggested biological functions of the proteins, in vitro cell culture systems to
evaluate protein function and also outline the benefit of producing pigs and cows with RNAI
mediated gene silencing of BLG.

BLG structure:

The mature bovine BLG protein is composed of 162 amino acids. It is derived from 178
amino acids precursor form and has a molecular weight of 18.4 kDa. Bovine and porcine
BLG show about 80% homology at the mRNA and 67% at the amino acid level (Gallagher et
al., 1997). The porcine BLG gene has been mapped close to the telomeric region of
chromosome 1 (Ballester et al., 2005). The mature porcine protein consists of 160 amino
acids with an apparent molecular weight of 18.5 kDa originating from a precursor protein with
178 amino acids (Mercier et al., 1980). At physiological pH, bovine BLG forms dimers which
tend to separate into monomers at acidic pH (Sakurai and Goto, 2002). In contrast, porcine
BLG exists predominantly as a monomer at neutral pH and forms dimers at pH 3 (Pérez and
Calvo, 1995; Ugolini et al., 2001; Hoedemaeker et al., 2002). The bovine protein contains
two disulfide bridges and a free cysteine residue, whereas the porcine protein has no free
cysteine groups, all four cysteine residues are joined in disulfide bonds (Sawyer and
Kontopidis, 2000; Kessler and Brew, 1970).

BLG is a member of the lipocalin protein family. It shows the characteristic lipocalin central
core cavity (calyx) which is formed by eight anti-parallel B-strands connected to a ninth -
strand by one a-helix. The calyx seems to be the main ligand-binding site of bovine BLG. It
can bind hydrophobic molecules, such as 12-bromododecanoic acid, vitamin Dj, retinol,
retinoic acid and palmitate in vitro whereas in vivo only binding of fatty acids, mainly palmitic,
oleic and myristic acid, has been observed in the native protein (Qin et al., 1998; Yang et al.,
2008; Kontopidis et al., 2002; Wu et al., 1999; Kontopidis et al., 2004, Pérez et al., 1989). In
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addition, a secondary binding site for vitamin D; has been identified (Papiz et al., 1986;
Kontopidis et al., 2004, Yang et al., 2008, Farrell et al., 2004). The central calyx of porcine
BLG is empty after extracting the protein at native conditions and porcine BLG cannot bind
palmitic acid in vitro at any pH which seems to be due to a lack of positively charged
residues at the top of the calyx (Ugolini et al., 2001). These differences indicate diverse
functional properties of bovine and porcine BLG. The structure of the porcine and bovine
BLG protein is presented in Figure 8.

Porcine BLG monomer  Bovine BLG monomer Porcine BLG dimer Bovine BLG dimer

Figure 8: Porcine and bovine BLG monomer (left) and dimer (right) protein structure (1EXS/1b8e). BLG
folds into a beta-barrel structure. Arrow: beta-strand, helix: alpha-helix, line: loops, blue spheres: sodium ion.

Proposed biological functions:

There have been many suggestions regarding possible biological functions of BLG other
than being an amino acid source for the nourishment of the offspring. Bovine BLG is mainly
considered to be a transport protein. The lack of ligand binding in vivo and in vitro at neutral
pH suggests that, in contrast to bovine BLG, a transport function for porcine BLG is not likely
(Ugolini et al., 2001).

A relationship between possible transport functions and pH dependent structural changes of
the protein has been suggested. At pH 8, the central core cavity is accessible due to the
conformation of the protein. At pH 6, the cavity is closed by the a-helix and the subsequent
B-strand. This indicates a physiological function in binding of small molecules and protecting

them from acidic pH in the stomach (McKenzie and Sawyer, 1967; Uhrinova et al., 2000).

Similarities in the 3D structure of BLG and human plasma retinol-binding protein have led to
the proposal, that BLG has a role in retinol transport. However the similarity at the amino acid
level is limited. BLG-retinol complexes can bind to purified microvilli from one-week old calf
intestine in vitro, but not from 6 month old animals (Papiz et al., 1986). Thus Papiz et al.
(1986) suggested that there might be specific receptors for the BLG-retinol complex in the
small intestine of newborn calves important for retinol uptake. Kushibiki et al. (2001) also
proposed that bovine BLG enhances retinol uptake in the intestine of calves. Calves fed with
milk supplemented with retinol and bovine BLG showed elevated plasma retinol
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concentrations compared to control calves. However, the BLG-retinol complex has never

been detected in vivo, therefore such a role seems unlikely (Pérez and Calvo, 1995).

Another attempt to identify a function of BLG was made by Pérez et al. (1992). They
demonstrated that bovine BLG can increase the activity of ruminant pregastric lipase in vitro.
This enzyme is important for the hydrolysis of milk fat globules but is inhibited by free fatty
acids. Therefore the increased activity of pregastric lipase seems to depend on the ability of
BLG to bind these free fatty acids. Because of these results, it has been suggested, that BLG
facilitates the digestion of milk fat in newborn calves (Pérez et al., 1992). In addition,
Kushibiki et al. (2001) showed that calves fed with milk enhanced with bovine BLG and milk
fat, showed significantly higher plasma concentrations of triglycerides than the control group.
They concluded that BLG is important for the digestion and/or intestinal absorption of fatty
acids and triglycerides in newborn calves. Nevertheless, BLG from non-ruminant species
does not bind fatty acids and is therefore not likely to play an essential role in this process in
other animals (Pérez et al., 1992).

To study possible functions of BLG in pigs, Sutton and Alston-Mills (2006) tried to determine
its effect on intestinal morphology and development in newborn piglets. They compared
piglets raised with pig milk and piglets fed bovine colostrum powder with and without bovine
BLG. No effect on DNA concentration in the intestine, gut maturation on enzymatic level and
intestinal morphology was found between pigs fed with or without BLG. These findings lead
to the conclusion that BLG does not play a role in intestinal development and morphology in

pigs and its function remains elusive.

Milk allerqy and intolerance:

Bovine BLG is a major factor for cow’s milk intolerance and cow’s milk allergy (CMI/CMA)
both of which mainly affect children. CMA or CMI is diagnosed in about 2 to 3% of children
younger than 2 years in northern Europe and is characterized by skin reactions,
gastrointestinal and respiratory allergy symptoms (Wal, 1998a; Kagan, 2003). Like many
other animal allergens, bovine BLG is a member of the lipocalin protein family (Mantyjarvi et
al., 2000). The acid stability of bovine BLG originating from the stable lipocalin 3D structure
confers resistance to acid hydrolysis and protease digest. This is the reason why a certain
percentage of BLG remains intact during milk processing or gastric digestion, retaining its
allergenicity (Wal, 1998b; Sélo et al., 1998; D’Alfonso et al., 2005). It has been shown that
BLG can readily pass through the small intestine epithelium into the lamina propria of mice
and cause anaphylaxis after ingestion (Roth-Walter et al., 2008). Whether ingested BLG is
transferred to the milk of nursing mothers is controversial (Jakobsson et al., 1985; Monti et
al., 1989; Conti et al., 2000). Although after the cleavage of the disulfide bridges in bovine
BLG the lipocalin 3D structure is not retained, the immunogenicity is not eliminated since the
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relevant epitopes are distributed over the whole protein. Some hydrolytic peptides are even
more immunogenic than intact BLG (Sélo et al., 1998). Due to the stability against acid
hydrolysis and the allergenic potential of BLG peptides after cleavage of the protein,
elimination of BLG from bovine milk by processing is not easily achieved. Therefore it would
be beneficial to produce milk with lower BLG content.

Elimination of BLG from milk in transgenic animals:

As described above, possible biological functions of the bovine protein have been suggested
but none have been proved definitively. The function of porcine BLG remains unknown. This
has motivated several attempts to generate BLG knockout animals by gene targeting. Only
one report has been published so far concerning a knockout for bovine BLG. Lin et al. (2009)
analyzed the DNA methylation changes in cells derived from a BLG knockout fetus. The
fetus died at the age of 3 months in utero and showed abnormal methylation patterns which
might have led to the death of the fetus. The knockout itself has not been published and no
further details were given. In sheep, targeted elimination of BLG has been attempted for
several years without success since enrichment for gene targeting with promoter-trap vectors
has not been possible for BLG. This is due to the fact, that no cells with long-term in vitro
expression of BLG are available. Targeting vectors without promoter trap did not lead to
successful knockout of another milk protein, ovine B-casein, either (Schnieke, personal
communication; Thomson et al., 2003). Therefore an alternative approach to eliminate BLG
expression is necessary. Downregulation of BLG expression by RNAi would allow functional
studies of the protein and in addition could serve as a model system for establishing RNAi in
livestock. The cow is clearly the most important dairy species, but because of the small litter
size, the long gestation period (around 283 d) and the late sexual maturity of cows (9-10
months), they are not the most suitable animal in which to establish the RNAi technology
(Barnett, 2007). Once it has been shown that milk composition can be effectively changed by
RNAI in other species, the method could then be transferred to cows. Since mice and other
small laboratory animals do not express BLG (Monti et al., 1989), the pig seems to be a
suitable animal for RNAi mediated knockdown of BLG expression. Pigs have an average
litter size of 10.5 piglets per pregnancy, reach sexual maturity at 5-6 months and have an
average gestation period of 115 d (Barnett, 2007). Since the protein is only expressed in the
lactating mammary gland it is unlikely that a lack of BLG would cause major health problems
in transgenic pigs. The ease of sample acquisition by obtaining milk from knockdown pigs
over a period of time is an additional advantage for establishing the RNAi technology in
livestock with a milk protein. Since porcine and bovine BLG show 80% similarity at the
mRNA level, knockdown of porcine BLG could serve as a model for downregulation of BLG
in the cow (Gallagher et al., 1997).
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Cell culture to evaluate function of BLG:

Before RNAiI mediated downregulation of BLG expression is attempted in vivo, it would be
helpful if preliminary data could be obtained by using in vitro tissue culture. Several in vitro
cell culture systems for the expression of milk proteins mimicking mammary gland function

have been described.

Immortalized mammary epithelial cell (MEC) lines have been generated from livestock
species such as cow, sheep, goat and pig after spontaneous immortalization or transfection
with SV40 large-T antigen (Huynh et al., 1991; Zavizion et al., 1996; llan et al., 1998;
Pantschenko et al., 2000; Sun et al., 2006). These cell lines preserved certain functional
properties of mammary gland cells in vivo. A bovine MEC line (MAC-T) can produce alpha-
and beta-casein after induction with prolactin when cultured on collagen gels (Huynh et al.,
1991). Another bovine MEC line (BME-UV) only produces low levels of casein (Zavizion et
al., 1996) and BLG expression has not been examined in MAC-T and BME-UV cell lines. The
spontaneously immortalized porcine MEC line SI-PMEC is reported to produce alpha-
lactalbumin, beta-casein and BLG in three dimensional cultures in Matrigel after lactogenic
hormone induction (Sun et al., 2006) and could be useful to test RNAiI mediated knockdown
of BLG.

Besides the use of immortalized MEC lines, few groups have studied milk gene expression in
primary cell cultures. Bovine primary MEC can synthesize lactose, alpha s;-casein, beta-
casein, alpha-lactaloumin, lactoferrin and BLG after induction with lactogenic hormones
when cultured on collagen gels (Baumrucker et al., 1988; Talhouk et al., 1993; Cifrian et al.,
1994). The protein secretion of porcine primary MEC has been studied by Kumura et al.
(2001) and Sun et al. (2005). Secretion of beta-casein, lactoferrin, alpha-lactalbumin and
BLG could be detected after culturing them on floating collagen gels or extracellular
basement membrane (Matrigel) and addition of lactogenic hormones (Kumura et al., 2001;
Sun et al., 2005). The expression of lactoferrin and BLG did not require hormonal induction
with prolactin in the cells isolated by Kumura et al. (2001). Due to the ability to express milk
proteins in vitro in cell culture, primary MEC and immortalized MEC lines are useful systems
to elucidate the function of BLG, the application of RNAi and possibly to generate animals
after SCNT of tested primary cells.

1.3.2 Tumor suppressor protein p53

The tumor suppressor protein p53 is involved in various cellular pathways. It was identified in
1979 (e.g. Lane and Crawford, 1979; Linzer and Levine 1979) during immunoprecipitation
studies of the SV40 large T antigen. The function of p53 as a tumor suppressor was
discovered by Finlay et al. and Eliyahu et al. in 1989. This section will briefly describe the
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functions of p53. Moreover, information about mutation or deletion of the TP53 and gene-
targeted knockout as well as knockdown animal models for p53 will be presented.

Functions of p53:

The p53 protein acts as a transcription factor and regulates the expression of many genes in
response to stress signals. In normal cells, p53 has a relatively short half-life and is present
in very low levels due to the activity of the ubiquitin ligase MDM2. Stress signals lead to
stabilization and accumulation of p53 in the nucleus. These stress signals include activation
of oncogenes, DNA damage, ribonucleotide depletion, loss of survival signals and hypoxia.
Activation of p53 can lead to growth arrest, DNA repair, senescence, differentiation or
apoptosis (see Figure 9) (Vousden and Lu, 2002; Shu et al., 2007).

Because of all of these functions, p53 has been termed ,guardian of the genome’ (Lane,
1992). Deletions or inactivating mutations in TP53 therefore lead to a loss of its regulatory
function. In response to stress signals, inactivated p53 cannot bind to p53 response
elements of target genes. This leads to a reduced rate of apoptosis, growth arrest and
senescence (Vousden and Lu, 2002). A comparison of mutant and wildtype p53 stress
response is outlined in Figure 9.

Loss of support/survival signals p33 Mutant p53
- Ribonucleotide depletion
wn DMNA damage @ w
ﬁ Oncogene activation Fiaﬂ'&-’&% Mﬂﬂﬂﬂ%ﬁ
~ Microtubule inhibitors DNA binding and -
w transcriptional activation No DNA binding
Telomere erosion l l
Hypoxia/anoxia DNA damage DNA damage
& o —
p53 activation 5= 8 S” ¢
v \bgrb A .. 4
w Apoptosis Apoptosis l 1 l
0 Cell-cycle arrest Growth arrest Growth arrest
Senescence
g Differentiation Sanescance
o Senescence
o DNA repair
w P
i Apoptosis

Figure 9: Activation of p53 by stress signals and p53 mediated response (left) (adapted, from Vousden
and Lu, 2002) and comparison of wildtype and mutant p53 (adapted, from Strano et al., 2007). Left: p53 is
activated in cells by stress signals, including activation of oncogenes, DNA damage, ribonucleotide depletion, loss
of survival signals, hypoxia and many more. In response to stress signals, p53 is stabilized and accumulates in
the nucleus initiating DNA repair, differentiation, cell-cycle arrest, apoptosis or senescence. Right: The DNA
binding ability of wildtype p53 and mutant p53 are different. In contrast to wildtype p53, the mutant form cannot
bind to p53 response elements, leading to reduced apoptosis, lower levels of growth arrest and reduced
senescence.
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Structure:

Human p53 consists of 393 amino acids. It contains three main domains, the N-terminal
transactivation domain, a central DNA binding domain and the C-terminal domain (Shu et al.,
2007) which are presented in Figure 10. The N-terminal domain is important for the
transcriptional activation of p53 target genes and the interaction with the p53 inhibitory
protein MDM2 (Fields and Jang, 1990; Chen et al., 1995). The central core domain
represents the DNA-binding domain of p53 and is therefore important for the recognition of
p53 target promoters (Foord et al., 1993). The C-terminal domain contains a tetramerization
motif necessary for the formation of the active transcription factor (Stirzbecher et al., 1992;
Wang et al., 1994).

N-terminal Central core C-terminal
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Figure 10: Domains of the p53 protein (adapted, from Bode and Dong, 2004). The N-terminal transactivation
and proline rich SH3 domain (blue and pink), the central DNA binding domain (orange) and the C-terminal domain
containing the tetramerization domain (purple) are shown. Details see text.

The porcine TP53 gene is located on chromosome 12 (Rettenberger et al., 1993). It encodes
a 386 amino acid protein. Porcine TP53 shows 87% homology at the nucleotide and 88%
homology at the amino acid level to human TP53 (Burr et al., 1999; UniGene Ssc.15917).
The DNA-binding region is highly conserved. Due to the short lifespan of pigs for commercial
use, no information about spontaneous and hereditary mutations in the TP53 gene and
cancer development is available (Burr et al., 1999).

p53 and cancer:

The TP53 gene is mutated in about 50% of all human tumors. The mutations mainly include
point mutations and chromosomal deletion of TP53 (Greenblatt et al., 1994; Soussi et al.,
2000). In addition a gene amplification or over-expression of the p53 ubiquitin ligase MDM2
can lead to a reduced level of p53 in cells due to accelerated ubiquitinylation of p53
(Momand et al., 1998). This leads to altered p53 molecules that accumulate in the cell or to a
loss of p53 protein and therefore loss of p53 function (Chari et al., 2009).

Inherited TP53 mutations are found in patients with Li-Fraumeni syndrome (LFS). This
multiple cancer syndrome is caused by a heterozygous mutation in TP53 and results in
predisposition to multiple primary tumors and a high rate of multiple cancers usually before
the age of 50. Cancers include adrenocortical carcinoma, sarcomas, leukemia, breast cancer
and brain tumors. Analysis of tumor samples revealed that the second allele of TP53 is often
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affected by another mutation or chromosomal deletion. This results in tumor cells with a lack
of p53 function (Malkin et al., 1990; Evans and Lozano, 1997).

Animal models for Li-Fraumeni syndrome:

Mouse models with heterozygous and homozygous deletion of TP53 have been produced to
investigate the role of p53 in tumor development and as models for LFS. Mice with a
homozygous knockout of TP53 are viable and develop various tumors before the age of 6
months. Even heterozygous mice are prone to tumor development with tumors occurring
after 9 months of age. The tumors are mainly lymphomas and sarcomas. These knockout
mice show that the absence of the protein is sufficient for tumor development and that the
survival rate of TP53 knockout mice is decreased compared to wildtype animals due to tumor
formation (Donehower et al., 1992; Jacks et al., 1994). The survival rates of wildtype and

knockout mice are presented in Figure 11.

1004 o—] p53++
90+
80+
704 p53 +/-

604

"
2
2 504
&
aE 40+ p53 /-
304
20+
10+
0 T T T T
0 100 200 300 400 500
Age (days)

Figure 11: Effect of p53 deletion on the survival rate of mice (adapted, from Jacks et al., 1994). Wildtype
mice (white) survived more than 500 days (d). Heterozygous animals (blue) showed tumor formation from 9
months onwards. After 500 d 28% of the animals had died or had to be sacrificed. Homozygous knockout mice
(red) had all died or been sacrificed by 250 d and 84% of them showed tumor formation.

RNAI offers an alternative method to produce animals or cells with a reduced amount of p53.
Hemann et al. (2003) used shRNAs to knockdown p53 in hematopoietic stem cells from Ep-
myc mice. These mice express the c-myc oncogene from the immunoglobulin heavy-chain
enhancer and develop lymphomas. Hematopoietic stem cells with p53 knockdown were
introduced in lethally irradiated mice. Depending on the in vitro knockdown efficiency of the
construct, mice either showed no difference in survival compared to control mice or they
developed lymphomas and died within 95 days proving that the depletion of p53 accelerated
tumor development in vivo. The experiment and the survival rates are depicted in Figure 12.
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Figure 12: p53 knockdown by shRNAs in Ep-Myc mice (adapted, from Hemann et al., 2003). A: Diagram of
the experimental procedure B: Kaplan-Meier curve showing survival rates and lifespan in relation to the construct
used (p53-A: minimal p53 knockdown; p53-B: moderate p53 knockdown; p53-C: highly efficient knockdown
construct).

A similar experiment with artificial miRNAs instead of shRNAs was performed by Dickins et
al. (2005) where mice developed lymphomas that even showed resistance to chemo-

therapeutic treatment with adriamycin, also known as doxorubicin, in vivo.

The piq as an animal model for cancer research:

Since pigs are genetically closer to humans than mice, have a similar physiology, size and
organ development to humans, they might be suited to serve as large animal models for
cancer research (Wernersson et al., 2005; Lunney, 2007). Genetically modified pigs with
RNAi mediated knockdown of p53 would be useful to study cancer development, improve
detection methods for early stage cancers, develop new anti-tumor treatments and increase
tumor progression in pigs with precise genetic modifications of oncogenes or tumor

suppressor genes.

Our laboratory has successfully generated pigs with a heterozygous mutation in the tumor
suppressor gene adenomatous polyposis coli (APC) resembling one of the most common
mutations in human familial adenomatous polyposis (FAP), an inherited colorectal cancer
syndrome. In FAP patients, tumors only arise after a series of activating mutations in
oncogenes such as K-Ras and inactivating mutations in tumor suppressor genes such as
SMAD4 and TP53 (Fodde, 2002). Therefore RNAi mediated downregulation of p53
combined with the targeted APC mutation might accelerate tumor formation and increase

tumor progression.

1.4 Aim

The aim of this project was to establish RNAi technology in livestock. For this purpose, two
target genes for RNAiI mediated downregulation were chosen. The first target was the
porcine whey protein Beta-Lactoglobulin (BLG), a lactating mammary gland specific protein
not expressed in other tissues. The knockdown of BLG might elucidate the function of this
protein and serve as a test whether RNAi mediated knockdown can be used to modify the
composition of milk in livestock. The second target, the porcine tumor suppressor protein
p53, is a ubiquitously expressed protein important in cancer biology. In case of p53, the aim
was to evaluate whether RNAi mediated knockdown could be used as an alternative to gene
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knockout by gene targeting to create a porcine animal model for human Li-Fraumeni

syndrome.

Efficient sequences for the downregulation of these two target genes had to be designed and
the knockdown efficiency had to be evaluated in several independent systems such as
mammalian cell lines and primary cells in a variety of assays. In addition, shRNAs and
artificial miRNA for the downregulation of gene expression had to be compared to determine
if one of the construct types is more suitable for the generation of RNAI transgenic pigs.



2 Material and methods

2.1 Materials

2.1.1 Equipment

+4°C fridge

-20°C freezer

-80°C ultra low temperature freezer
AxioCAM 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 ExW

Electrophoresis chamber
HE 33 Mini Submarine Unit

Electrophoresis chamber Classic CSSU1214
Electrophoresis chamber Classic CSSU78
Electrophoresis Power Supply EPS 301
Electroporator Multiporator

Handy Step Multipipette

Ilce maker

lka MS2 Minishaker

lka-Combimag

Improved Neubauer chamber

Incubator

Laminar Flow Hood HERAsafe Type HSP

Material and methods

Beko Technologies, Dresden, Germany
Liebherr International, Bulle, Switzerland
Thermo Electron, Dreieich, Germany
Zeiss AG, Oberkochen, Germany

Zeiss AG, Oberkochen, Germany
Syngene, Cambridge, United Kingdom
Eppendorf, Hamburg, Germany

Sigma, Osterode, Germany

Sigma, Osterode, Germany

Sigma, Osterode, Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Syngene, Cambridge, United Kingdom

Peglab, Erlangen, Germany

GE Healthcare, Munich, Germany

Thermo Electron, Dreieich, Germany
Thermo Electron, Dreieich, Germany
Amersham Bioscience

Eppendorf, Hamburg, Germany

Brand, Wertheim, Germany

Eurfrigor, Lainate, Italy

RCO Janke & Kunkel, Staufen, Germany
RCO Janke & Kunkel, Staufen, Germany
Brand, Wertheim, Germany

Binder GmbH, Tuttlingen, Germany

Heraeus Instruments, Munich, Germany



Luminometer GloMAX 20/20
Microwave NN-E202W
Mini-PROTEAN 3 Cell

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

Power supply EC 105

Power supply EPS 301

Pure water system Astacus

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

Scale APX-1502

Steri-Cycle CO, incubator
Trans-Blot SD Semi-dry Transfer Cell
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

Cell culture flasks (25, 75, 150 cm?)
Cell culture plates (6-, 12-, 24-, 48-well)
Cryopreservation tube

Disposable inoculating loop (10 pl)

Material and methods

Turner Biosystems, Mannheim, Germany
Panasonic

BioRad, Munich, Germany

Nalgene, Rochester, U.S.A.

Thermo Electron, Dreieich, Germany

MJ Research, Watertown, USA

Eutech Instruments, Singapore, Singapore
BioHit, Rosbach v.d. H6he, Germany
Gilson, Bad Camberg, Germany

Gilson, Bad Camberg, Germany
Hirschmann, Eberstadt, Germany
Thermo Electron, Dreieich, Germany

GE Healthcare, Munich, Germany
membraPure, Bodenheim, Germany
Mettler Toledo, Giessen, Germany

Kern, Balingen, Germany

Denver Instruments, Géttingen, Germany
Thermo Electron, Dreieich, Germany
BioRad, Munich, Germany

Scientific Industries, New York, USA
VELP Scientifica, Usmate, Italy

Thermo Electron, Dreieich, Germany

Brand, Wertheim, Germany

Becton, Dickinson & Company, Sparks,
USA

Corning, New York, USA
Corning, New York, USA
Corning, New York, USA
Corning, New York, USA

Cole-Parmer Instrument, lllinois, USA



Electroporation cuvettes (2 and 4 mm)
Filter Stericup and Steritop (0.22 um)
Glass pasteur pipettes

Glassware (bottles, flasks)

Hybond-N* nylon transfer membrane
Immobilon-P PVDF transfer membrane
Petri dish (10 cm)

Photometer cuvettes UVette

Pipette tips with filter (2, 20, 200, 1000 pl)
Pipette tips without filter (2, 20, 200, 1000 pl)
Rotilabo Blotting paper (1 mm)

Sterile Filter, 0.22 pm

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

2.1.3 Chemicals
1,4-Dithiothreitol (DTT)

2-Propanol
3-Isobutyl-1-methylxanthin (IBMX)
Acetic acid

Ammonium persulfate (APS)
Ascorbic acid

Beta-glycerol phosphate

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

Material and methods

Peqlab, Erlangen, Germany

Millipore Corporation, Billerica, USA
Brand, Wertheim, Germany

Marienfeld, Lauda-Kdénigshofen, Germany
Amersham Bioscience, Freiburg, Germany
Millipore Corporation, Billerica, USA
Brand, Wertheim, Germany

Eppendorf, Hamburg, Germany

Mettler Toledo, Giessen, Germany

Brand, Wertheim, Germany

Roth, Karlsruhe, Germany

Sartorius AG, Géttingen, Germany

Corning, New York, USA

Sigma, Steinheim, Germany

Roth, Karslruhe, Germany

Sigma, Steinheim, Germany
Fluka, Seelze, Germany

Carl Roth GmbH, Karlsruhe, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Biozym, Oldendorf, Germany
PAA, Pasching, Austria

Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Riedel-de-Haen, Seelze, Germany
Fluka, Seelze, Germany

Sigma, Steinheim, Germany

Sigma, Steinheim, Germany



Formamide (deionized)
GenAgarose L.E

Glycerol

Glycine

Hydrochloric acid
Indomethacin

Maleic acid

Methanol

Oil Red O

Rotiphorese Gel 40 (19:1)
Rotiphorese Gel 40 (29:1)
Silver nitrate

Sodium acetate

Sodium chloride

Sodium citrate tribasic dihydrate
Sodium hydroxide
Sodium thiosulfate
Sodiumdodecylsulfate (SDS)
Sucrose

TEMED

Trizma base

Trizma HCI

Tween 20

2.1.4 Kits
Calcium CPC Liquicolor Kit

Dual-Glo Luciferase Assay

GenElute Mammalian Genomic DNA Miniprep
Kit

High Pure RNA Isolation Kit
NucleoBond Xtra Maxi

NucleoBond Xtra Midi

Material and methods

Sigma, Steinheim, Germany
Genaxxon, Biberach, Germany
Sigma, Steinheim, Germany
Roth, Karlsruhe, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Roth, Karlsruhe, Germany
Sigma, Steinheim, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Sigma, Steinheim, Germany
Roth, Karlsruhe, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Fluka, Seelze, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany
Roth, Karlsruhe, Germany
Sigma, Steinheim, Germany
Sigma, Steinheim, Germany

Sigma, Steinheim, Germany

Stanbio Laboratories, Boeme, USA
Promega, Mannheim, Germany

Sigma, Steinheim, Germany

Roche Diagnostics, Mannheim, Germany
Macherey-Nagel, Diren, Germany

Macherey-Nagel, Diren, Germany



NucleoSpin Plasmid Quick Pure

Wizard SV Gel and PCR Clean-Up System

Material and methods

Macherey-Nagel, Diren, Germany

Promega, Madison, USA

2.1.5 Reverse Transcriptase and polymerases

GoTag DNA Polymerase

MolTaq DNA Polymerase

OmniTaq DNA Polymerase

Phusion High-Fidelity DNA Polymerase
Platinum Tag DNA Polymerase
SuperScript lll Reverse Transcriptase

SuperScript One-Step RT-PCR System with
Platinum Taq DNA Polymerase

SuperScript One-Step RT-PCR System with
Platinum Taqg High Fidelity

2.1.6 Enzymes for molecular cloning
Calf Intestine Phosphatase (CIP)

DNA Polymerase | Large (Klenow) Fragment
Proteinase K

Restriction endonuclease Bglll

Restriction endonucleases

RNAse A solution

T4 DNA Ligase

2.1.7 Strains of Escherichia coli

Promega, Mannheim, Germany

Molzym, Bremen, Germany

Omni Life Science, Hamburg, Germany
New England Biolabs, Frankfurt, Germany
Invitrogen, Karlsruhe, Germany
Invitrogen, Karlsruhe, Germany

Invitrogen, Karlsruhe, Germany

Invitrogen, Karlsruhe, Germany

New England Biolabs, Frankfurt, Germany
New England Biolabs, Frankfurt, Germany
Sigma, Steinheim, Germany

Fermentas, St. Leon-Rot, Germany

New England Biolabs, Frankfurt, Germany
Sigma, Steinheim, Germany

New England Biolabs, Frankfurt, Germany

Table 2: Strains and genotype of Escherichia coli (E. coli)

Strain Genotype Source
F endA1 recA1 galE15 galK16 nupG rpsL AlacX74
DH10B @®80lacZAM15 araD139 A(ara,leu)7697 mcrA A(mrr- Invitrogen
hsdRMS-mcrBC) A
ara-14 leuB6 fhuA31 lacY1 tsx78 ginV44 galK2 galT22 New Enaland
ER2925 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10)TetS endAf Biola%s
rpsL136 dam13::Tn9 xylA-5 mtl-1 thi-1 mcrB1 hsdR2
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2.1.8 Media and antibiotics for bacterial culture

Difco LB Agar, Miller Becton Dickinson and Company, Sparks, USA

Difco Luria Broth Base Becton Dickinson and Company, Sparks, USA
Antibiotic Supplier Stock solution Working concentration
Ampicillin Sigma, Steinheim, Germany 100 mg/ml 100 pg/mi
Kanamycin Sigma, Steinheim, Germany 30 mg/ml 30 pg/mi

Spectinomycin Fluka, Seezle, Germany 10 mg/ml 50 pg/mi

2.1.9 Mammalian cell lines

Cell line Organism Description Source
CHO-K1 Chinese hamster Ovary Dr. A. Schnieke
HEK293 Human Embryonic kidney Dr. A. Schnieke
MiaPaca2 Human Pancreatic cancer Dr. D. Saur
Pancreatic cancer,
MPC Mouse 053 deficient Dr. D. Saur
HEK293FT Human Embryonic kidney, Invitrogen

SV40 large T antigen

HT1080 Human Fibrosarcoma Dr. A. Schnieke

2.1.10 Media and additives for mammalian cell culture

Advanced DMEM GIBCO, Paisley, UK
Ampbhotericin B PAA, Pasching, Austria
Blasticidin S Cayla-Invivogen, Toulouse, France
Chicken serum PAA, Pasching, Austria

DMEM (4.5 g/l glucose) PAA, Pasching, Austria
DMEM/F12 PAA, Pasching, Austria
D-PBS PAA, Pasching, Austria

Fetal calf serum, ES qualified (FCS) PAA, Pasching, Austria

G418 PAA, Pasching, Austria
GlutaMAX GIBCO, Paisley, UK

Hanks Balanced Salt Solution Biochrom AG, Berlin, Germany
Heparin Sigma, Steinheim, Germany
ITS+1 Sigma, Steinheim, Germany
Lymphocyte separation medium PAA, Pasching, Austria

Non essential amino acids PAA, Pasching, Austria



Penicillin/Streptomycin
Porcine serum

Quantum 263

Quantum 286

Sodium pyruvate solution
Defined Lipid Supplement
Lecithin

Cholesterol, water soluble

Material and methods

PAA, Pasching, Austria
PAA, Pasching, Austria
PAA, Pasching, Austria
PAA, Pasching, Austria
PAA, Pasching, Austria
GIBCO, Paisley, UK

Fluka, Seezle, Germany
Sigma, Steinheim, Germany

2.1.11 Enzymes, hormones and growth factors for cell culture

Accutase

Basic fibroblast growth factor (bFGF, FGF-2)
Bovine insulin

Collagenase Typ | A

Collagenase Typ llI

Dispase

Hyaluronidase

Ovine prolactin

Transforming growth factor beta (TGF-1)
Trypsin EDTA

2.1.12 Miscellaneous reagents

Cytoskeleton Advanced Protein Assay
Reagent

Complete mini protease inhibitor
Novagen Cytobuster Lysis Buffer
Passive Lysis Buffer

Trizol

Hypoosmolar Buffer

Nanofectin

Calcium Phosphate Transfection Kit
AGFA Developer G 150 for X-Ray film
AGFA Fixer G 354 for X-Ray film

AGFA Cronex 5 X-Ray film

PAA, Pasching, Austria

Genaxxon, Ulm, Germany

Sigma, Steinheim, Germany

Sigma, Steinheim, Germany

Sigma, Steinheim, Germany

Becton, Dickinson & Company, Sparks, USA
Genaxxon, Ulm, Germany

Genaxxon, Ulm, Germany

AbD Serotec, Dusseldorf, Germany

PAA, Pasching, Austria

tebu-bio, Offenbach, Germany

Roche Diagnostics, Mannheim, Germany,
Merck, Nottingham, United Kingdom
Promega, Mannheim, Germany
Invitrogen, Karlsruhe, Germany
Eppendorf, Hamburg, Germany

PAA, Pasching, Austria

Invitrogen, Karlsruhe, Germany

Réntgen Bender, Baden-Baden, Germany
Réntgen Bender, Baden-Baden, Germany
Réntgen Bender, Baden-Baden, Germany
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2.1.13 Oligonucleotides

Oligonucleotides for DNA sequencing

Oligonucleotide name Sequence 5’ - 3’
psiCHECK Seq f aggaggacgctccagatgaa
IMG-800 Seq f aatacgtgacgtagaaagta
IMG-800 Seq r tgatatccgcagatctce
miRNA Seq f tcccaagctggctagttaag
miRNA Seq r ctctagatcaaccactttgt
pLenti-U6 f atagtaggaggcttggtagg
pLenti-U6 r ccggtagaattcgaagcttg
T7 taatacgactcactataggg
SP6 tatttaggtgacactatag

Oligonucleotides for shRNA vector constructs directed against porcine BLG

Underlined: Overhangs for cloning; Bold: loop region

Oligonucleotide

Sequence 5’ -3’

BLGsh219 for.

tcgagggcgtatgtggaggggctggagtactgcageccctccacatacgcctttttt

BLGsh219 rev.

ctagaaaaaaggcgtatgtggaggggctgeagtactccagceccctccacatacgece

BLGsh279 for.

tcgaggcgggagaatgacaagtgtgagtactgacacttgtcattctcecgectttitt

BLGsh279 rev.

ctagaaaaaagcgggagaatgacaagtgtcagtactcacacttgtcattctcccgec

BLGsh334 for.

tcgagectgecgtgticaagatcagagtactgtgatcttgaacacggcaggtttitt

BLGsh334 rev.

ctagaaaaaacctgccgtgttcaagatcacagtactctgatcttgaacacggcagge

BLGsh369 for.

tcgagccagctcttcetgetggacgagtactggtccagcaggaagagcetggtitttt

BLGsh369 rev.

ctagaaaaaaccagctcttcctgctggaccagtactegtccagcaggaagagcetgge

BLGsh380 for.

tcgagtgctggacactgactacgagagtactgtcgtagtcagtgtccagcatttitt

BLGsh380 rev.

ctagaaaaaatgctggacactgactacgacagtactctcgtagtcagtgtccagcac

BLGsh489 for.

tcgagccagatcagggagaaatttgagtactgaaatttctccctgatctggtttttt

BLGsh489 rev.

ctagaaaaaaccagatcagggagaaatttcagtactcaaatttctccctgatctgge
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Oligonucleotides for miRNA vector constructs directed against porcine BLG
Underlined: Overhangs for cloning; Bold: loop region

Oligonucleotide Sequence 5’ - 3’

BLGmMI334 for. tactgattgatcttigaacacggcagggttitggccactgactgaccctgccgticaagatcaat
BLGmMIi334 rev. cctgattgatcttgaacggcagggtcagtcagtggccaaaaccctgecgtgticaagatcaate
BLGmI490 for. tactgttcaaatttctcectgatctggttttggccactgactgaccagatcagagaaatitgaa
BLGmMI490 rev. cctgttcaaatttctctgatctggtcagtcagtggccaaaaccagatcagggagaaatttgaac

Oligonucleotides for shRNA vector constructs directed against porcine TP53
Underlined: Overhangs for cloning; Bold: loop region

Oligonucleotide Sequence 5’ - 3’

TP53sh312 for. tcgaggggttcctgcatictggaacagagtactgtgticcagaatgcaggaaccecitttit
TP53sh312 rev. ctagaaaaaagggttcctgcattctggaacacagtactctgticcagaatgcaggaacccc
TP53sh787 for. tcgaggcttigaggtgcegtgtitgtggagtactgcacaaacacgcacctcaaagcittitit
TP53sh787 rev. ctagaaaaaagctttgaggtgcgtgtttgtgcagtactccacaaacacgccctcaaagcc
TP53sh944 for. fcgaggccactggatggcgagtatttgagtactgaaatactcgccatccagtggctititt
TP53sh944 rev. ctagaaaaaagccactggatggcgagtatttcagtactcaaatactcgccatccagtggec

Oligonucleotides for miRNA vector constructs directed against TP53
Underlined: Overhangs for cloning; Bold: loop region

Oligonucleotide Sequence 5’ - 3’

TP53mi304 for. tactgaatgcaggaaccctagacggagttttggccactgactgactccgtctagttcctgcatt
TP53mi304 rev. cctgaatgcaggaactagacggagtcagtcagtggccaaaactccgtctagggttcctgcattc
TP53mi785 for. tactgcaaacacgcacctcaaagctggttttggccactgactgaccagctitggtgegtgtttg
TP53mi785 rev. cctgcaaacacgcaccaaagctggtcagtcagtggccaaaaccagctttgaggtgegtgtitge
TP53mi943 for. tgctgaatactcgccatccagtggctgttttggccactgactgacagccactgtggcgagtatt
TP53mi943 rev. cctgaatactcgccacagtggctgtcagtcagtggccaaaacagccactggatggcgagtattc
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Oligonucleotides for shRNA and miRNA control constructs
Underlined: Overhangs for cloning; Bold: loop region

Oligonucleotide Sequence 5’ - 3’

shnc forward tcgatcagtcacgttaatggtcgttttcaagagaaacgaccattaacgtgactgattttt

shnc reverse ctagaaaaatcagtcacgttaatggtcgtttctcttgaaaacgaccattaacgtgactga

minc forward tactgaaatgtactgcgcgtggagacgttttggccactgactgacgictccacgcagtacattt
minc reverse cctgaaatgtactgcgtggagacgtcagtcagtggccaaaacgtctccacgcgcagtacatttc
shLuc1 forward tcgagggctcgcetgcaagcaaatgaagagtactgttcatttgctigcagcgagcctttttt
shLuc1 reverse ctagaaaaaaggctcgctgcaagcaaatgaacagtactcttcatttgctigcagcgagecc
miLuc1 forward tactgttcatttgcttgcagcgagecgitttggccactgactgacggctcgctaagcaaatgaa
miLuc1 reverse cctgttcatttgcttagcgagcecgtcagtcagtggecaaaacggctcgctgcaagcaaatgaac
miLuc?2 forward tactgtgaaggagtccagcacgttcagttttggccactgactgactgaacgtgggactcctitca
miLuc2 reverse cctgtgaaggagtcccacgticagtcagtcagtggccaaaactgaacgtgctggactecttcac

Oligonucleotides for circularization of the vector pcDNA6.2-GW/miR (pCMV-miRNA)
Underlined: Overhangs for cloning; Bold: Smal restriction site; /talics: Bsal restriction site

Oligonucleotide Sequence 5’ - 3’

Bsal oligonucleotide f tacttgagaccatatatatatcccgggatatatatatggtctca

Bsal oligonucleotide r | cctgtgagaccatatatatatcccgggatatatatatggictca

DIG-labeled LNA probes for miRNA Northern Blot

Oligonucleotide Sequence 5’ - 3’
BLGmMIi490 probe cagatcagggagaaatttgaa
U6 snRNA probe cacgaatttgcgtgtcatcctt

2.1.14 Plasmids

Table 3: Plasmids used for transfection or cloning (schematic diagrams see section 8.2)

Plasmid Description Source

pcDNA6.2-GW/miR Mammalian artificial miRNA construct with

. Invitrogen
(pCMV-miRNA) CMV promoter

Mammalian expression construct for porcine _
pcDNA-BLG . Dr. H. Wieland
BLG based on pcDNAS.1 (Invitrogen)
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pJet1.2-blunt Cloning vector Fermentas
Lentiviral plasmid derived from pLenti4/V5-
DEST (Invitrogen) after removal of the CMV
pLenti4s promoter, the aatR1/2 sites, the Dr. H. Wieland
chloramphenicol resistance, the ccdB gene
and the V5 epitope
_ Lentiviral plasmid based on pLenti6/TR
pLenti6/TR- _ _ _ _ _
(Invitrogen) with an insertion of the woodchuck Dr. H. Wieland
woodchuck o
hepatitis virus enhancer element (WPRE)
Lentiviral packaging plasmid containing the
pLP/VSVG Vesicular Stomatitis Virus envelope G Invitrogen
glycoprotein
Lentiviral packaging plasmid containing HIV _
pLP1 _ Invitrogen
gag and pol coding sequences
Lentiviral packaging plasmid containing rev _
pLP2 _ Invitrogen
coding sequences
Mammalian expression plasmid with ovine
pMIX-FIX BLG promoter based on pMIX (A. Schnieke) M.Sc. A. Saalfrank
without the Factor IX DNA sequence
Mammalian EGFP expression plasmid with _
pPGK-EGFP1 Dr. H. Wieland
PGK promoter
Mammalian expression vector with minimal _ _
. Kind gift of Prof. Dr.
pRGC-Luc CMV promoter containing 17 p53 response _
Schneider
elements
. RNA interference test vector with Renilla and
psiCHECK2 _ _ Promega
firefly luciferase
pSL1180 Amersham Superpolylinker cloning plasmid Amersham
pSuppressorNeo _ _
Mammalian shRNA vector with U6 promoter Imgenex
(IMG-800)
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
Image J

Microsoft Excel 2003/2007

Primer 3

Syngene, Cambridge, United Kingdom

NIH, USA

Microsoft, UnterschleiBheim, Germany

Whitehead Institute, http://frodo.wi.mit.edu
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VectorNTI 10 Invitrogen, Karlsruhe, Germany
Block-iT RNAIi Designer https://rnaidesigner.invitrogen.com
Clustalw http://www.ebi.ac.uk/Tools/clustalw2
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2.2 Methods

2.2.1 Microbiological methods

Liquid and solid growth media were produced with distilled water (dH,O). Media and
glassware were sterilized by autoclaving for 20 min at 121°C before use. Additives were
filter-sterilized (0.22 um pore size). Work was carried out in a class Il laminar airflow cabinet

under sterile conditions.

2.2.1.1 Storage of E. coli

For short term storage (up to 2 weeks) E. coli plates and liquid cultures were kept at 4°C.
Long term storage was performed by inoculating 5 ml liquid LB medium with a single colony
of E. coli followed by overnight (O/N) incubation at 37°C. 500 ul of the E. coli liquid culture
were mixed with 500 pl sterile 99% glycerol and frozen at -80°C in cryopreservation tubes.

2.2.1.2 Inoculation and growth of E. coli

For small scale plasmid preparation, 5 ml of Luria Broth Base in a 14 ml culture tube with
ventilation lid were inoculated with a single colony of E. coli from agar plates. Antibiotics were
added to obtain a final concentration of 100 pg/ml Ampicillin, 30 pg/ml Kanamycin or
50 pg/ml Spectinomycin, depending on the antibiotic resistance gene encoded on the
plasmid. The cultures were then incubated O/N at 37°C in an orbital shaker with agitation at
230 rpm.

Cultures for the isolation of larger amounts of plasmid DNA were prepared by setting up a 5
ml pre-culture according to the method described above. In the exponential growth phase,
1 ml of the starter culture was transferred to an Erlenmeyer flask with 50 ml (Midiprep) or 300
ml (Maxiprep) Luria Broth Base containing the appropriate antibiotics. The culture was
incubated O/N at 37°C on an orbital shaker with agitation at 230 rpm.

In addition to liquid cultures, E. coli was also cultured on LB agar plates. Bacteria were plated
on LB agar after transformation by electroporation, from liquid cultures or from cryopreserved
stock. Plates were incubated O/N at 37°C.

2.2.1.3 Transformation of electrocompetent E. coli

50 pl of electrocompetent cells were thawed on ice. 2 pl of a ligation reaction mixture or 1 ng
of purified plasmid was added and the mixture transferred into precooled 2 mm
electroporation cuvettes. Cells were pulsed once at 2500 V for 5 ms in an Eppendorf
Multiporator. 500 pl of prewarmed Luria Broth Base were added immediately, the bacteria
transferred to a 14 ml culture tube and grown for 30 min at 37°C with agitation at 230 rpm.
Afterwards 50 to 200 pl of the E. coli suspension were plated onto LB agar plates and
incubated O/N at 37°C.
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2.2.2 Molecular biological methods

All reactions and solutions were prepared with sterile double distilled H,O (ddH.O).
Polymerase chain reactions (PCR) and reverse transcriptase PCRs (RT-PCR) were
assembled with filter tips to avoid sample cross-contamination.

2.2.2.1 Isolation of plasmid DNA from E. coli

Small scale isolation of plasmid DNA (Miniprep):

Small scale isolation (Miniprep) of DNA from E. coli cultures was routinely performed by the
alkaline lysis method. Briefly, 2 ml of a 5 ml O/N culture were pelleted for 1 min at 16000 x g
in a tabletop centrifuge. The pellet was resuspended in 100 ul Resuspension Solution (2 mM
sucrose, 10 mM EDTA, 25 mM Trizma-HCI, pH 8.0) and lysed for 5 min with 200 pl Lysis
Solution (0.2 M NaOH, 1% (w/v) SDS). The lysis reaction was stopped by addition of 200 pl
Neutralisation Solution (3 M sodium acetate, pH 4.8) followed by incubation for 20 min at
-20°C. The suspension was centrifuged for 10 min at 16000 x g and the supernatant
transferred to a new reaction tube. The DNA was precipitated with 1 ml 95% ethanol and
centrifuged at 16000 x g to pellet the DNA. The supernatant was discarded and the DNA
pellet washed with 80% ethanol and air-dried. The DNA was dissolved in 50 pl ddH,O
containing 20 pg/ml RNAse A to remove RNA contamination.

For sequencing, small scale DNA isolation was performed with the NucleoSpin Plasmid
QuickPure kit according to manufacturer’s instructions to obtain pure plasmid DNA.

Large scale isolation of plasmid DNA (Midi-/Maxiprep):

Midi- and Maxipreparations of plasmid DNA were performed with the NucleoBond Xtra
Midi/Maxi kit according to manufacturer’s instructions from 50 or 300 ml overnight cultures.

2.2.2.2 Polymerase Chain Reaction (PCR)

PCR was used to amplify fragments from plasmid DNA or genomic DNA for cloning
purposes, to screen stable cell clones for the presence of exogenous DNA, to determine the
sex of porcine fetuses and to evaluate the genetic sequence of the porcine Ryanodine
receptor.

Amplification of the PGK-EGFP-IRES cassette from the plasmid pPGK-EGFP-IRES-EGFP1
was performed with primers IRESPGKEGFP forward and reverse with MolTag DNA
Polymerase from 200 ng plasmid DNA. (underlined: overhang; bold: EcoRV restriction site)

IRESPGKEGFP forward actggatatcatcatatgccaagtacg
2300 bp

IRESPGKEGFP reverse actggatatcgttgtggccatattatc




Reagent Final concentration
IRESPGKEGFP f 2 uM
IRESPGKEGFP r 2 uM
MolTaq 5U
10 x reaction buffer 1 x
dNTPs 200 pM per dNTP
ddH.O up to 50 pl
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Initial
_ 94°C 2 min
denaturation
Denaturation 94°C 30s
x 30 Annealing 53°C 30s
Elongation 72°C 2 min
Final
_ 72°C 5 min
elongation

Amplification of a short fragment of the miRNA cassette in stable porcine adipose tissue

derived mesenchymal stem cells was performed after transfection with pPGK-BLGmi490 and

pBLG-BLGmMIi490 from 6 pl Accutase samples with primers miRNA cassette f/r and OmniTaq

DNA Polymerase.

miRNA cassette forward gatcctggaggcttgctgaa
264 bp
miRNA cassette reverse ggttccttceggtattgtct
R t Final Initial
eagen na ~ 94°C  5min
concentration denaturation
miRNA cassette f 500 nM Denaturation 94°C 30s
miRNA cassette r 500 nM x 35 Annealing 58°C 30s
OmniTaq Polymerase 1.25U Elongation 72°C 45 s
10 x Reaction buffer C 1 x Final _
_ 72°C 5 min
dNTPs 200 uM per dNTP elongation
ddH,0 up to 50 pl

Amplification of a long fragment of the miRNA cassette in stable porcine adipose tissue

derived mesenchymal stem cells was performed after transfection with pPGK-BLGmMi490 with

6 ul Accutase samples with primers PGK-mi_F/_R and GoTaq DNA Polymerase. The same

PCR reaction was used to screen porcine fetuses for the miRNA cassette from 100 ng

genomic DNA.
PGK-mi_F cattccacatccaccggtag

720 bp
PGK-mi_R ggttccttceggtattgtct
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R Final [ Initial
eagent inal concentration | 95 5 min
PGK-mi_F 500 nM denaturation
PGK-mi_R 500 nM Denaturation 95°C 30s
GoTaq Polymerase 1.25U x35  Annealing  58°C 30s
10 x reaction buffer 1 x Elongation 72°C 1 min
NTP 200 pM dNTP Final
¢ X HAPET _ 72°C 5 min
ddH0O up to 50 pl elongation

Amplification of a long fragment of the miRNA cassette in stable porcine adipose tissue

derived mesenchymal stem cells was performed after transfection with pBLG-BLGmi490 and

for screening of porcine transgenic fetuses from 100 ng genomic DNA with primers BLG-

mi_F/_R and GoTag DNA Polymerase.

BLG-mi_F agcatggcatcctagagtgt
2732 bp
BLG-mi_R ggttccttccggtattgtcet
Reagent Final concentration Initial _
_ 95°C 2 min
BLG-mi_F 500 nM denaturation
BLG-mi_R 500 nM Denaturation 95°C 30s
GoTaq Polymerase 1.25U x35  Annealing  58°C 30s
10 x reaction buffer 1 x Elongation 72°C 3 min
NTP 200 uM dNTP Final
d > A=l _ 72°C 5 min
ddH0O up to 50 pl elongation

Amplification of the shRNA cassette in stable porcine adipose tissue derived mesenchymal

stem cells was performed after transfection with pLenti-BLGsh489 from 6 pl Accutase

samples with primers shRNA cassette f/r and GoTaq DNA Polymerase. The same PCR

configuration was used to screen porcine fetuses for the integration of the shRNA cassette

from 100 ng genomic DNA.

shRNA cassette f

gctcgcttcggcagcacata

shRNA cassette r

cctaccggtggatgtggaat

290 bp
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R Final trati Initial

eagent inal concentration | 95°C 5 min
shRNA cassette f 500 nM denaturation
shRNA cassette r 500 nM Denaturation 95°C 30s
GoTaq Polymerase 1.25U x35  Annealing  58°C 30s
10 x reaction buffer 1 x Elongation 72°C 45 s
dNTP 200 pM dNTP Final

X s _ 72°C 5 min

ddH0O up to 50 pl elongation

For the sex determination of porcine fetuses, genomic DNA was prepared and 200 ng used
for the PCR reaction. The SRYB5’ and SRYB3’ primers amplify a Y chromosome specific

region, the sex-determining region Y Sry (Pomp et al., 1995). The primers 5ZFX+Y and

3’ZFX+Y amplify a region on the X and Y chromosome, the testis-determining factor ZFY and

ZFX (Aasen and Medrano, 1990). From male fetuses both regions can be obtained by PCR,

female fetuses only show the specific product of 5ZFX+Y and 3’ZFX+Y.

SRYBY’ tgaacgctttcattgtgtggtc
163 bp
SRYB3’ gccagtcgtctctgtgectect
5ZFX+Y ataatcacatggagagccacaagc
445 bp
3ZFX+Y gcacttctttggtatctgagaaag
Reagent Final concentration Initial _
_ 95°C 5 min
SRYB%Y 200 nM denaturation
SRYB3’ 200 nM Denaturation 95°C 30s
5ZFX+Y 200 nM x40 Annealing 58°C 30s
3ZFX+Y 200 nM Elongation 72°C 45s
NTP 2 M dNTP Final
d > 00 uM per . 72°C 5 min
10 x reaction Buffer 1 x elongation
GoTaqg Polymerase 1.25U
ddH.O up to 50 pl

PCR was used to examine the cells used for somatic cell nuclear transfer for a possible

mutation in the Ryanodine receptor 1 (RYR1) related to porcine malignant hyperthermia. 200

ng genomic DNA were used per PCR reaction.

RYR1_forward

gttccetgtgtgtgtgtgtgtgcaat

RYR1_reverse

ctggtgacatagttgatgaggtttg

118 bp
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R t Final trati Initial

eagen inal concentration | 95 5 min
RYR1_forward 500 nM denaturation
RYR1_reverse 500 nM Denaturation 95°C 30s
dNTPs 200 pM per dNTP x 35 Annealing 58°C 30s
10 x reaction Buffer 1 x Elongation 72°C 30s

Taq Pol 1.25U Final

GoTaq Polymerase | 59 5 min
ddH0O up to 50 pl elongation

2.2.2.3 Restriction enzyme digestion of DNA
For analytical digests up to 1 ug DNA was digested with 3 U restriction enzyme, for
preparative digests 5 to 15 pug DNA were digested with 3 U restriction enzyme per ug DNA

according to manufacturer’s instructions.

2.2.2.4 Conversion of overhanging DNA ends to blunt ends (Klenow treatment)
DNA Polymerase |, Large (Klenow) Fragment was used to convert overhanging DNA ends to
blunt ends. 3’ overhangs were removed and 5 overhangs were filled in according to

manufacturer’s instructions.

2.2.2.5 Dephosphorylation of plasmid DNA
Calf Intestine Phosphatase (CIP) was used according to manufacturer’'s instructions to
remove 5" and 3’ phosphate groups to prevent self-ligation of plasmid DNA.

2.2.2.6 Agarose gel-electrophoresis of DNA

Agarose gel-electrophoresis was used to separate DNA fragments according to size after
restriction digestion, to isolate DNA fragments and to estimate the concentration of DNA
preparations. DNA fragments were separated in agarose gels according to size in an electric
field in TAE (40 mM Trizma base, 20 mM acetic acid, 1 mM EDTA, pH 8.0) or TBE buffer (90
mM Trizma base, 90 mM boric acid, 2 mM EDTA, pH 8.0). 1.5% TAE/TBE agarose gels were
used for fragments up to 1 kb, fragments larger than 1 kb were separated on 1% TAE/TBE
agarose gels. To assess the success of oligonucleotide annealing, 3% TAE agarose gels
were used. 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. 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) before loading onto the gel. To determine the size and estimate the
concentration of the DNA fragments, 100 bp or 1 kb DNA ladder from NEB was used. Gels
were run at 80 to 120 V for 30 to 90 min depending on the fragment sizes.
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2.2.2.7 DNA extraction from agarose gels

DNA was extracted from TAE agarose gels by cutting the DNA from the gel with a clean
scalpel after minimal UV exposure. The isolation was performed with the Wizard SV Gel and
PCR Clean-Up System according to manufacturer’s instructions and the DNA eluted in 30 pl

of nuclease free water.

2.2.2.8 Precipitation of DNA with sodium chloride and ethanol

To precipitate DNA for purification or for concentrating, the DNA solution was mixed with 0.1
volumes of 3 M NaCl and 2 volumes of ice cold 100% ethanol. After O/N incubation at -20°C
the sample was centrifuged for 10 min at 16000 x g to pellet the DNA. The supernatant was
discarded and the DNA washed with 70% ethanol, centrifuged 5 min at 16000 x g and air
dried. The DNA was either resuspended in ddH,O or Tris-low EDTA (10 mM Trizma-HCI, 0.1
mM EDTA) under sterile conditions.

2.2.2.9 Determination of DNA concentration

DNA concentration was either measured using an Eppendorf BioPhotometer according to
manufacturer’s instruction or digested DNA was analyzed on TAE/TBE agarose gels and
compared with DNA of known concentration.

2.2.2.10 Annealing of single stranded DNA oligonucleotides

Single stranded oligonucleotides for vector circularization, short hairpin RNA and artificial
microRNA cloning were annealed before insertion into plasmid vectors. Oligonucleotides
were dissolved in ddH,O at a concentration of 1 pug/ul. Then, 1 ug of the sense and reverse
oligonucleotide were mixed, 1 x annealing buffer (10 mM Trizma-HCI, pH 8.5, 0.1 M NaCl, 1
mM EDTA) added and volume made up to 20 pl with ddH,O. The mixture was incubated in a
PCR Cycler at 95°C for 10 min and then allowed to cool to room temperature in the PCR
Cycler over a period of 3 h. Annealed double stranded oligonucleotides were used directly for
cloning or stored at 4°C. The annealing efficiency was evaluated by separating 2 pl of the
mixture on a 3% TAE agarose gel.

2.2.2.11 Ligation of DNA fragments

Ligation of DNA fragments was performed in a total volume of 20 pl according to
manufacturer’s instructions. A molar vector to insert ratio of 1:3 or 1:5, starting with 50 ng
vector DNA was used. Ligations were either incubated for 1 h at RT or 4°C O/N before
electroporation into bacteria. Ligation of DNA fragments into pGEM-T easy was performed
according to manufacturer’s instructions. Annealed oligonucleotides were ligated in 20 pl
reaction containing 2 ul of the annealing mixture and 100 ng of vector DNA at 4°C O/N.
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2.2.2.12 DNA sequencing

DNA sequencing was either performed by Entelechon GmbH (Regensburg, Germany),
4BaselLabs (UIm, Germany) or according to the BigDye Terminator v1.1 Cycle Sequencing
Kit protocol. 100 to 200 ng plasmid DNA were mixed with 2 pl of BigDye Reaction mix, 2 pl
BigDye Sequencing Buffer, 2.5 pmol sequencing primer and filled up to 10 pl with nuclease
free H,0.

Initial denaturation 96°C 15s
Denaturation 96°C 10s

x 35 Annealing 60°C 4s
Extension 60°C 4 min
Cooling 8°C forever

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

2.2.2.13 Isolation of RNA

Isolation of RNA from cell culture samples:

Trizol was used for the isolation of RNA from mammalian cells. Up to 1 x 10° cells were
dissolved in 1 ml Trizol and incubated for 5 min at RT. The samples were transferred to 2 ml
Eppendorf tubes and either immediately processed or stored at -80°C. 200 pl chloroform per
ml Trizol were added, mixed by shaking for 15 s then incubated at room temperature for 2
min. This was followed by centrifugation at 4°C for 15 min at 12000 x g. The clear aqueous
phase was transferred to a new 2 ml reaction tube, mixed with 1 ml of ice cold 100%
isopropanol, incubated for 10 min at room temperature and centrifuged at 4°C for 10 min at
12000 x g to pellet the RNA. The supernatant was removed and the pellet washed with 1 ml
of 70% ethanol, followed by centrifugation at 4°C for 5 min at 7500 x g. The supernatant was
removed, the pellet air dried and dissolved in 50 pl of nuclease free water at 55°C for 10 min.
The RNA was stored at -80°. To remove contaminating DNA, isolated RNA was treated with
the Turbo DNAfree kit according to manufacturer’s instructions.

Isolation of RNA from porcine milk:

As a positive control for RT-PCR reactions, RNA was isolated from cells present in porcine
milk. Approximately 30 ml of milk were obtained manually from lactating sows at the animal
research station in Thalhausen, Germany. The milk was aliquoted in 2 x 15 ml reaction tubes
and centrifuged for 15 min at 5000 x g. The fat layer and the milk were removed and cells
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resuspended in a total of 1 ml Trizol. Subsequent isolation steps were identical with the RNA

isolation from cell culture samples.

2.2.2.14 Determination of RNA concentration
RNA concentration was measured using an Eppendorf BioPhotometer according to

manufacturer’s instructions.

2.2.2.15 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
RT-PCR was used to detect the expression of various genes and for cloning purposes. In
general, all RT-PCRs were performed with the SuperScript Il One-Step RT-PCR System
with Platinum Tag DNA Polymerase. In addition to the RT-PCR reaction, water controls (with
Superscript 1l RT/Platinum Taq DNA Polymerase, without template RNA) and controls to
detect DNA contamination (without Superscript Ill RT, with Platinum Tag DNA polymerase,
with template RNA) were performed. RT-PCR was generally performed from 200 ng total
RNA.

To confirm expression of porcine BLG in mammary epithelial cells, RNA isolated from milk or
in stable cell clones expressing BLG, one-step RT-PCR with primers BLG forward/reverse

was performed.

BLG forward tgcagccatgaggtgtc
624 bp

BLG reverse ctcctgattccgcetgat

To confirm expression of porcine B-casein in porcine mammary epithelial cells and porcine

milk, one-step RT-PCR with primers b-Casein f/r was used.

b-Casein f ctcaatgcatctggtgagac
424 bp

b-Caseinr gaatctggtgcatcagagac

Internal controls were also used to evaluate the RNA quality. Either B-actin of porcine
glyceraldehyde-3-phosphate dehydrogenase (pGAPDH) RNA was amplified. The B-actin
primers and competimer (QuantumRNA Beta-actin Internal Standard) were included in gene
specific RT-PCR reactions (2 pl primer pair, 2 pl competimer). Porcine GAPDH was amplified
separately in a standard one-step RT-PCR using the primers pGAPDH short f/r.

pGAPDH short f aaggtcggagtgaacggatt
444 bp
pGAPDH short r acaggaggcattgctgatga
Actin f
sequence unknown (Ambion) 298 bp
Actin r




The general RT-PCR reaction and program is shown below.
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Reagent Final concentration Reverse 55°C 30 min

2 x Reaction Mix 1x transcription

Superscript Il Initial 94°C 2 min

RT/Platinum Taqg TH denaturation

Primer f 200 - 500 nM Denaturation 94°C 30s

Primer r 200 - 500 nM x 35  Annealing 55°C 30s

ddH,O up to 50 pl Elongation 72°C 30-60 s
Final 72°C 5 min
elongation

Amplification of the porcine p53 cDNA for cloning purposes was performed with the

SuperScript Il One-Step RT-PCR System with Platinum Taq High Fidelity with gene specific

primers Ex2_1F and Ex11_2R using 1 ug of total RNA.

Ex2_1F gcaatggaggagtcgcagt
1198 bp
Ex11_R agggacttcaaaaggggatg
Reagent Final concentration Reverse 55°C 30 min
2 x Reaction Mix 1x transcription
Superscript Il Initial 94°C 2 min
RT/Platinum Taq 1l denaturation
High Fidelity Denaturation 94°C 30s
Primer Ex2_1F 200 nM x30  Annealing 55°C 30s
Primer Ex11_2R 200 nM Elongation 72°C 1.5 min
ddH,O up to 50 pl Final 72°C 5 min
elongation
2.2.2.16 Small RNA northern blot analysis

To detect the expression artificial miRNA against porcine BLG, small RNA northern blot was

used. Probes for the detection of mature miRNA were ordered as DIG-labeled LNA

oligonucleotides.

Sample preparation, quality evaluation and electrophoresis of RNA:

RNA was isolated from a 75% confluent T150 cell culture flask with 4 to 6 ml TRIZOL,
isolated and dissolved in 30-50 pl ddH.O per ml TRIZOL. To check the quality of the RNA
preparation, 5 ug RNA were concentrated or diluted to 5 pl end volume and mixed with 5 pl
FDE loading buffer (deionized formamide, 10 mM EDTA pH 8.0, 1.86 mM xylene cyanol, 1.5
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mM bromophenol blue). The RNA was denatured for 10 min at 65°C and then cooled on ice.
It was separated on a 1.2% TBE agarose gel (90 mM Trizma base, 90 mM boric acid, 2 mM
EDTA, pH 8.0). For small RNA northern blot analysis, 15% denaturing polyacrylamide gels
were prepared. Per gel, 2.5 g Urea was dissolved in 0.5 ml 10 x TBE buffer (0.9 M Trizma
Base, 0.9 M boric acid, 20 mM EDTA, pH 8.0), 1.88 ml Rotiphorese Gel 40 (19:1) and filled
up to 5 ml with ddH,O. 30 pl of 10% APS Solution (10% (w/v) ammonium persulfate in
ddH.0) and 2 ul TEMED were added to initiate gel polymerization. The minigels were pre-run
in 5 x TBE buffer at 300 V for 60 min. 10-20 pg of total RNA were concentrated to volume of
10 pl in a SpeedVac. 10 pl of FLS loading buffer (deionized formamide, 10 mM EDTA pH 8.0,
traces of xylene cyanol and bromophenol blue) was added, the samples denatured for 20
min at 65°C, cooled on ice and loaded onto the pre-run polyacrylamide gel. Samples were
run in 5 x TBE buffer at 100 V for 20 min to ensure uniform entry of the samples into the gel,
followed by 200 V until the bromophenol blue front reached the bottom of the gel. The gel
was stained for 10 min with TBE buffer containing 0.1 pg/ml ethidium bromide and rinsed for
10 min in TBE buffer to visualize the RNA.

Transfer of RNA to membrane:

The gel, thick blotting paper and the Hybond N+ membrane were transferred into 0.5 x TBE
buffer for 5 min to equilibrate. The RNA was electroblotted onto the Hybond N+ membrane
for 1 h at 250 mA. The damp membrane was removed, rinsed with 2 x SSC (0.3 M NaCl, 30
mM sodium citrate, pH 7.0) and the RNA fixed to the membrane by UV crosslinking (1 min,
254 nm) followed by baking for 45 min at 80°C.

Detection of RNA:

The dry membrane was transferred into a roller bottle and prehybridized with DIG Easy Hyb
for 1 h at the 50°C. The LNA probe to detect the mature miRNA against BLG was heated to
95°C for 1 min, cooled on ice and diluted in prewarmed DIG Easy Hyb buffer (50°C) at a

concentration of 4 pmol per ml and the blot hybridized at 50°C O/N. The membrane was
washed 2 x 10 min in Low Stringency Buffer (2 x SSC, 0.1% SDS) at 50°C followed by 1 x 30
min incubation in High Stringency Buffer (0.5 x SSC, 0.1% SDS) at 50°C. After washing the
membrane for 5 min in Washing Buffer (0.1 M maleic acid, 0.15 M NaCl, 0.3% TWEEN 20,
pH 7.5), non-specific binding sites on the membrane were blocked with Blocking Solution
(0.1 M maleic acid, 0.15 M NaCl, 1 x blocking reagent, pH 7.5) for 60 min at RT. Anti-DIG
antibody was added to the membrane in a 1:10000 dilution in Blocking Solution for 30 min at
RT followed by 2 x 15 min incubation in Washing Buffer. The membrane was equilibrated in
Detection Buffer (0.1 M Trizma-HCI, 0.1 M NaCl, pH 9.5) for 2 min at RT. CDP-Star was
diluted 1:100 in Detection Buffer and added to the membrane. X-Ray film was exposed to the
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membrane, incubated in Developer Solution and Fixation Solution to visualize the

chemiluminescent reaction.

For reprobing the membrane with the U6 snRNA LNA probe, the wet membrane was washed
after chemiluminescent detection for 1 x 10 min in Washing Buffer and then prehybridized as
described above. The U6 snRNA probe was diluted in prewarmed (50°C) DIG Easy Hyb
buffer at a concentration of 0.2 pmol per ml. The rest of the procedure was performed as
described above.

2.2.3 Methods in mammalian cell culture

Tissue culture work was performed in a laboratory with biological safety level S2 in a class |
laminar airflow cabinet under sterile conditions. Materials were either autoclaved for 20 min
at 121°C or single packed plastic disposables were used. Solutions and solvents prepared
outside the laminar flow hood were filter sterilized (0.22 um) prior to use. Cell culture of
established cell lines and primary cells was generally conducted without antibiotics or
antimycotics. The morphology of the cells was regularly inspected under an inverted

microscope.

2.2.3.1 Culture of mammalian cell lines and primary porcine cells

In general, cells were cultured in a cell culture incubator at 37°C, in a 5% CO, humidified
atmosphere in cell culture flasks with ventilation lids. The growth medium was replaced every
2 to 3 days with fresh medium prewarmed to 37°C. If necessary, selection reagents
(Blasticidin or G418) or antibiotics for the first days after isolation of primary cells (Penicillin,
Streptomycin or Amphotericin B) were added. Cells were subcultured before they formed a
confluent monolayer. The medium was removed and the cells were washed once with D-
PBS. The cells were then detached by incubation at 37°C with 1 to 6 ml Accutase, depending
on the size of the culture flask. The cell suspension was either directly transferred into a new
culture flask with prewarmed growth medium or the cells were centrifuged at 324 x g for 5
minutes, resuspended in growth medium and then used for experiments or subculturing.
Growth media, subculturing ratios and concentration of selection antibiotics used are shown
in Table 4.
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Table 4: Growth media, selection antibiotics concentration and subculturing ratios of mammalian cells

Mammalian Growth medium Selection antibiotics Subculturing
cell concentration ratio
ADMSC MSC medium Blasticidin: 8 pug/ml 1:10
CHO-K1 Quantum 263 medium G41_8_: ?75 Hg/m 1:30
Blasticidin: 7 pug/ml
. G418: 600 pg/ml;
HEK293 DMEMplus medium o 1:10
Blasticidin: 6 pg/ml
HEK293FT DMEMplus2 medium 1:10
HT1080 DMEMplus medium Blasticidin: 3 pg/ml 1:10
MiaPaCa2 DMEMplus medium 1:10
MPC DMEMplus medium 1:30
BMMSC MSC medium Blasticidin: 8 pug/ml 1:10
PMEC MEC medium 1:20
poFF poFF medium 1:10
MEC medium: MSC starvation medium: DMEMplus medium:
DMEM/F12 Advanced DMEM DMEM (4.5 g/l glucose)

10 pg/ml Insulin
1 ug/ml Hydrocortisone
10% (v/v) FCS

poFF medium:

DMEM (4.5 g/l glucose)

2 mM GlutaMAX

1 x Non essential amino acids
1mM Sodium pyruvate

10% (v/v) FCS

DMEM-lipid medium:

DMEM (4.5 g/l glucose)

2 mM GlutaMAX

1 x Non essential amino acids
1 mM Sodium pyruvate

10% (v/v) FCS

10 mM Lecithin

1 x Defined Lipid Supplement
10 nM Cholesterol

2 mM GlutaMAX
1 x Non essential amino acids
0.5% (v/v) FCS

MSC medium:

Advanced DMEM

2 mM GlutaMAX

1 x Non essential amino acids
10% (v/v) FCS

5 ng/ml bFGF

DMEMplus2 medium:

DMEM (4.5 g/l glucose)

2 mM GlutaMAX

1 x Non essential amino acids
1 mM Sodium pyruvate

10% (v/v) FCS

0.5 mg/ml G418

2 mM GlutaMAX
1 x Non essential amino acids
10% (v/v) FCS

Cryopreservation medium:

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

Virus production medium:

Advanced DMEM

2% FCS

10 mM Lecithin

1 x Defined Lipid Supplement
10 nM Cholesterol
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2.2.3.2 Cryopreservation and thawing of mammalian cell lines

Cells were detached from the culture vessel. After centrifugation the cells were resuspended
in sterile filtered Cryopreservation medium and frozen at -80°C in a ‘Mr. Frosty’ freezing
device to ensure gradual cooling of -1°C per minute. After a minimum of 2 days at -80°C,
cells were stored in the vapor phase above liquid nitrogen.

Cell were thawed by incubation in a 37°C water bath, then mixed with 10 ml of prewarmed
culture medium and centrifuged at 324 x g for 5 min. Afterwards, the supernatant was
removed, the cell pellet resuspended in culture medium and plated on suitable culture plates.

2.2.3.3 Cell counting

Cell counting was performed with an improved Neubauer counting chamber by applying 10 pl
of diluted cell suspension. After counting four large squares the cell number per ml was
determined according to the following formula:

number of cells per ml = number of cells in 4 large squares / 4 x dilution factor x 10*

2.2.3.4 Transfection of mammalian cell lines
Different transfection methods were used. CHO-K1, HEK293 and MPC cells were
transfected by Nanofection, BMMSCs and ADMSCs by electroporation.

Nanofection:

Nanofection was usually performed in one well of a six well plate. 2 x 10° cells were seeded
the day before transfection. They were transfected with 3 pg of plasmid DNA and 9.6 pl of
Nanofectin according to the manufacturer’s instructions. The transfection mixture was

replaced with growth medium after 4 h incubation.

Electroporation:

Porcine BMMSCs and ADMSCs were transfected by electroporation. Cells were detached
from the culture flask and counted. 1 to 2 x 10° cells were collected by centrifugation for 5
min at 324 x g and resuspended in 800 pl prewarmed hypoosmolar buffer containing 6 to 8
pg plasmid DNA. After 5 min incubation at RT, cells were electroporated in an Eppendorf
Multiporator with one pulse at 1200 V for 85 us. The cells were allowed to recover for 5 min
at RT and transferred to medium containing T75 flasks.

2.2.3.5 Generation of stable genetically modified cell pools and lines

To generate stable cell pools, transfected cells were passaged into culture dishes with
medium containing selection reagents 48 h after transfection. The medium was changed
every second day until no viable cells could be detected in the non-transfected control (10 to
20 days).
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For the generation of cell clones, cells were passaged 48 h after transfection at low density
into 150 mm culture dishes containing growth medium supplemented with selection reagent.
Resistant colonies usually formed after 10 to 15 d. The medium was removed from the
culture dish and the cells washed with D-PBS. Filter disks treated with Accutase were placed
on the colonies and incubated for 2 min. The filter disks were then transferred into single
wells of 12 well plates. The cell clones were expanded and frozen.

BMMSC and ADMSC clones after transfection with pLenti-BLGsh489, pPGK-BLGmIi490 and
pBLG-BLGmMIi490 were screened for the transgene with PCR. For this purpose cells were
either directly frozen in Accutase for PCR from 6 well plates or genomic DNA was purified
using the GenElute Mammalian Genomic DNA Miniprep. 6 ul of Accutase cell suspension or
100 ng purified genomic DNA per PCR were used.

2.2.3.6 Lentivirus production, titer determination and transduction

Transfection:

HEK293FT cells were used to produce lentiviral particles. 6 x 10° cells were plated per 100
mm dish in triplicates in DMEMplus2 medium without G418. After 6 h the growth medium
was replaced with 10 ml DMEM-lipid medium. 24 h later the medium was replaced with 5 ml
Virus production medium and after an additional 3 h cells were transfected. A mixture of
equal amounts of the three packaging plasmids pLP1, pLP2, pLP/VSVG and the lentiviral
plasmids in a 1:0.75 ratio was used. Transfection was performed using the calcium
phosphate precipitate method according to the manufacturer’s manual. 25 pM chloroquine-
diphosphate was added to enhance transfection efficiency. After incubation for 5 h the
medium was replaced with 5 ml Virus production medium without chloroquine-diphosphate.
All incubation steps were performed at 37°C, in a 5% CO, humidified atmosphere.

Harvesting of lentivirus:

The supernatant of the cells containing infectious lentiviral particles was harvested 48 h after
transfection. The virus stock was cooled on ice for 15 min followed by centrifugation for 15
min at 1000 x g to remove cell debris. The supernatant was aliquoted and frozen at -80°C.

Determination of infectious viral titer:

On the day of transduction, 4 x 10° HT1080 cells were plated per well in a 6 well plate. After
the cells had attached to the culture dish, virus containing medium was added. Polybrene
was included at a concentration of 6 ug/ml to enhance transduction efficiency. Undiluted and
diluted (10" to 10°) virus stock was added in a total volume of 1 ml per well. After 6 h the
transduction mix was replaced with DMEMplus2 without G418. 48 h after transduction, cells
were detached and seeded in 100 mm dishes with Blasticidin. The selection was performed
for 14 d.
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Crystal violet staining:

To determine colony forming units of transduced cells, crystal violet staining was applied.
The cells were washed with D-PBS. Afterwards they were stained with crystal violet solution
(0.5% (w/v) crystal violet, 20% (v/v) methanol in ddH,O) for 5 min at RT. Surplus staining
solution was removed by extensive rinsing with ddH,O and the colonies counted. The viral
titer in transducing units per ml (TU/ml) was calculated according to the following formula:

No. of colonies per well x dilution factor = TU/ml

2.2.3.7 Isolation and culture of primary porcine mammary epithelial cells
(PMEC)

Isolation of PMEC:
Mammary tissue from lactating and non-lactating sows was obtained from a local abattoir.

The tissue was incubated in D-PBS containing 1 x Penicillin/Streptomycin, 50 pg/ml
Gentamycin and 2.5 pg/ml Amphotericin B for 30 min at 37°C after cleaning the tissue
surface with Barricidal and 80% ethanol. 1 cm® of mammary gland tissue was excised with
sterile scissors and scalpel and finely minced. The minced tissue was transferred to a 50 ml
Falcon tube filled with D-PBS containing 2.4 U/ml Dispase, 0.1% (w/v) Collagenase type Il
and 0.05% (w/v) Hyaluronidase. The tissue was incubated for 2 to 4 h at 37°C with
occasional shaking. The digested cell suspension was filtered through a 100 um cell strainer
to remove undigested and connective tissue. The filtered cells were pelleted by centrifugation
at 800 x g for 10 min, washed with D-PBS and centrifuged again. The cell pellet was
resuspended in MEC medium containing 1 x Penicillin/Streptomycin and 2.5 pg/ml
Ampbhotericin B and plated in T75 flasks. The medium was changed daily for seven days. On
the eighth day, antibiotics/antimycotics were removed.

Culture of PMEC:
To remove contaminating fibroblasts, cells were treated at each passage with Accutase for 5

min. During this incubation, fibroblasts detached from the culture dish and were removed.
Afterwards the PMEC were detached with Trypsin/EDTA solution for 10 to 15 min. The cells
were passaged at 90% confluence.

Media for growth condition test:

MCDB170EGF medium: MEC medium: Quantum 286
MCDB170 DMEM/F12 (with L-Glutamine)

35 pg/ml bovine pituitary extract 10 pg/ml insulin

10 pg/ml insulin 1 pg/ml hydrocortisone

1 pg/ml hydrocortisone 10% (v/v) FCS

10 ng/ml rhEGF
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Modified Kumura medium: MEC PS medium:

DMEM/F12 (with L-Glutamine) = DMEM/F12 (with L-Glutamine)
1 x ITS+1 10 pg/ml insulin

1 pg/ml hydrocortisone 1 pg/ml hydrocortisone

10% (v/v) porcine serum

Three-dimensional culture of PMECs:

To induce milk protein expression, PMECs were cultured on top of or embedded in Matrigel
and in medium supplemented with ovine prolactin. Matrigel is a basement membrane matrix
supporting 3D growth of polarized cells. It is a soluble basement membrane extract from
murine Engelbrecht Holm-Swarm (EHS) sarcoma model (reviewed in LeBleu et al., 2007;
Kleinman and Martin, 2005). Various culture conditions were used to induce milk protein
expression as specified in the results section.

2.2.3.8 Isolation and culture of porcine bone marrow derived mesenchymal
stem cells

Bone marrow derived mesenchymal stem (multipotent stromal) cells from pigs (BMMSC)
were isolated from the femur and/or tibiae of 6 month old German landrace animals. Bones
were transported in D-PBS and sprayed with Barricidal and 80% ethanol and cut open with a
saw at both ends. Bone marrow was flushed from the bones with HBSS-heparin solution (50
mg/ml Heparin in Hanks Balanced Salt Solution (HBSS)) and collected in culture dishes. A
maximum of 20 ml cell suspension was pipetted on top of 25 ml Lymphocyte separation
medium and centrifuged for 20 min at 1200 x g to separate mononuclear cells from red blood
cells and plasma. About 7 ml of the interphase, containing mononuclear cells, was extracted
with a 10 ml pipette, mixed with 20 ml HBSS and centrifuged 5 min at 324 x g. The pellet was
washed once with D-PBS and resuspended in MSC medium containing 1 x
Penicillin/Streptomycin and 2.5 pg/ml Amphotericin B after centrifugation. The cells were
plated in one T150 culture flask per bone. The medium was changed daily for two days.
Thereafter, cells were incubated in medium without antibiotics/-mycotics for three days and
the cells frozen on day 6. For subculturing the cells were passaged at 80% confluence.

2.2.3.9 Isolation and culture of porcine adipose tissue derived mesenchymal
stem cells

Adipose tissue derived mesenchymal stem cells (ADMSC) were isolated from fat tissue from

the neck of 6 month old German landrace (female) or German landrace x pietrain (male) pigs

obtained from a local abattoir. The fat tissue was transported in D-PBS, disinfected with

Barricidal and 80% ethanol and incubated for 30 min at 37°C in D-PBS containing 1 x

Penicillin/Streptomycin and 2.5 ug/ml Amphotericin B. Then the fat tissue was aseptically
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separated from skin and muscle tissue with a sterile scalpel and finely minced with sterile
scissors. Up to 6 g fat was enzymatically digested in 10 ml sterile filtered Collagenase type |
A solution (1 mg/ml in D-PBS) in a 37 °C waterbath with shaking every 5 min. The suspension
was then filtered through a 100 pm cell strainer to remove remaining fat clumps and
connective tissue. The cell suspension was mixed with an equal volume of MSC medium,
centrifuged for 10 min at 1000 x g. The pellet was resuspended in MSC medium containing
1 x Penicillin/Streptomycin and 2.5 ug/ml Amphotericin B and plated in one T150 flask per
6 g fat. The medium was changed daily for two days. Thereafter the cells were cultured in
MSC medium without antibiotic/-mycotics for three days and cells frozen on day 6. For
subculturing the cells were passaged at 80% confluence.

2.2.3.10 Differentiation of ADMSC and BMMSC

Adipogenic differentiation:

2 x 10° cells were plated in each well of a 6 well plate. 48 h later, Adipogenesis medium
(Advanced DMEM, 1 x non essential amino acids, 2 mM GlutaMAX, 10% FCS, 50 uM
3-isobutyl-1-methylxanthine, 1 pM dexamethasone, 1 x ITS+1, 100 pM indomethacin,
5 ng/ml bFGF) was added to three wells and three control wells were incubated with MSC
medium. Medium was changed 2 to 3 times per week for 21 d. The cells were washed twice
with D-PBS and fixed with 1 ml Fixation Solution (10% (v/v) formaldehyde in methanol) for
5 min. The Fixation Solution was removed and the cells washed 3 times with dH,O. 1ml QOil
Red O Solution (1.5 parts 0.3% Oil Red O in Isopropanol + 1 part ddH,O) was added per well
and stained for 30 min at RT. Excess Oil Red O was rinsed off with ddH,O and the results

were documented. Lipid droplets in cells stained red.

Osteogenic differentiation:

3 x 10* cells were plated in each well of two 6 well plates. 48 h after plating, Osteogenesis
medium (Advanced DMEM, 1 x non essential amino acids, 2 mM GlutaMAX, 10% FCS,
10 mM B-glycerol phosphate, 50 pg/ml ascorbic acid, 100 nM dexamethasone, 5 ng/ml
bFGF) was added to 6 wells and MSC medium as a control on the remaining wells. The
medium was changed 2 to 3 times per week for 21 d. The cells (differentiated and control) of
one 6 well plate were used for staining of calcium deposits, the other wells for calcium
quantification.

Staining:

The cells were washed twice with D-PBS and fixed with Fixation Solution (10% (v/v)
formaldehyde in methanol) as described for adipogenic differentiation. 1 ml Staining Solution
(5% (w/v) silver nitrate in ddH,O) was added per well and incubated in the dark for 30 min at
RT. After washing the cells with dH,O 3 times, 1 ml dH,O was pipetted onto the cells and the
plate exposed to UV light on a transilluminator at 254 nm for 30 min. The dH,O was removed
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and replaced with 1 ml Sodium thiosulfate Solution (5% (w/v) sodium thiosulfate in ddH,O).
After 5 min incubation at RT the reaction was stopped, the cells washed 3 times with dH,O
and the results documented. Calcium deposits stained brown/black.

Quantification:

Cells were washed twice with D-PBS, 500 pl 0.5 M HCI solution was added and incubated for
1 min at RT. Cells were scraped off and transferred to a 1.5 ml reaction tube. The wells were
rinsed with 500 pl 0.5 M HCI and the solution added to the reaction tubes. Calcium was
released from the cells by gentle shaking O/N at 4°C. Quantification was performed
according to the manual of the Calcium CPC Liquicolor Kit and the calcium content
calculated.

Chondrogenic differentiation:

5 x 10° cells were centrifuged for 5 min at 324 x g, the pellet washed with D-PBS and the
cells pelleted again for 3 min at 3400 x g in 15 ml reaction tubes. Chondrogenesis medium
(Advanced DMEM, 1 x non essential amino acids, 2 mM GlutaMAX, 10% FCS, 10 ng/ml
TGF-B) was carefully added to not disturb the pellet. The cells were incubated for 21 d with
medium change twice per week. Thereafter, the medium was removed, the pellet washed
twice with D-PBS and air dried. Further processing including papain digestion, quantification
of glycosaminoglycans (GAG) and DNA quantification with the Pico Green Assay (Molecular
probes) was performed by M.Sc. M. Durkovic (Lehrstuhl fiir Biotechnologie der Nutztiere,
TUM).

2.2.3.11 Isolation of porcine fetal fibroblasts (poFF)

Fetuses were removed from the sow at day 32 of the pregnancy. The outside of the uterus
was disinfected by spraying with Barricidal and 80% ethanol. It was then opened with sterile
scissors and fetuses recovered within their amniotic sacs. The following steps were
performed in a class Il sterile hood. The amniotic sacs were opened and the fetuses
extracted. The head, the liver and the heart were removed with sterile forceps and scalpel.
The body was finely minced with a sterile scalpel and incubated for 30 min in Trypsin/EDTA
solution containing 2% (v/v) chicken serum. The tissue clumps were disaggregated by
pipetting with a 5 ml pipette every 5 min. The cell suspension was transferred to a 50 ml
reaction tube and centrifuged for 5 min at 324 x g to pellet the cells. The pellet was
resuspended in poFF medium containing 1 x Penicillin/Streptomycin and 2.5 pg/ml
Amphotericin B and plated in one T150 flask per fetus. Medium was changed daily for 2
days, from day 4 onwards antibiotic/antimycotics were removed and the cells frozen on day
6. The cells were subcultured at 90% confluence.
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2.2.3.12 Preparation of cells for somatic cell nuclear transfer

Positive cell clones after screening were mixed in equal amounts and 1 x 10° cells plated in 4
wells of a 6 well plate. The next day the medium was replaced in two wells with MSC
Starvation medium to induce cell cycle synchronization. In the other two wells, the medium
was replaced with MSC Starvation medium on the following day. The cells were then
transported to the Institute of Molecular Breeding and Biotechnology (OberschleiBheim,
Germany). The somatic cell nuclear transfer and embryo culture was performed by Dr. V.
Zakhartchenko. The embryo transfer was conducted by Dr. B. KeBler.

2.2.4 Methods in microscopy

Cells were routinely observed with an AxioVert 25 inverted microscope to examine cell
morphology and to exclude contamination. Expression of enhanced green fluorescent protein
(EGFP) was visualized after excitation at 488 nm and emission at 507 nm. Cells were
photographed with an AxioCam MRc camera.

2.2.5 Methods in protein chemistry

2.2.5.1 Western blot analysis

Sample preparation

Cell culture samples:

To prepare protein samples from cell culture cells, they were resuspended in 50 to 200 pl
CytoBuster protein lysis buffer containing 1 x Complete Mini Protease Inhibitor Cocktail
depending on the cell number. Cells were incubated at RT for 5 min and frozen at -80°C.
Before use, the suspension was centrifuged at 16000 x g for 5 min to remove insoluble
material and the supernatant transferred to a new 1.5 ml reaction tube and either used
directly for concentration measurement or frozen at -80°C.

Porcine milk samples:

As a positive control for western blotting, skimmed milk was prepared from porcine milk.
Approximately 30 ml of milk were obtained manually from lactating sows at the animal
research station in Thalhausen, Germany. The milk was then aliquoted in 1.5 ml reaction
tubes and centrifuged for 15 min at 16000 x g. The milk fat formed a dense layer on top of
the skimmed milk and was removed. The skimmed milk was diluted 1:100 with ddH,O
containing 1 x Complete Mini Protease Inhibitor Cocktail, aliquoted and frozen at -80°C.
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Determination of protein concentration

To determine the protein concentration the Bradford assay based Advanced Protein Assay
Reagent was used according to manufacturers instruction either in single tube or 96 well

format.

Sodiumdodecylsulfate Polyacrylamide Gelelectrophoresis (SDS-PAGE)

To separate proteins according to size in an electric field, SDS-PAGE was used. To separate
proteins, 12% or 20% separating gels with a 5% stacking gel were used. The gels were

prepared according to Table 5.

Table 5: Formulation of 12%, 20% and 5% gel for SDS-PAGE

Reagent ! 2(_% 20(_% 5_%
separating gel separating gel stacking gel

Polyacrylamide 40% (29:1) 900 ul 1500 pl 125 pl

1 M Trizma base pH 8.8 1125 pl 1125 pl
0.5 M Trizma base pH 6.8 250 pl
10% SDS 30 pl 30 pl 10 pl

10% APS 30 pl 30 pl 10 ul

TEMED 1.2 ul 1.2 ul 1 ul
ddH,O 913.8 ul 313.8 ul 604 pl

Total volume per gel 3 mi 3 mi 1ml

Up to 50 pg of protein solution was mixed with 5 ul of 4 x L&mmli Buffer (250 mM Trizma-
HCI, pH 6.8, 1% (w/v) SDS, 1.1 M sucrose, 26 mM dithiothreitol, including a trace of
bromophenol blue) and heated to 95°C for 5 min in a PCR cycler. The Mini-PROTEAN 3 cell
was assembled and filled with 1 x SDS-PAGE Running Buffer (25 mM Trizma base, 200 mM
glycine, 0.1% (w/v) SDS) according to manufacturer’s instructions. Then the samples and
10 pl of SeeBlue Plus2 pre-stained Standard for size estimation were loaded onto the gel.
Empty wells were filled with 10 pl 4 x L&mmli Buffer to ensure even running of samples. The
gel was run for 45 min at a constant voltage of 200 V.

Transfer to PVDF membrane

The gel was removed from the glass plates and incubated in Semidry Blotting Buffer (25 mM
Trizma Base, 200 mM glycine, 20% (v/v) methanol) for 5 to 10 min. The PVDF membrane
(Immobilon-P) was activated for 1 min in 100% methanol and equilibrated in Semidry Blotting
Buffer for 5 min. Filter papers were soaked in Semidry Blotting Buffer. The Trans-Blot SD
Semi-dry Electrophoretic Transfer Cell was then assembled according to manufacturer’s
instructions and blotted at a constant voltage of 10 V per minigel (7 x 8 cm) for 30 min.
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Blocking and antibody binding
After the Semidry Blotting procedure, the PVDF membrane with the transferred proteins was

removed from the Blotting cell and incubated for 60 min at RT in 10 ml Blocking Buffer (5%
(w/v) BSA, 20 mM Trizma base, 140 mM NaCl, 0.1% (v/v) TWEEN 20) on an orbital shaker.
Afterwards the membrane was washed 3 x 5 min in 20 ml Washing Buffer (20 mM Trizma
base, 140 mM NaCl, 0.1% (v/v) TWEEN 20) under agitation followed by incubation ON at
4°C with primary antibody diluted in 10 ml Blocking Buffer according to Table 6. The
membrane was rinsed 3 x followed by washing 3 x 15 min in 20 ml Washing Buffer.
Incubation with secondary antibody, diluted in 10 ml Blocking Buffer according to Table 6,
was carried out at RT for 60 min on an orbital shaker. The membrane was washed again as

described above.

Table 6: Antibodies and dilutions

Antibody Antigen Raised in Company Dilution

Primary antibodies

Pab240 murine p53 mouse Santa Cruz 1:2500
DO-1 human p53 mouse Sigma Aldrich 1:5000
Bovine Beta- Bethyl
Anti-bovine BLG rabbit 1:5000
lactoglobulin Laboratories
Anti-Actin Actin Rabbit Rockland Inc. 1:5000
Anti-Actin Actin Mouse Sigma Aldrich 1:100000
Glyeraldehyd-
Anti-GAPDH 3-phosphate Mouse Sigma Aldrich 1:5000
dehydrogenase

Secondary antibodies

Anti-mouse murine IgG Rabbit Abcam 1:6000
Anti-rabbit rabbit IgG Donkey Rockland Inc. 1:30000

Chemiluminescent detection

After washing the membrane again, excess liquid was removed, 500 pl of Detection Reagent
1 and 500 pl of Detection Reagent 2 from Pierce ECL western blotting Substrate Kit were
mixed and applied to the membrane. After 1 min incubation excess liquid was removed and
the membrane placed in a plastic wrap. In a dark room, the membrane was placed in a
cassette with X-Ray film and incubated for 10 sec to 30 min depending on the signal
intensity. The results were visualized by incubation AGFA developer solution and fixation

solution for 3 min.
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2.2.5.2 Dual-Luciferase Assays
Cells were transfected with 3 ug DNA with Nanofectin and at the indicated molar ratios.

Plasmids molar ratio
psiCHECK2 : shRNA construct 1:5
psiCHECK2 : miRNA construct 1:5
pRGC-Luc : pcDNA-p53 : pRenilla 1:1:0,02
pRGC-Luc : pcDNA-BLG : pRenilla 1:1:0,02
pRGC-Luc : pRenilla 1:0,02

After 48 h cells were washed with D-PBS and lysed with 500 pl 1 x Passive Lysis Buffer for
15 min at RT. The suspension was transferred into 1.5 ml reaction tubes and centrifuged for
5 min at 16000 x g to remove cell debris. 75 pl of the supernatant were mixed with 75 pl
Dual-Glo Reagent and incubated at RT for 15 min. Luminescence generated by firefly
luciferase was measured with a GloMAX 20/20 luminometer with an integration time of 2 s.
75 ul Dual-Glo Stop & Glo solution was added and incubated for 15 min at RT.
Luminescence generated by Renilla luciferase was determined as before for firefly luciferase.
Dual-Luciferase Assays were performed in triplicate and performed at least twice. Relative
light units (RLU) were calculated by normalization of the regulated luciferase with the
respective control luciferase. RLU are stated as mean values of the triplicates and error bars
represent standard deviations. The significance of the RLU compared to control values was
determined by ANOVA. Representative diagrams of the independent experiments are

shown.
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3 Results

3.1 Sequence-specific gene silencing of porcine beta-Lactoglobulin
Beta-Lactoglobulin (BLG) is one of the major proteins in the whey fraction of milk in
mammalian species with the exception of humans, rodents and lagomorphs. The function of
the protein is unknown. Some biological functions have been proposed for bovine BLG such
as retinol transport or absorption, involvement in intestinal fatty acid absorption and the
digestion of milk fat but no definitive proof is available (Papiz et al., 1986; Kushibiki et al.,
2001; Pérez et al., 1992). For porcine BLG no functions other than as a source of amino
acids for the offspring have been suggested. Moreover, bovine BLG is known to be a major
factor in cow’s milk intolerance/allergy (CMI/CMA) (Wal, 1998a). Elimination of BLG from
bovine and porcine milk could give further insight into the function of the protein. Removal of
BLG from cow’s milk would have a beneficial effect for children suffering from CMI/CMA.
Knockout of BLG by gene targeting has been attempted in the past but without success. The
main hurdle for knockout by gene targeting is the fact that milk proteins are generally not
expressed in primary cells in culture. This impedes the use of promoter-trap vectors for the
enrichment of gene targeted cells (Thomson et al., 2003). Therefore the aim of this project
was to determine whether RNA mediated gene silencing (RNAI), offers a useful alternative
approach. In this part of the project pigs with RNAi mediated knockdown of BLG should be
generated. The pig was chosen as a convenient species because the generation time of pigs
is much shorter than in cattle and pigs have bigger litter sizes. Success in this pilot work
could lead to the identification of gene function of porcine BLG and a suitable method for the
generation of cows with BLG knockdown.

3.1.1 Construction of short hairpin RNA vectors for BLG knockdown

To achieve stable downregulation of porcine BLG, different RNAi expression constructs were
employed. These were based either on short hairpin RNAs (shRNAs) or artificial microRNAs
(miRNAs). The first step was to design shRNAs for knockdown of BLG with the siRNA Target
Finder (Ambion) or Block-iT RNAi Designer (Invitrogen) programs using the NCBI BLG
Reference Sequence X54976. Sequences against BLG were retrieved and a BLAST search
in the known porcine database performed to exclude homologies with other porcine mRNAs.
Sequences showing more that 15 nt stretches of homology with other porcine genes were
avoided to minimize off-target effects because siRNAs can bind to sequences with partial
complementarity (Hajeri and Singh, 2009). Six sequences were chosen for shRNA mediated
BLG downregulation and were named according to their position relative to the 5’ end of the
NCBI BLG mRNA Reference Sequence X54976. The shRNA target sequences started at nt
219, 279, 334, 369, 380 and 489 and are illustrated in Figure 13.
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Figure 13: Porcine BLG mRNA from Reference Sequence X54976 with shRNA target sites. Target sites are
located in the 537 nt open reading frame (ORF) of porcine BLG and are named according to their position from
the 5" end of the NCBI BLG Reference Sequence X54976.

The RNAI expression sequences were obtained as single stranded DNA oligonucleotides.
Before insertion into the shRNA expression plasmid pSuppressorNeo (named IMG-800 in the
following sections), they were annealed to generate double stranded DNA oligonucleotides.
The schematic structure of annealed shRNA oligonucleotides is illustrated in Figure 14.

Xhol Scal Xbal
|
TCGAG F T
c sense loop antisense | AGATC

Figure 14: General configuration of double stranded shRNA DNA oligonucleotides. DNA oligonucleotides
were designed with Xhol and Xbal restriction site overhangs. The 6 nt spacer (loop) sequence contains a Scal
restriction site. The antisense sequence includes a transcription terminator (TTTTT).

The double stranded shRNA oligonucleotides were inserted into the Sall and Xbal restriction
sites of the shRNA plasmid IMG-800. The general configuration of the shRNA expression
cassette in this plasmid is presented in Figure 15. The transcription of the shRNA is directed
by the U6 Pol Ill promoter and terminated by a stretch of five thymidine residues at the 3’ end
of the antisense sequence. Moreover, a second terminator is included downstream of the
cassette to ensure the production of small RNAs. This cassette results in the expression of
shRNAs within mammalian cells.
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Figure 15: Configuration of shRNA expression cassette in IMG-800. The U6 promoter (blue) is a polymerase
Il promoter directing the expression of short RNAs. The shRNA coding sequence is connected to a
complementary coding sequence by a 6 nt spacer (loop) containing a Scal restriction site (orange). In addition to
five thymidine residues at the 3’ end of the antisense sequence, a second transcription terminator (grey) is
included in the construct. After transcription, the RNA folds into a hairpin structure with 3’ uracil overhangs.

Insertion of the shRNA oligonucleotides into IMG-800 was tested by restriction enzyme

digestion with Sall and Scal. Due to the fact that the shRNA oligonucleotides contain an Xhol
overhang compatible with the Sall site of IMG-800, this restriction site was eliminated during
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insertion of the oligonucleotide. The loop sequence of the shRNA includes a Scal restriction
site which facilitates the identification of plasmids with shRNA insertion. The resulting
construct, IMG-BLGshRNA, is depicted in Figure 16.

X Sc:IaI Xbal

= U6 Promoter > BLGshRNA L Terminator |=

Figure 16: Schematic diagram of the shRNA plasmid IMG-BLGshRNA. Vector IMG-800 with shRNAs against
porcine BLG. The shRNAs are inserted into the Sall and Xhol sites of IMG-800. Blue: RNA polymerase |lI
promoter U6; Orange: shRNA against porcine BLG; Grey: second terminator for shRNA expression cassette.

After confirmation by restriction enzyme digestion, constructs containing the shRNA cassette
were sequenced. A negative control shRNA plasmid, named IMG-shnc, containing a hairpin
sequence with no homology to the rat, mouse and human genome was included in the
pSuppressorNeo kit. Furthermore, a positive control shRNA sequence starting at position 61
relative to the Renilla luciferase (hRluc, Promega) start codon was designed with the
Block-iT RNAi Designer program to silence Renilla luciferase. This sequence was also
inserted into IMG-800 and the control plasmid IMG-shLuc1 generated.

3.1.2 Cloning of the RNA interference test vector psiCHECK-BLG

The knockdown ability of the selected shRNA sequences was first tested in a Dual-
Luciferase RNAI reporter assay. This evaluation of knockdown efficiencies is based on the
RNA interference test plasmid psiCHECK2 and a schematic diagram illustrating the test
system is presented in Figure 17.

The plasmid psiCHECK2 contains two luciferase genes which can be expressed in
mammalian cells. The cDNA of the gene of interest can be placed behind the stop codon of
Renilla luciferase. This leads to a fusion mRNA of Renilla luciferase and the gene of interest.
When Renilla luciferase is translated it catalyzes the oxidation of coelenterazine to
coelenteramide, CO, and light (Promega). If a functional shRNA or artificial miRNA directed
against the gene of interest or the Renilla luciferase sequence is added, the fusion mRNA is
degraded, leading to a reduction of Renilla luciferase and thereby to a decrease in light
emission. The second luciferase from firefly catalyzes the oxidation of luciferin to oxyluciferin
under light emission (Promega). This luciferase serves as an internal control allowing results
to be normalized for transfection efficiency.
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Figure 17: psiCHECK2 RNA interference test system (adapted, from Promega). The cDNA of the gene of
interest is cloned into the 3° UTR of Renilla luciferase. The Renilla luciferase is translated and light emission can
be measured. If functional RNAIi constructs directed against the gene of interest or the Renilla luciferase are
introduced into the cell, the fusion mRNA is cleaved and degraded by the RNA interference pathway. This leads
to reduced substrate conversion and a decrease of light emission.

To employ the RNAI test vector for a first evaluation of the knockdown potential of the shRNA
sequences against porcine BLG, it was necessary to insert the porcine BLG cDNA into the
vector psiCHECK2. For this purpose, the cDNA for porcine BLG was excised from the
plasmid pGEM-T-porcine BLG (see section 2.1.14) with Notl and inserted into the Notl site of
the RNAI test vector psiCHECK2 (see Figure 18).

Notl Notl

SV40 P. Renillaluc + BLG cDNA H polyA HSV-TK P.>| Firefly luc 4 polyA -

Figure 18: Schematic diagram of the RNAi test vector psiCHECK-BLG. Porcine BLG cDNA from pGEM-T-
porcine BLG was inserted into the Notl restriction site of psiCHECK2. The fusion mRNA of Renilla |uciferase and
porcine BLG is expressed by a SV40 promoter and the firefly luciferase mRNA by a herpes simplex virus
thymidine kinase promoter (blue). Polyadenylation signals are depicted in grey.

The plasmid was sequenced with the primer psiCHECK2 Seq f to exclude mutations in the
BLG cDNA sequence.

3.1.3 Dual-Luciferase assay to determine knockdown potential of BLG
shRNAs

ShRNA sequences directed against porcine BLG were examined for their knockdown

efficiency in a Dual-Luciferase assay. For this purpose, the vector psiCHECK-BLG was either

cotransfected with the shRNA plasmids against BLG (IMG-BLGsh219, IMG-BLGsh279, IMG-

BLGsh334, IMG-BLGsh369, IMG-BLGsh380, IMG-BLGsh489), the negative control plasmid
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IMG-shnc or the positive control vector IMG-shLuc1 against Renilla luciferase into HEK293
cells. Two days later Renilla and firefly luciferase catalyzed light emission was determined.
Silencing efficiencies were calculated as percentage of the negative control IMG-shnc.
BLGsh219 showed approximately 22%, BLGsh334 74%, BLGsh380 30% and BLGsh489
50% knockdown compared to the negative control. The positive control shLuc1 resulted in a
64% downregulation of relative Renilla luciferase expression (see Figure 19).
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Figure 19: Dual-Luciferase assay with psiCHECK-BLG and shRNA plasmids against BLG. Relative light
units (RLU) are presented. The negative control IMG-shnc (shnc) is set to 100%. Knockdown of Renilla is shown
in comparison with the negative control. Measurements were performed in triplicates. All constructs with the
exception of BLGsh279 and BLGsh369 showed significant downregulation of relative Renilla luciferase
expression. Details see text (*: p<0.05; n=3).
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Two of the designed shRNA sequences, BLGsh279 and BLGsh369, did not result in a
significant downregulation of the relative Renilla luciferase expression. The frequency of two
non functional shRNAs out of six designed sequences is similar to other published findings
(Kumar et al., 2003). The other four shRNAs showed downregulation of the relative Renilla
luciferase expression ranging between 22 to 75% which was comparable to the positive
control shLuc1 against Renilla luciferase (about 65%). Because of the best downregulation of
relative Renilla luciferase expression, the shRNA sequences BLGsh334 and BLGsh489 were

chosen for further experiments.

3.1.4 Construction of the lentiviral shRNA vector pLenti-shRNA

Since the long-term goal of this project was to generate pigs with stable knockdown of BLG
with efficient RNAi sequences, a lentiviral vector was constructed for shRNA expression.
These lentiviral vectors can be used to produce infectious lentiviral particles for the infection
of cells or the generation of shRNA transgenic pig by lentiviral transgenesis (Hofmann et al.,
2003). For this purpose a lentiviral ShRNA vector containing a shRNA expression cassette, a
visual marker (EGFP) and also a selectable marker (Blasticidin resistance) was generated.
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The visual and selectable markers were included to monitor the transfection efficiency and to
facilitate the generation of stable cell pools and clones.

The construction of the vector will be briefly described, more detailed information about the
cloning steps involved is shown in section 8.1. The first step was to insert a stuffer sequence
downstream of the U6 promoter into the shRNA plasmid IMG-800. This was important to
facilitate the insertion of shRNA oligonucleotides into the final lentiviral plasmid, because the
distance between the Sall and Xbal restriction site in the original shRNA vector IMG-800 was
only 9 bp. The insertion of the 118 bp stuffer sequence from pSL1180 Amersham allowed a
better visualization of the restriction digestion fragments. The resulting plasmid was named
IMG-Stuffer (see Figure 20).
Sall Xbal
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Figure 20: Schematic diagram of the plasmid IMG-Stuffer. A 118 bp stuffer sequence was excised with Sall
and Xbal from pSL1180 Amersham and inserted into the Sall and Xbal restrictions sites of the plasmid IMG-800.

The U6 promoter cassette with the stuffer region and the secondary terminator sequence
was then inserted into the lentiviral plasmid pLenti4s-Xbal (see section 2.1.14 and 8.2)
downstream of the lentiviral packaging signal and a schematic diagram of the resulting
plasmid pLenti4s-U6-Stuffer is presented in Figure 21.
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Figure 21: Schematic diagram of the plasmid pLenti4s-U6-Stuffer. The U6 promoter (blue) cassette
containing the pSL1180 stuffer sequence (white) and the second terminator (grey) was inserted into the Afel and
Pstl sites of the lentiviral plasmid pLenti4s-Xbal.

The plasmid pLenti4s-U6-Stuffer contained a Zeocin resistance cassette. Previous
experience selecting various mammalian cell lines using Zeocin showed that it was less
efficient than Blasticidin (Dr. H. Wieland, personal communication). Therefore the Zeocin
resistance cassette was replaced with a PGK promoter directing the expression of EGFP
linked to a Blasticidin resistance by an internal ribosome entry site (IRES) to allow selection
and visual identification of transfected cells. For this purpose, a PGK promoter-EGFP
fragment was inserted into the vector plRES2-EGFP to obtain the vector pPGK-EGFP-IRES-
EGFP1. The PGK promoter-EGFP-IRES cassette was obtained from the plasmid by PCR
amplification with the primers IRESPGKEGFP f/r and digested with Xhol and EcoRV (see
Figure 22).
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Figure 22: Schematic diagram of the plasmid pPGK-EGFP-IRES-EGFP1. The PGK promoter (blue) and the
EGFP coding sequence (green) were inserted into the vector pIRES2-EGFP. PCR amplification with the primers
IRESPGKEGFP f/r yielded a 2300 bp fragment which was digested with Xhol and EcoRV to generate a 1900 bp
fragment containing the PGK promoter (blue), the EGFP coding region (green) and the internal ribosome entry
site (IRES, white).

As a next step, the Blasticidin resistance gene together with the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE), the 3’ delta U3 LTR sequence and SV40
polyA signal were isolated from the vector pLenti6/TR-woodchuck (see section 2.1.14 and
8.2). The WPRE is a cis-acting element known to enhance transgene expression and viral
titers, although the exact mechanism is unclear (Zufferey et al., 1999). The PGK promoter-
EGFP-IRES cassette and the Blasticidin-WPRE-SV40 polyA fragment were ligated with
pLenti4s-U6-Stuffer in a three fragment ligation to generate the lentiviral shRNA vector
pLenti-shRNA (see Figure 23).
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Figure 23: Schematic diagram of the lentiviral vector pLenti-shRNA. The PCR fragment containing PGK-
EGFP-IRES (blue, green), the cassette from pLenti6/TR-woodchuck with the Blasticidin resistance gene (BS,
green), the woodchuck hepatitis virus post-transcriptional regulatory element (W, white) and delta U3 3 LTR
(white) were ligated with the pLenti4s-U6-Stuffer backbone to create pLenti-shRNA. w: HIV packaging signal.
Double stranded shRNA oligonucleotides can be inserted into the Sall and Xbal restriction sites of pLenti-shRNA.

The functionality of the PGK promoter expressing EGFP linked to the Blasticidin cassette by
the IRES was tested in tissue culture. HEK293 cells were transfected with pLenti-shRNA and
48 h later EGFP expression was observed (see No. 2 in Figure 24). Resistant cells were
obtained by selection with Blasticidin whereas non-transfected cells started to round up and
detach from the tissue culture plate on day 5 (see No. 5 and 6 in Figure 24).
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Figure 24: Functional test of pLenti-shRNA in HEK293 cells. 1 and 2: Phase contrast (1) and fluorescence
image (2) of HEK293 cells 48 h after transfection with pLenti-shRNA. 3 and 4: Phase contrast (3) and
fluorescence image (4) of untransfected HEK293 cells. 5 and 6: HEK 293 cells transfected with pLenti-shRNA (5)
or untransfected HEK293 cells (6) after 5 d of Blasticidin selection.

These cell culture tests showed that of the visual and the selectable marker on the lentiviral

shRNA plasmid pLenti-shRNA were functional.

3.1.5 Dual-Luciferase assay to determine knockdown with lentiviral shRNA

constructs

One goal of this project was to generate shRNA transgenic pigs with downregulation of
porcine BLG by lentiviral transgenesis (Hofmann et al., 2003). Therefore the two most
effective sequences, BLGsh334 and BLGsh489, the positive control against Renilla
luciferase (shLuc1) and the negative control shRNA sequence (shnc) were cloned into the
Sall and Xbal restriction sites of the lentiviral shRNA vector pLenti-shRNA. The ability of
these plasmids to downregulate BLG was tested in the Dual-Luciferase Assay with
psiCHECK-BLG and the results of the assay are shown in Figure 25.
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Figure 25: Dual-Luciferase assay with lentiviral ShARNA constructs against porcine BLG. Relative light units
(RLU) are presented. The negative control pLenti-shnc (shnc) is set to 100%. Knockdown of Renilla is shown in
comparison with the negative control. All constructs showed significant downregulation of relative Renilla
luciferase expression compared to the negative control shnc (*: p<0.05; n=3).
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The plasmid pLenti-BLGsh334 resulted in 82% downregulation of the relative Renilla
luciferase expression, pLenti-BLGsh489 of 49% and pLenti-shLuc1 of 61% compared to the

negative control lentiviral vector pLenti-shnc.

Both sequences directed against porcine BLG showed comparable knockdown to the non-
viral shRNA plasmids IMG-BLGshRNA. IMG-BLGsh334 downregulated the relative Renilla
luciferase expression by 74%, pLenti-BLGsh334 by 82%, IMG-BLGsh489 by 55% and the
lentiviral construct by 49%. The same was true for the positive control sequence against
Renilla luciferase (55% and 61%). Therefore the lentiviral sequences on the plasmid did not
interfere with the efficiency of the U6 promoter driven shRNA cassette.

3.1.6 Virus production with lentiviral BLGshRNA constructs

The production of infectious lentiviral particles with pLenti-BLGsh334, pLenti-BLGsh489 and
pLenti-shLuc1 was performed in HEK293FT cells as described in section 2.2.3.6. Titration of
the supernatant was performed by infection of HT1080 cells and counting of Blasticidin
resistant colonies. The maximum titer determined by colony forming assay was 6 x 10°
transduction units per ml. These titers were however not judged sufficient to generate
animals via lentiviral transgenesis, because titers of 10° to 10" TU/ml are necessary for this
method (personal communication, Prof. Dr. E. Wolf; Lois et al., 2002). Optimization of the
transfection procedure by varying the DNA amount did not yield higher lentiviral titers (data
not shown). The generation of lentiviruses with reduced viral titers has been previously
described for shRNA containing constructs. This is most likely due to the presence of the
shRNA hairpin in the viral mRNA, leading to Dicer mediated cleavage of the viral mRNA
(Poluri and Sutton, 2008). Therefore, all following experiments were performed by
transfection of the lentiviral plasmids instead of infection with lentiviruses. The plan to
generate transgenic pigs by lentiviral transgenesis was replaced by the production via
somatic cell nuclear transfer of transfected cell clones (section 3.1.15 and 3.1.16).

3.1.7 Cloning of artificial miRNA vectors for downregulation of BLG

As tissue-specific downregulation of BLG in vivo restricted to the lactating mammary gland
should be achieved in the long term, artificial miRNA based RNAi constructs were also
evaluated for their knockdown potential. As these constructs are directed by RNA
polymerase Il promoters, they can be expressed in a tissue-specific manner (Zeng et al.,
2002; Rao et al., 2006) for example by using mammary gland specific promoters such as the
BLG or beta-casein promoter. In addition, even ubiquitous downregulation of target mRNAs
in an artificial mMiRNA context has been reported as less toxic than shRNAs in vivo (McBride
et al., 2008).
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To this end the commercial vector pcDNA6.2-GW/miR (named pCMV-miRNA in the following
sections) from Invitrogen was chosen (see section 2.1.14 and 8.2). In this plasmid the
miRNA cassette is expressed from a RNA polymerase Il promoter derived from human
cytomegalovirus promoter (CMV). The transcript mimics natural pri-miRNAs after expression
and consists of 5" and 3’ flanking regions from murine miR-155, a hairpin structure containing
the mature artificial miRNA with internal bulges and a polyadenylation signal from the herpes
simplex virus thymidine kinase (HSV-TK polyA). The 5’ and 3’ flanking regions are removed
in the cell by the endoribonuclease Drosha generating an artificial pre-miRNA. The
schematic structure of the plasmid and an example of a resulting pre-miRNA are shown in
Figure 26. Furthermore the plasmid contains a Blasticidin resistance cassette for the

generation of stable cell clones and pools.
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Figure 26: Schematic diagram of the artificial miRNA expression vector pCMV-miRNA containing an
artificial miRNA sequence. The polymerase Il promoter CMV (blue) directs the expression of a pri-miRNA
cassette. The cassette includes 5 and 3 flanking regions derived from murine miR-155 (white), a stem loop
structure with internal bulges (orange) and a HSV-TK polyadenylation signal (grey). A SV40 promoter directed
Blasticidin resistance cassette (BS, green) is also present on the plasmid. An example of an artificial pre-miRNA
after removal of the 5’ and 3’ flanking regions is also shown.

The plasmid pCMV-miRNA was obtained from the supplier in linearized form and thus could
not be propagated in bacteria. This was circumvented by insertion of a stuffer sequence
containing two Bsal restriction sites into pCMV-miRNA generating the plasmid pCMV-circ.
Digestion with Bsal resulted in the overhangs necessary for insertion of the miRNA
oligonucleotides. A schematic overview of the plasmid pCMV-circ is depicted in Figure 27.
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Figure 27: Schematic diagram of the artificial miRNA vector pCMV-circ. The artificial miRNA expression
vector pCMV-circ contains a CMV promoter (blue), the 5" and 3’ flanking regions (white), the stuffer sequence
enabling propagation of the plasmid in bacteria (white), the HSV-TK polyadenylation sequence (grey) and a
Blasticidin resistance cassette (green). Artificial miRNA against BLG (orange) can be inserted into the Bsal
restriction sites. The artificial miRNAs contain an Mscl restriction enzyme recognition site to facilitate the
identification of plasmids containing miRNA sequences.
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Sequences for artificial miRNA mediated knockdown of porcine BLG were selected with the
Block-iT RNAi Designer program. Artificial miRNA sequences located in similar sequence
positions to the previously determined effective shRNA sequences BLGsh334 and
BLGsh489 on the porcine BLG mRNA Reference Sequence X54976 were designed. This
allowed a comparison of shRNA and artificial miRNA vectors against similar target regions.
The Block-iT RNAI Designer program suggested an artificial miRNA sequence with predicted
high knockdown ability close to the target sequence BLGsh489. This sequence, BLGmIi490,
started at nucleotide position 490 relative to the 5’ end of X54976. In contrast to this, no
artificial miRNA sequence was found in the target region of BLGsh334. Therefore the
BLGsh334 sequence was redesigned so that it could be inserted into the Bsal digested
vector pCMV-circ and was named BLGmIi334. The artificial miRNA sequences were obtained
as single stranded DNA oligonucleotides. Before the insertion into pCMV-circ they were
annealed to double stranded oligonucleotides. The general configuration of artificial miRNA
oligonucleotides is presented in Figure 28.
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Figure 28: General configuration of double stranded artificial miRNA DNA oligonucleotides. DNA
oligonucleotides were designed with overhangs as shown above. These were compatible with Bsal restriction
sites of pCMV-circ. The 19 nt loop sequence contains a Mscl restriction site and the sense sequence is 2 nt
shorter than the 21 bp antisense sequence (mature miRNA) creating an internal loop.

The loop sequence of all BLG miRNA oligonucleotides contained a recognition site for the
restriction endonuclease Mscl. Insertion of the oligonucleotides BLGmMIi334 and BLGmMIi490
was therefore confirmed by Mscl restriction digestion. Plasmids with correct restriction
patterns were sequenced to ensure proper miRNA sequences.

The RNAI sequences targeting positions 334 and 490 of the porcine BLG mRNA were
successfully inserted into the artificial miRNA vector pCMV-circ to generate pCMV-
BLGmMIi334 and pCMV-BLGmi490. Moreover, a positive control plasmid against Renilla
luciferase, pCMV-miLuc1, was also designed with a target sequence starting at nucleotide 61
relative to the start codon of hRluc (Promega), identical to the beginning of the target position
of shLuc1. A negative control plasmid showing no homology to known vertebrate genes,
pcDNA6.2-GW/miR-neg (named pCMV-minc in the following sections), was included in the
pcDNAG6.2-GW/miR Kit.

3.1.8 Dual-Luciferase assay with pCMV-BLGmiRNA constructs

A Dual-Luciferase assay was performed to evaluate the knockdown potential of the vectors
pCMV-BLGmMIi334 and pCMV-BLGmIi490. These two artificial miRNA constructs against
porcine BLG, the positive control plasmid pCMV-miLuc1 against Renilla luciferase and the
negative control plasmid pCMV-minc were cotransfected into HEK293 cells with psiCHECK-
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BLG. The plasmid pCMV-BLGmi334 showed 30%, pCMV-BLGmi490 60% and pCMV-
miLuc1 35% knockdown of relative Renilla luciferase expression compared to the negative

control pCMV-minc (see Figure 29).
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Figure 29: Dual-Luciferase assay with psiCHECK-BLG and pCMV-BLGmiRNA plasmids against BLG.
Relative light units (RLU) are presented. The negative control pCMV-minc (minc) is set to 100%. Knockdown of
Renilla is shown in comparison with the negative control. All constructs showed significant downregulation of
relative Renilla luciferase expression compared to the negative control minc (*: p<0.05; n=3).

The Dual-Luciferase assay showed that both artificial miRNA sequences led to a significant
knockdown of the relative Renilla luciferase expression. The extent of downregulation
obtained with the BLGsh489 and BLGmIi490 constructs was similar (55% and 60%). In
contrast to this, the other two constructs, BLGmMi334 and miLuc1, were not as effective as the
respective shRNA constructs (BLGsh334: 74%, BLGmIi334: 30%; shLuc1: 64%; milLuc1:
35%).

3.1.9 Primary porcine mammary epithelial cell culture for evaluation of RNA.i

constructs
The RNAi constructs against porcine BLG had been tested in HEK293 cells for their
efficiency in downregulating a fusion mRNA between Renilla luciferase and BLG. Next the
inhibition of endogenous porcine BLG should be examined. For this purpose primary porcine
mammary epithelial cells (PMEC) were isolated and functional differentiation of these cells
was attempted. After a successful knockdown of endogenous porcine BLG, these cells could
be directly used as donor cells for somatic cell nuclear transfer (SCNT) to generate RNAI

transgenic pigs.

Only two research groups had reported successful culture of primary PMEC (Kumura et al.,
2001; Sun et al., 2005). This indicates that the culture and functional differentiation of PMEC
is not trivial. Kumura et al. (2001) isolated primary cells from mammary glands of non-
lactating pigs and cultured them on floating collagen gels. After two days in culture, the cells
expressed the porcine milk proteins beta-casein, BLG and lactoferrin. The expression of BLG
and lactoferrin did not require hormonal induction with prolactin, supplementation of the
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medium with hydrocortisone was sufficient to induce expression. In contrast, the expression
of casein required prolactin induction. Unlike Kumura et al. (2001), Sun et al. (2005) isolated
primary PMEC from lactating sows. In addition, there were other differences between the two
culture protocols for PMEC. Sun et al. used a different cell culture medium to Kumura et al.,
the induction of milk protein expression was carried out on extracellular basement membrane
(Matrigel) instead of floating collagen gels and the expression of BLG as well as beta-casein
and alpha-lactalbumin required the presence of the lactogenic hormone prolactin (Sun et al.,
2005).

Because of these two reports describing PMEC culture and the induction of milk protein
expression, cells were isolated from mammary gland tissue of eleven non-lactating and also
three lactating sows. The isolation procedure was performed according to Sun et al. (2005)
and is described in section 2.2.3.7. Of these, four isolations from non-lactating (PMEC 4NL,
5NL, 8NL and 11NL) and one isolation from lactating (PMEC 14L) pigs, which showed a
predominantly epithelial phenotype and good growth characteristics, were used for various

experiments.

The first step was to establish appropriate culture conditions for PMEC. PMEC 4NL was
cultured in MEC medium for up to 56 days (passage 8). This medium was essentially
identical to the medium used by Sun et al. (2005) but without the antibiotics (Penicillin,
Streptomycin, Neomycin). During the culture period, the morphology changed from epithelial
to fibroblast-like and then senescent cells. Figure 30 shows the cell morphology in passage 0
(P0O) on day 2 and 8, P4 on day 30 and P8 on day 56.

Figure 30: Morphology of PMEC 4NL in MEC medium. 1: Islets with epithelial morphology arose after
attachment of PMEC (PO, d2). 2: On day 8 cells formed confluent monolayers with epithelial morphology (PO, d8).
3: Cell morphology changed with prolonged culture to a less uniform monolayer (P4, d30). 4: Cells formed
clusters surrounded by fibroblast-like and senescent cells (P8, d56).
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On day 2, many islets with epithelial cuboidal cells were present. The predominant epithelial
phenotype changed during the culture period to a mixture of epithelial and fibroblast-like
cells. On day 56 (P8), most of the cells ceased to grow and appeared senescent. The
number of passages before the cells reached senescence was lower than described by Sun
et al. (2005) (P15 to 20). Furthermore, Sun et al. reported almost complete loss of
contaminating fibroblast cells by passage 5. This was not observed in this project although
selective Accutase treatment (see section 2.2.3.7) was used to remove the contaminating
fibroblasts.

Because of these results it was investigated whether other growth media would support
longer growth of more uniform epithelial cells. Five different growth media were tested with
freshly isolated cells (PMEC 8NL), the compositions are described in section 2.2.3.7. These
included the medium used by Sun et al. and the same medium substituting the fetal calf
serum for porcine serum (MEC PS medium). This modification was performed because a
positive effect of autologous serum on the growth characteristics of human MEC has been
reported (Emerman et al., 1987). A simplified medium similar to Kumura et al. (2001) for the
culture of PMEC was also used. The fourth medium was a serum-free medium
supplemented with bovine pituitary extract and EGF used to culture human MEC (Hammond
et al., 1984; MCDB170EGF) and the last medium was a defined commercial medium for the
culture of epithelial cells (Q286).

PMEC 8NL was plated into the five different media directly after cell isolation from mammary
gland tissue. Figure 31 A shows the cells on day 3 after plating. All five media supported
attachment of PMEC to plastic surfaces. Islets with epithelial cell morphology were detected
in all five media, but in modified Kumura and MCDB170EGF medium, the number of colonies
was lower than in the other media. PMEC 8NL was cultured for another week in the each
medium. Cells in MEC medium had to be excluded from the test due to fungal contamination.
PMEC proliferation in modified Kumura and MCDB170EGF medium was limited and only a
few colonies were visible on day 10. Q286 medium led to fast proliferating cells but the
morphology changed from epithelial to fibroblast-like. MEC PS medium promoted the growth
of epithelial cells. Figure 31 B shows the cells in various media at day 10.

The initial culture experiment with PMEC 4NL and the comparison of growth media with
PMEC 8NL showed that the original culture medium for PMEC, MEC medium, and the
modified MEC PS medium with porcine instead of fetal calf serum resulted in cells with
epithelial morphology which proliferated well. The other tested media did not improve the
culture of PMEC. Due to these results, further isolations were cultured in either MEC medium
or MEC PS medium.
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Figure 31: PMEC 8NL 3 days (A) and 10 days (B) after isolation in different media. 1: Cells in modified
Kumura medium. 2: Cells in Q286 medium. 3: Cells in MCDB170EGF medium. 4: Cells in MEC PS medium. 5:
Cells in MEC medium. Primary cultures are shown at PO. All media supported growth of epithelial cell islets after
cell attachment. Only few colonies formed in modified Kumura medium and MCDB170EGF medium and
proliferated slowly. MEC and MEC PS medium yielded many colonies with epithelial morphology. In Q286
medium cells proliferated well but the morphology changed to fibroblast-like cells. Red arrows: examples of
fibroblast-like cells.

The goal of primary PMEC culture was to establish cell culture conditions which lead to the
expression of milk proteins, allowing an evaluation of RNAi mediated downregulation of
endogenous porcine BLG. To induce milk protein expression in primary MEC it is important
to mimic the in vivo 3D organization of mammary cells (Emerman and Pitelka, 1977; Li et al.,
1987; Barcellos-Hoff et al., 1989). Mammary epithelial cells in the intact mammary gland are
organized in spheroids, so called acini or alveoli. They are characterized by polarized
epithelial cells, attached to a basement membrane surrounding a hollow lumen. This

organization is important in controlling cell survival, proliferation, differentiation and milk
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protein expression (McGee et al., 2006). 3D culture of mammary epithelial cells on floating
collagen gels or on/embedded in extracellular basement membrane matrix (e.g. Matrigel) has
been used to mimic the alveolar structure in vitro. Matrigel is a commercial preparation of a
soluble basement membrane extract from the murine Engelbrecht Holm-Swarm (EHS)
sarcoma model that supports 3D growth of polarized cells (reviewed in LeBleu et al., 2007;
Kleinman and Martin, 2005). This EHS basement membrane matrix has been used by many
groups for the 3D culture and functional differentiation of primary MEC and MEC cells lines of
different origin (for example: Medina et al., 1987; Li et al., 1987; Barcellos-Hoff et al., 1989;
Ilp and Darcy, 1996; Talhouk et al., 1998; Debnath et al., 2003). Functional differentiation of
human MEC cultured on Matrigel is shown in Figure 32.
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Figure 32: Functional differentiation of MEC on or embedded in Matrigel (adapted, from Debnath and
Brugge, 2005). MEC surrounded by extracellular matrix show polarization on the cells followed by extensive
signalling. This signalling induces apoptosis of the cells on the inside of the 3D structure resulting in the formation
of alveolar-like hollow structures.

Two different approaches for the 3D growth of mammary epithelial cells with Matrigel have
been described. The first method, called overlay, is based on culturing the cells on top of a
layer of solidified Matrigel. For the second method, the so-called embedment, a thin layer of
Matrigel is used to cover the culture dish. The cells are mixed with liquid Matrigel and are
then added to the pre-coated culture dish (Debnath and Brugge, 2005). Both types of culture
lead to the formation of 3D structures by MECs resembling alveoli. A schematic overview of
both systems is presented in Figure 33.
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Figure 33: The two different types of Matrigel assay used to culture MECs (adapted, from Debnath and
Brugge, 2005). Functional differentiation of MEC can be induced by culturing these cells inside (embedment) or
on top of Matrigel (overlay).
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3D culture on Matrigel was used to induce milk protein expression in PMEC according to Sun
et al. (2005). To establish the conditions for 3D culture of PMEC, cells from isolation PMEC
5NL were cultured in 6 well plates. Each well was coated with 300 pl Matrigel and 8 x 10°
cells plated in MEC medium with 5 pg/ml ovine prolactin. The cells formed alveolar-like
structures after 2 days which appeared hollow at day 4 (see Figure 34).

Figure 34: PMEC isolation 5NL at P5 cultured on Matrigel. 1: Alveolar-like structures on day 2 on Matrigel in
MEC medium containing 5 pg/ml ovine prolactin. 2: Hollow alveolar-like structures on day 4 on Matrigel in MEC
medium containing 5 pg/ml ovine prolactin.

On day 5, RNA was extracted to examine milk gene expression. One step RT-PCR was used
to detect mammary gland specific mRNAs (Whey acidic protein, beta-casein, BLG and a-
lactalbumin) using primers which had been shown to be functional on mRNA isolated from
cells in porcine milk. None of these mRNAs could be detected in PMEC 5NL (data not

shown).

Because of the lack of expression of milk protein genes, cells cultured in MEC PS instead of
MEC medium were analyzed to determine whether the fetal calf serum in MEC medium
inhibited milk gene expression. For these experiments, cells from isolation 8NL cultured in
MEC PS medium were used. In addition serum free conditions were examined to determine
if the porcine serum had inhibitory effects on milk protein gene expression. Cells cultured in
MEC PS medium with 5 and 10 pg/ml ovine prolactin were also compared. PMEC 8NL was
cultured under these different conditions to induce milk protein expression. 5.5 x 10° cells
were plated and cultured according to Table 7. One day after culture initiation, 3D structures
formed under all culture conditions except in the well without Matrigel. The presence or
absence of ovine prolactin or porcine serum did not lead to major morphological differences.
The alveolar-like structures observed at day 1 are shown in Figure 35.
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Table 7: Culture conditions for PMEC 8NL Matrigel assay.

1 MEC PS medium 2 Serum free MEC PS 3 MEC PS medium
5 pg/ml ovine prolactin 5 pg/ml ovine prolactin 10 pg/ml ovine prolactin
4 MEC PS medium 5 Serum free MEC PS 6 MEC PS medium
without ovine prolactin without ovine prolactin 5 pg/ml ovine prolactin
without Matrigel

Figure 35: Matrigel assay on day 1 with PMEC 8NL at P4 in MEC PS medium. 1: Cells in MEC PS medium
with 5 pg/ml ovine prolactin. 2: Cells in serum free MEC PS medium with 5 pg/ml ovine prolactin. 3: Cells in MEC
PS medium with 10 pg/ml ovine prolactin. 4: Cells in MEC PS medium. 5: Cells in serum free MEC PS medium. 6:
Cells in MEC PS medium with 5 ug/ml ovine prolactin without Matrigel. No differences in morphology were visible
in culture conditions 1 to 5. Cells formed alveolar-like structures independent of prolactin supplementation. Cells
cultured without Matrigel did not form 3D structures.

After the cells were cultured for 7 days, differences in morphology became apparent. Cells
cultured with porcine serum had proliferated and overgrown the Matrigel surface. In medium
without porcine serum, the cells did not proliferate and formed small alveolar-like structures.
Culture conditions with ovine prolactin improved the preservation of 3D structures resembling
alveoli. Cells cultured without Matrigel showed a senescent phenotype. The 3D assay on
day 7 is presented in Figure 36. RNA was isolated on day 7 and RT-PCR analysis performed
for casein and B-actin mRNA. Expression of B-actin but not of beta-casein could be detected

(data not shown).
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Figure 36: Matrigel assay on day 7 with PMEC 8NL at P4 in MEC PS medium. 1: Cells in MEC PS medium
with 5 pg/ml ovine prolactin. 2: Cells in serum free MEC PS medium with 5 pg/ml ovine prolactin. 3: Cells in MEC
PS medium with 10 pg/ml ovine prolactin. 4: Cells in MEC PS medium. 5: Cells in serum free MEC PS medium. 6:
Cells in MEC PS medium with 5 pg/ml ovine prolactin without Matrigel. Differences in morphology were visible in
culture conditions 1 to 5. Cultures receiving porcine serum showed cell proliferation in contrast to cells lacking
porcine serum. Alveolar-like structures were more preserved with prolactin supplementation. Cells cultured
without Matrigel did not form 3D structures.

PMEC isolation 11NL was cultured in MEC medium because the replacement of FCS with
porcine serum showed no improvement of milk protein expression. To exclude the possibility
that the lack of milk protein expression was due to low cell numbers, 1.5 x 10° cells were
plated per well on 500 pl of Matrigel. Culture media were according to Table 8. Four days
after plating, extensive 3D growth resembling mammary duct-like structures was observed in
all wells with Matrigel. The presence or absence of ovine prolactin or FCS had no effect on
the duct-like morphology. Cells grown in wells without Matrigel did not form 3D structures

(see Figure 37).

Table 8: Culture conditions for PMEC 11NL Matrigel assay.

1 MEC medium 2 MEC medium 3 MEC medium
5 pg/ml ovine prolactin without ovine prolactin 5 pg/ml ovine prolactin
without Matrigel

4 serum free MEC medium | 5 serum free MEC medium | 6 serum free MEC medium
5 pg/ml ovine prolactin without ovine prolactin 5 pg/ml ovine prolactin
without Matrigel
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Figure 37: Matrigel assay on day 4 with PMEC 11NL at P6 in MEC medium. 1: Cells in MEC medium with 5
pg/ml ovine prolactin. 2: Cells in MEC medium without ovine prolactin. 3: Cells in MEC medium with 5 pug/ml ovine
prolactin without Matrigel. 4: Cells in serum free MEC medium with 5 pug/ml ovine prolactin. 5: Cells in serum free
MEC medium without prolactin. 6: Cells in serum free MEC medium with 5 pug/ml ovine prolactin without Matrigel.
No differences in morphology were visible in culture conditions 1, 2, 4 and 5. Mammary duct-like structures were
visible independent of prolactin supplementation. Cells cultured without Matrigel did not form 3D structures.

On day five after culture initiation, RNA was isolated to analyze expression of milk genes.
RT-PCR analysis did not show expression of casein or BLG but the expression of B-actin
was detected (data not shown). The experiments were repeated with different cell isolations
and varying culture durations (up to 14 d) were evaluated, but none of them led to the
expression of BLG.

All of these experiments were conducted using primary MECs from non-lactating sows
according to Kumura et al. (2001). The lack of success with cells from this source led to the
isolation of primary PMECs from lactating sows according to Sun et al. (2005).

One cell isolation with good growth characteristics, PMEC 14L, was studied in more detail.
PMEC 14L was cultured in MEC medium and showed epithelial morphology. At high density
(post-confluence) these cells formed spontaneous 3D dome-like hollow structures (see
Figure 38). This feature of mammary epithelial cell has been described before and has been
associated with contact-induced differentiation (McGrath, 1975; Pantschenko et al., 2000).
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Figure 38: Morphology of PMEC isolation 14L at low and high density. 1: PMEC 14L (P5) at low density with
typical epithelial morphology. 2: PMEC 14L (P6) at confluence forming dome-like structures (indicated by white
star).

These cells were cultured on top of and embedded in Matrigel in MEC medium under various
conditions. For the embedding, 2 x 10° cells were cultured in 800 ul Matrigel for 7 days under
conditions stated in Table 9. The 3D structures on day 7 are depicted in Figure 39. They did
not form duct-like but alveolar-like structures. Cells cultured without Matrigel spontaneously
formed some dome-like structures. RNA was isolated after 7 days in culture and RT-PCR for
the expression of porcine BLG performed. Only porcine GAPDH but no expression of BLG
could be detected. The same result was obtained from cells cultured on top of Matrigel (not

shown).

Table 9: Culture conditions for PMEC 14L Matrigel assay

1 MEC medium 2 serum free MEC med. 3 MEC medium
5 pg/ml ovine prolactin 5 pg/ml ovine prolactin without prolactin/Matrigel

Figure 39: Matrigel assay on day 7 with PMEC 14L at P12 in MEC medium. 1: Cells in MEC medium with 5
pg/ml ovine prolactin. 2: Cells in serum free MEC medium with 5 pg/ml ovine prolactin. 3: Cells in MEC medium
without ovine prolactin and Matrigel. No differences in morphology were visible in culture conditions 1 and 2.
Alveolar-like structures were visible. Cells cultured without Matrigel showed some spontaneously dome-like
structures (indicated by white star).

Many different culture conditions, induction times, cell isolations and media have been used

to induce milk protein expression in primary porcine MEC from lactating and non-lactating
sows. In contrast to published work concerning porcine mammary gland epithelial cells
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(Kumura et al., 2001; Sun et al., 2005) none of these conditions led to the expression of milk
protein genes such as beta-casein, a-lactalbumin, whey acidic protein or BLG.

3.1.10 Generation of cell lines with recombinant porcine BLG expression
Because isolated porcine primary mammary epithelial cells could not be induced to express
milk genes, it was necessary to try a different approach to further investigate the knockdown
effect of shRNA and artificial miRNA constructs identified in the Dual-Luciferase assays
(section 3.1.3 and 3.1.8). Cultured cell lines stably expressing exogenous porcine BLG were
generated. For this, CHO-K1 and HEK293 cells were transfected with the porcine BLG
expression plasmid pcDNA-BLG (Dr. H. Wieland). A schematic diagram of the plasmid is
presented in Figure 40.

BLG cDNA {1 polyA Neomycin R

Figure 40: Expression construct for porcine BLG. The porcine BLG cDNA (orange) is under the control of a
CMV promoter (blue). A bovine growth hormone polyadenylation signal (polyA, grey) is also included in the
construct. The Neomycin resistance gene under the control of an SV40 promoter (green) was used for selection
of transfected clones with G418.

After selection with G418 for about 21 days, twelve clones from CHO-K1 were expanded and
three of them analyzed by RT-PCR for the expression of BLG. All three clones expressed
BLG (data not shown) and one clone, named CB1, was used for further experiments and
analyzed by western blot. The RT-PCR and western blot analysis of CB1 are shown in
Figure 41 A and B.
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Figure 41: RT-PCR and western blot analysis of CHO-K1 and CB1. (A): RT-PCR analysis on 1% agarose gel.
M: 100 bp DNA ladder. CHO: RT-PCR of wildtype CHO-K1 cells; CB1: RT-PCR product of clone CB1; H: water
control; DNA control of CHO-K1 and CB1. The clone CB1 expressed the porcine BLG cDNA (product size: 624
bp). (B): Western blot with 20 pg protein per lane for B-actin (42 kDa) and porcine BLG (18.5 kDa) on a 20%
reducing Tris/glycine gel. CHO-K1: CHO-K1 cells. CB1: BLG expression clone CB1. CHO-K1 did not express
porcine BLG whereas CB1 showed persistent BLG expression.

After the transfection of HEK293 with pcDNA-BLG, twelve clones were expanded and six of

them analyzed by RT-PCR. Four out of these six clones expressed porcine BLG. The RT-
PCR analysis of these four clones is presented in Figure 42 A. One clone, HpB9, was
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examined by western blot, showed persistent expression of recombinant BLG (see Figure 42
B) and was therefore chosen for further experiments.
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HEK293 HpB9 milk
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Figure 42: RT-PCR analysis of HpB clones 6, 7, 9 and 11 and western blot analysis of HEK293 and HpB9.
(A): RT-PCR analysis on 1% agarose gel. M: 100 bp DNA ladder. 1: RT-PCR product of clone HpB 6. 2: RT-PCR
product of clone HpB7. 3: RT-PCR product of clone HpB9. 4: RT-PCR product of clone HpB11. 5: RT-PCR
control without template. 6: DNA control of clone HpB6. 7: DNA control of clone HpB7. 8: DNA control of clone
HpB9. 9: DNA control of clone HpB11. -: PCR control without template. Four clones expressed the porcine BLG
cDNA (product size: 624 bp). (B): Western blot with 20 ug protein per lane for B-actin (42 kDa) and porcine BLG
(18.5 kDa) on a 20% reducing Tris/glycine gel. HEK293: untransfected control cell line HEK293; HpB9: BLG
expression clone HpB9. Milk: 5 ul 1:100 diluted porcine skim milk. HpB9 showed persistent BLG expression.

Transfection of CHO-K1 and HEK293 cells with a porcine BLG expression construct resulted
in cell clones expressing BLG. Two cell clones, CB1 and HpB9, showed stable expression
over many passages. The expression was detected by RT-PCR and western blot and these

two cell clones were used to further experiments.

3.1.11 Knockdown of porcine BLG in CB1 and HpB9 cell lines

The clonal cell lines CB1 and HpB9 were used to further evaluate the knockdown potential of
the shRNA and miRNA constructs which had shown the highest silencing efficiencies in the
Dual-Luciferase assays. The knockdown was evaluated in cell pools after stable transfection
of the RNAI constructs into the two BLG expressing cell lines.

For this, the cell lines CB1 and HpB9 were transfected with the plasmids pLenti-BLGsh334,
pLenti-BLGsh489, pLenti-shnc, pPCMV-BLGmIi334, pCMV-BLGmIi490 and pCMV-minc. Stable
pools were selected with Blasticidin, protein extracts of these pools prepared and used for
detection of knockdown by western blot analysis. The western blots of CB1 and HpB9 with
the knockdown constructs is displayed in Figure 43 A and B.
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Figure 43: Western blot analysis of CB1 and HpB9 with lentiviral shRNA and artificial miRNA knockdown
constructs against porcine BLG. Western blots with 20 pg protein per lane on a 12% reducing Tris/glycine gel
A: Western blot analysis of CB1 with RNAi constructs. CB1: untransfected CB1 cell line. sh334: CB1 transfected
with pLenti-BLGsh334. sh489: CB1 transfected with pLenti-BLGsh489. shnc: CB1 transfected with negative
control plasmid pLenti-shnc. Milk: 5 pl 1:100 diluted porcine skim milk. mi334: CB1 transfected with pCMV-
BLGmMIi334. mi490: CB1 transfected with pCMV-BLGmMIi490. minc: CB1 transfected with negative control plasmid
pCMV-minc. Stable cell pools with knockdown constructs were used for western blot. Actin (42 kDa) was used as
loading control. 74% knockdown of porcine BLG (18.5 kDa) expression was detected in the cell pools containing
pCMV-BLGmI490. B: Western blot analysis of HpB9 with RNAi constructs. HpB9: untransfected HpB9 cell line.
sh334: HpB9 transfected with pLenti-BLGsh334. sh489: HpB9 transfected with pLenti-BLGsh489. shnc: HpB9
transfected with negative control plasmid pLenti-shnc. Milk: 2 pl 1:100 diluted porcine skim milk. mi334: HpB9
transfected with pCMV-BLGmi334. mi490: HpB9 transfected with pCMV-BLGmMIi490. minc: HpB9 transfected with
negative control plasmid pCMV-minc. Stable cell pools with knockdown constructs were used for western blot.
Actin (42 kDa) was used as loading control. 67% knockdown of porcine BLG (18.5 kDa) expression was detected
in the cell pools containing pLenti-BLGsh489.

The results of the western blot analysis showed different knockdown efficiencies compared
to the Dual-Luciferase assays. Whereas the construct pLenti-BLGsh334 showed consistent
downregulation of about 70% in the Dual-Luciferase assay, no knockdown of BLG
expression was observed in the western blots with CB1 or HpB9 cells. The same was true for
the artificial miRNA construct pCMV-BLGmIi334 which resulted in 30% downregulation in the
Dual-Luciferase assays but had no effect in the stable BLG expressing cell lines.

The shRNA construct pLenti-BLGsh489 resulted in 49% downregulation of the relative
Renilla luciferase expression in the Dual-Luciferase assays. Image analysis with the Image J
software showed that this shRNA construct resulted in 67% knockdown of recombinant
porcine BLG in HpB9 compared to the negative control pLenti-shnc whereas it had no effect
in the second stable BLG expressing cell line, CB1. The opposite result was obtained for the
artificial miRNA construct pCMV-BLGmi490. The construct was effective in the Dual-
Luciferase assay (60% knockdown) but showed no reduction of BLG expression in HpB9. In
CB1, the construct reduced the BLG amount about 74% compared to the negative control
pCMV-minc as detected by image analysis (Image J). Possible reasons for these differences
are discussed later (section 4.2.4).




Results

Due to these results, it was not evident which type of construct, shRNA or artificial miRNA,
was the best choice for the downregulation of porcine BLG in a transgenic animal. Therefore
both construct types were used later to generate RNAI transgenic fetuses.

3.1.12Isolation and characterization of porcine bone marrow derived and

adipose tissue derived mesenchymal stem cells
Insufficient lentiviral titers excluded the production of transgenic pigs by direct transduction of
zygotes (see section 3.1.6). Another way to obtain transgenic pigs is the in vitro manipulation
of primary cells which are then used for somatic cell nuclear transfer (SCNT). For this
approach, cells are transfected with a DNA construct, selected for the presence of a
selectable marker gene, cell pools or single colonies obtained and the presence of the
construct confirmed. These cells can then be used as nuclear donors for SCNT (Schnieke et
al., 1997).

For this purpose, porcine mesenchymal stem cells from bone marrow (BMMSC) and adipose
tissue (ADMSC) were chosen. BMMSCs were selected for the generation of RNAI transgenic
pigs because our laboratory has extensive experience in the culture and genetic
manipulation of this cell type. Moreover, BMMSCs have previously been evaluated as
nuclear donors for SCNT in our laboratory and resulted in viable offspring (Landmann,
unpublished results). For a comparison, mesenchymal stem cells derived from porcine
adipose tissue (ADMSCs) were selected as donor cells for SCNT because they are easy to
isolate in large amounts. No further experiments with this cell type had yet been carried out
in our laboratory.

For this project, both cell types were isolated as described in section 2.2.3.8 and 2.2.3.9 from
the same female pig to allow a direct comparison. Female cells were chosen so that the
effect of the BLG knockdown could later be directly observed in the milk of the founder
generation. Isolated BMMSCs and ADMSCs at passage 3 or 4 are shown in Figure 44.

Figure 44: Porcine mesenchymal stem cells from bone marrow and adipose tissue. 1: Porcine bone marrow
derived mesenchymal stem cells (BMMSC) at passage 3. 2: Porcine adipose tissue derived mesenchymal stem
cells (ADMSC) at passage 4. Both cell types showed fibroblast like morphology. BMMSC were smaller and less
elongated than ADMSC.
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Mesenchymal stem cells (MSCs), also called multipotent mesenchymal stromal cells, are
defined by three main criteria. These include adhesion to plastic surfaces, expression or
absence of certain surface marker proteins and their potential to differentiate in vitro towards
adipocytes, chondroblasts and osteoblasts (Dominici et al., 2006). The isolated BMMSCs
and ADMSCs adhered to plastic under standard culture conditions fulfilling the first criterion.
Examination of cell surface proteins for the identification of MSCs was not performed since
the availability of antibodies reactive with porcine surface marker proteins was limited.
Moreover it is not known, whether porcine MSCs express the same surface proteins as
human MSCs. The third criterion, the multipotent differentiation competence of the isolated
BMMSCs and ADMSCs, was examined by in vitro differentiation assays. To this end, the
cells were subjected to different media designed to induce adipogenesis, osteogenesis or
chondrogenesis, and the differentiation of BMMSCs and ADMSCs was compared (media
and culture conditions see section 2.2.3.10). Osteogenic and adipogenic differentiation of
BMMSC is shown in Figure 45. Osteogenic differentiation was visualized by von Kossa
staining of calcium deposits and adipogenic differentiation after staining of lipid droplets with
Oil Red O. Bone marrow derived MSCs differentiated towards osteoblasts and adipocytes in
induction medium whereas no differentiation was observed in control medium. In addition to
von Kossa staining, the amount of produced calcium was measured to obtain a quantitative
result (see section 2.2.3.10). 121.5 pg of calcium was produced per well of a six well plate in
induced cells and 0.1 ug in control cells.

Osteogenesis Adipogenesis

Induction medium
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Figure 45: Osteogenic and adipogenic differentiation of porcine bone marrow derived MSCs. BMMSC were
either cultured in induction medium or in control medium (MSC medium). Cells in osteogenesis medium showed
extensive calcium deposits, stained black with von Kossa staining, whereas the control cells did not produce
calcium deposits. BMMSC in adipogenesis medium formed lipid droplets which stained red with Oil Red O. Cells
in control medium did not form lipid droplets.
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Chondrogenic differentiation of BMMSC led to the formation of 3D pellets in the culture
tubes. To quantify the chondrogenic differentiation of BMMSCs, the amount of produced
glycosaminoglycans (GAG) was measured and normalized to the DNA content of the cell
pellet (see section 2.2.3.10). About 53 ng GAG per ug DNA were produced during
chondrogenic differentiation.

The differentiation of adipose tissue derived MSCs (ADMSCs) into the adipogenic,
osteogenic and chondrogenic lineage was also performed to allow a comparison the two cell
types. The osteogenic differentiation ability of ADMSCs was lower than that of BMMSCs but
the cells differentiated to adipocytes more efficiently. In contrast to bone marrow derived
MSCs, ADMSCs in osteogenic induction medium showed extensive differentiation towards
adipocytes in addition to osteogenesis. The von Kossa staining detected only marginal
calcium deposits and quantitative analysis showed that ADMSCs only produced 16.3 ug
calcium per well. The cells in control medium did not differentiate (see Figure 46).
Chondrogenic differentiation was also observed but ADMSCs formed smaller 3D pellets in
culture tubes than BMMSCs. Nevertheless they produced a similar amount of GAG per ug
DNA (40 ng GAG/ug DNA). This indicates that fewer cells participated in the chondrogenic
differentiation but the cells which formed 3D pellets had a similar ability to produce GAG as
BMMSCs.

Osteogenesis Adipogenesis
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Figure 46: Osteogenic and adipogenic differentiation of porcine ADMSCs. ADMSC were either cultured in
induction medium or in control medium (MSC medium). Cells cultured in osteogenesis medium showed calcium
deposits (stained black with von Kossa staining), whereas the control cells did not produce calcium deposits.
ADMSC formed lipid droplets in osteogenesis and adipogenesis medium (stained with Oil Red O). Cells in control
medium did not form lipid droplets.

Both cell types, BMMSC and ADMSC, showed multipotent differentiation ability. The bone
marrow derived MSCs showed more extensive differentiation towards osteoblasts compared
to the adipose tissue derived cells. Unexpectedly, the ADMSCs cultured in osteogenesis
medium showed differentiation towards adipocytes. The low rate of osteoblast differentiation
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together with extensive generation of adipocytes in osteogenesis medium was not in
accordance to the published literature regarding porcine adipose tissue derived MSCs (Qu et
al., 2007; Wang et al., 2008). The adipogenic differentiation was efficiently induced in both
cell types with the ADMSCs showing more differentiation towards adipocytes than BMMSCs.
The chondrogenesis was comparable between the two cell types indicated by a similar
amount of GAG production. An overview of the differentiation results of BMMSCs and
ADMSCs are presented in Table 10.

Table 10: Comparison of the differentiation ability of porcine BMMSCs and ADMSCs.

BMMSC ADMSC
Adipogenesis (Oil Red O) ++ +++
Osteogenesis (von Kossa) +++ +
Osteogenesis (Calcium) 121.5 pg/well 16.3 ug/well
Chondrogenesis (GAG) 53 ng GAG/ug DNA 40 ng GAG/ug DNA

3.1.13 Analysis of the Ryanodine receptor 1 (RYR1) in nuclear donor cells

In a previous project of our laboratory, gene-targeted mesenchymal stem cells were
successfully used as donor cells for SCNT. One viable offspring was obtained but the piglet
died after 126 days. Necropsy revealed that the death was most probably caused by stress
induced malignant hyperthermia (MH), also called porcine stress syndrome. It is known that
pigs with a certain mutation (Cys®'"® to Arg®'®) in the Ryanodine receptor 1 gene (RYR1) are
susceptible to this syndrome (Fuijii et al., 1991; MacLennen and Phillips, 1992). This protein
forms part of a calcium release channel and is involved in the control of calcium release from
the skeletal muscle sarcoplasmatic reticulum. A mutation in RYR1 leads to abnormal calcium
release which stimulates spontaneous muscle contractions (MacLennan and Phillips, 1992).
Animals with a mutation in RYR1 are sensitive to stress induced MH, whereas animals
homozygous for the normal allele are not. The mutation is detectable due to a restriction
enzyme polymorphism. After PCR ampilification of a fragment surrounding the mutation site,
heterozygous and homozygous animal with the mutation can be identified by digestion of the
PCR fragment with the restriction enzyme Hhal as the mutated RYR1 allele does not contain
a Hhal restriction enzyme recognition site while the normal allele contains this recognition
site. Cells intended for SCNT were therefore examined to reveal the status of RYR1 to
exclude MH.

A PCR with the primers RYR1_forward and RYR1_reverse was performed with DNA isolated
from the female MSCs which were intended for the generation of RNAi transgenic pigs with
BLG knockdown. The PCR generated a 118 bp fragment. This fragment was digested with
the restriction enzyme Hhal, resulting in two fragments of 85 bp and a 33 bp fragment (see
Figure 47).
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Figure 47: Analysis of the Ryanodine receptor in nuclear donor MSCs. M: 100 bp DNA ladder. Hhal: Digest
of the 118 bp PCR product with Hhal. The fragments of 33 bp and 85 bp showed that the cells were derived from
an animal with homozygous normal RYR1 allele.

This showed that the isolated porcine BMMSCs and ADMSCs were derived from a female
pig which was homozygous for the normal allele. The results of the differentiation assays and
the presence of the homozygous normal RYR1 allele supported the further use of this
BMMSC and ADMSC preparation.

3.1.14 Modification of the artificial miRNA plasmids pCMV-BLGmi490 and
pCMV-minc

The next step was to introduce the RNAI constructs for knockdown of porcine BLG into the
primary porcine BMMSCs and ADMSCs characterized as suitable for the generation of
transgenic pigs by SCNT. Before this step, the artificial miRNA construct pCMV-BLGmMi490
was modified by exchanging the viral CMV promoter with a cellular PGK promoter. This was
necessary as there is evidence that the CMV promoter leads to mosaic expression of
transgenes in pigs (Deppenmeier et al., 2006). In contrast, the PGK promoter has been
shown to be active in all tissues of transgenic mice (McBurney et al., 1994). Moreover, a
construct was generated where the CMV promoter was replaced with the ovine BLG
promoter. This promoter has previously been used for mammary gland specific expression of
human Factor IX in transgenic sheep (Schnieke et al., 1997). The intention was to achieve
tissue-specific expression of the artificial miRNA only in the lactating mammary gland.

For this purpose, the CMV promoter was excised from the plasmid pCMV-BLGmIi490. The
PGK promoter from the plasmid pPGK-EGFP1 was obtained by restriction enzyme digestion
and ligated into pCMV-BLGmi490. A schematic diagram of the artificial miRNA vector pPGK-
BLGmMIi490 is presented in Figure 48. To insert the ovine BLG promoter in pCMV-BLGmi490,
the BLG promoter was excised from the plasmid pMIX-FIX (section 2.1.14 and 8.2) and
inserted into the digested vector pCMV-BLGmIi490. The resulting vector pBLG-BLGmMI490 is
illustrated in Figure 48. The same approach was used to replace the CMV promoter of
pCMV-minc with the PGK promoter.
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Figure 48: Schematic diagram of the modified artificial miRNA plasmids with PGK or ovine BLG promoter.
Top: The CMV promoter of pCMV-BLGmMIi490 was excised with Bpu10l and Dral and the PGK promoter (blue)
was obtained from pPGK-EGFP1 after digestion with Sacl and Smal. After the generation of blunt ends, the
fragments were ligated to generate pPGK-BLGmMIi490 and pPGK-minc. Bottom: The CMV promoter of pCMV-
BLGmIi490 was replaced with the BLG promoter (blue) from pMIX-FIX. For this, the CMV promoter was removed
after restriction digest with Bpu10Il and Dral. The ovine BLG promoter was obtained from pMIX-FIX by restriction
with Sall and Xhol. The blunted fragments were ligated to obtain pBLG-BLGmIi490. A Blasticidin resistance
cassette was included in the vector (BS, green).

The silencing efficiency of the modified miRNA vector with the PGK promoter was compared
to the original CMV promoter directed miRNA vector pCMV-BLGmIi490 in a Dual-Luciferase
assay with psiCHECK-BLG. The RNAi construct pPGK-BLGmMIi490 showed a knockdown of
72% and pCMV-BLGmMI490 of 65% compared to the respective negative control plasmids.
This experiment showed that the PGK promoter can direct expression of the miRNA as

efficiently as the CMV promoter based construct.
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Figure 49: Dual-Luciferase Assay with pPGK-BLGmi490 and pCMV-BLGmIi490. pPGK-BLGmMi490 showed a
knockdown of Renilla luciferase activity of 72% and pCMV-BLGmIi490 of 65% compared to the respective
negative controls pPGK-minc and pCMV-minc. Measurements were performed in triplicate The knockdown of the
Renilla luciferase fusion mRNA was comparable between the constructs (*: p<0.05; n=3).

The artificial miRNA plasmid pBLG-BLGmMIi490 could not be tested in the Dual-Luciferase
assay since the ovine BLG promoter is a mammary gland specific promoter and therefore not
active in HEK293 cells. The constructs with the PGK and BLG promoter were chosen for the

generation of RNAI transgenic pigs for knockdown of porcine BLG.

3.1.15 Generation of stable BMMSC and ADMSC clones with RNAi constructs

To generate transgenic pigs with RNAi mediated knockdown of BLG, the previously
characterized female ADMSCs and BMMSCs were used. As described before (see section
3.1.11), the western blot to determine the knockdown potential of the RNAi constructs did not
result in a clear indication of which type of RNAi construct was more effective for
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downregulation of porcine BLG. Therefore, shRNA and artificial miRNA constructs were used
to generate stable BMMSC and ADMSC clones.

In a preliminary experiment, BMMSCs and ADMSCs were transfected with both artificial
miRNA constructs (PGK and BLG promoter), selected with Blasticidin and single colonies
expanded. Six ADMSC and two BMMSC colonies after transfection with the PGK promoter
and eleven ADMSC and no BMMSC colonies with the BLG promoter directed construct were
obtained. The low colony number obtained with BMMSCs was surprising because this cell
type had previously been used successfully in our laboratory to generate cell clones with
high efficiency after gene targeting. The colonies were screened by PCR with the primers
miRNA cassette f/r. PCR analysis resulted in two out of eight clones with the PGK and eight
out of eleven clones with the BLG promoter artificial miRNA cassette. The results of the PCR
analysis are shown in Figure 50.
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Figure 50: PCR screening of BMMSC and ADMSC clones after transfection with pPGK-BLGmIi490 and
pBLG-BLGmMi490. M: 100 bp DNA Ladder. Fragment size with primers miRNA cassette f/r: 264 bp. Several
positive clones containing the BLG-BLGmIi490 cassette are shown (1, 2, 3, 5, 6, 7, 14, 15 : ADB2 |, ADB5 |, ADB9
I, ADB11 I, ADB12 |, ADB13 |, ADB7 | and ADB14 I). Positive clones with the PGK-BLGmIi490 cassette were also
generated (10: ADP3 [; 18: MP1). 20: wildtype DNA. 21: water control.

The transfection and selection procedure was performed again with ADMSCs but not with
BMMSCs because of the few colonies obtained after the first transfection. The shRNA
construct against porcine BLG and the two artificial miRNAs plasmids with either PGK or
BLG promoter were used for transfection.

24 clones were selected from the transfection with pLenti-BLGsh489, eight showed normal
ADMSC morphology and proliferated well. Six of them were analyzed by PCR with the
primers shRNA cassette f/r for the presence of the BLGsh489 cassette and all clones
showed the BLGsh489 cassette (see Figure 51).
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Figure 51: PCR screening of ADMSC clones after transfection with pLenti-BLGsh489. M: 100 bp DNA
Ladder. H: water control. Fragment size with primers shRNA cassette f/r: 290 bp. All six tested cell clones
contained the shRNA cassette (1, 2, 3, 4, 5 and 6: clone ADS5, ADS10, ADS15, ADS18, ADS19, ADS24). The
two positive controls showed the expected bands (7: ADMSC pool with pLenti-BLGsh489; +: plasmid DNA pLenti-
BLGsh489) and no amplification product could be seen in the negative control (wt: ADMSC).

After transfection with pPGK-BLGmIi490, 21 colonies were chosen, six of which continued to
proliferate as single clones. PCR screening with primers PGK-mi_F/R was performed to
verify the presence of the miRNA cassette. The PGK-BLGmIi490 cassette could be detected
in five out of six colonies and the result of the PCR analysis is presented in Figure 52.
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Figure 52: PCR screening of ADMSC clones transfected with pPGK-BLGmi490. M: 100 bp DNA Ladder. H:
water control. Fragment size with primers PGK-mi_F/R: 720 bp. Several positive clones with insertion of the PGK-
BLGmI490 cassette are shown (1, 2, 4, 5 and 6: clone ADP2 Il, ADP3 Il, ADP6 Il, ADP9 Il and ADP11 Il). The two
positive controls showed the expected bands (7: ADMSC pool with pPGK-BLGmIi490; 8: diluted ADMSC pool; +:
plasmid DNA pPGK-BLGmIi490) and no amplification product could be seen in the negative control (wt: ADMSC).

Transfection of the pBLG-BLGmMIi490 construct produced 28 colonies, ten of which
proliferated further as cell clones. They were screened by PCR with the primers BLG-
mi_F/R. The PCR screening for the BLG-BLGmMIi490 cassette in cell lysates for the detection
of the 2732 bp cassette was not possible. The reason might be that these crude lysates did
not contain enough cells for successful amplification of this long fragment or that impurities in
the lysates inhibited the PCR reaction. Genomic DNA was therefore obtained from four
clones. Three of these clones showed the presence of the cassette after PCR from purified
genomic DNA. One clone from the first transfection was also included in the analysis (Figure
53).
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Figure 53: PCR for the detection of the BLG-BLGmIi490 cassette from genomic DNA of ADMSC cell clones.
M: 1 kb DNA Ladder. H: water control. Fragment size with primers BLG-mi_F/R: 2732 bp. 4 of the 5 clones
contained the BLG-BLGmIi490 cassette (1, 2, 3 and 4: clone ADB12 |, ADB6 Il, ADB17 Il, ADB22 Il). The positive
control showed the expected band (+: plasmid DNA pBLG-BLGmIi490) and no amplification product could be seen
in the negative control (wt: ADMSC).

In total, 24 colonies were selected after transfection of ADMSCs with pLenti-BLGsh489, 27
from pPGK-BLGmMIi490 and 39 from pBLG-BLGmMi490. Not all of these single colonies
proliferated well. It has also been shown by other groups that not all MSC clones proliferate
as single cell clones, indicating heterogeneous proliferation potential of these cells (Boquest
et al., 2006). Of the analyzed colonies, six showed the presence of the U6 promoter directed
BLGsh489 construct, six of the PGK promoter directed BLGmMIi490 and eleven of the
BLGmIi490 construct under the control of the BLG promoter. Positive cell clones with the
highest proliferation rate and normal ADMSC morphology were chosen as donor cells for
SCNT.

3.1.16 Cell culture of transfer cell pools and generation of transgenic fetuses
Cell clones containing RNAI constructs were used as donor cells for SCNT and cultured in
parallel to evaluate the growth characteristics and differentiation potential. The cell clones
with best morphological and proliferative properties were chosen for the generation of RNAI
transgenic fetuses. Six clones with the shRNA cassette (ADS5, 10, 15, 18, 19 and 24), five
clones with the PGK promoter directed artificial miRNA construct (ADP2 1l, P3 Il, P6 Il, P9 I
and P11 Il) and four clones with the BLG promoter driven miRNA expression construct
(ADB12 1, B6 Il, B17 Il and B22 Il) were used for SCNT. The cell clones of each construct
were combined. At passage 7 a total of 3.6 x 10° cells per construct was mixed and
subjected to serum starvation prior to SCNT (see section 2.2.3.12). In parallel to the SCNT,
1 x 10° cells of the separate transfer pools (Transfer pool BLG-BLGMi490, PGK-BLGmIi490
and BLGsh489) were cultured to monitor the growth characteristics and differentiation ability
of these cell pools. An overview of the experiments is presented in Figure 54.



Results FELEN

Six cell clones from Five cell clones from Four cell clones from
pLenti-BLGsh489 pPGK-BLGmMi490 pBLG-BLGmMIi490
Transfer pool Transfer pool Transfer pool

BLGsh489 PGK-BLGmMi490 BLG-BLGmi490
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Figure 54: Schematic diagram of the cell culture of transfer pools and somatic cell nuclear transfer.
Individual cell clones containing one type of construct were mixed to obtain transfer pool BLGsh489, PGK-
BLGMIi490 and BLG-BLGMIi490. 1 x 10° cells per transfer pool were cultured to evaluate the growth
characteristics and differentiation potential of single clone derived pools. 3.6 x 10° cells per transfer pool were
combined and subjected to serum starvation prior to SCNT.

3.1.16.1 Culture of RNAI transgenic cell pools

The individual cell pools derived from 4 to 6 clones per construct (see 3.1.16) were cultured
in parallel to the SCNT and embryo transfer. This analysis was performed to determine
whether the cell pools derived from single colonies retained their differentiation ability and to
monitor if the presence of RNAi constructs had any discernible effect on these cell pools.

During culture of the cell pools derived from ADMSC clones it became apparent, that the
three separate pools had different proliferation rates. The cell pool containing the U6
promoter directed BLGsh489 construct grew more slowly than the pool containing the PGK
promoter directed BLGmMIi490. The cell pool with the fastest proliferation rate was the pool
with the BLG promoter directed BLGmMIi490 cassette. In 12 weeks, BLGsh489 reached
passage 11, PGK-BLGmIi490 passage 13 and BLG-BLGmMIi490 passage 17 under the same
culture conditions (passage and cell number at the beginning: P7, 1 x 10° cells; cells
passaged at 80% confluence; subculturing ratio: 1:10). This difference might be linked to the
expression level of the shRNA or the artificial miRNA constructs. Stewart et al. (2008) have
shown that a high level of shRNA expression in porcine fetal fibroblast had negative effects
on these cells. The same could be seen here, the shRNA containing cell pool grew slower
than the other two cell pools containing artificial mMiRNA expression cassettes.

The separate transfer pools were also used in a differentiation assay at passage 10 or 11 to
determine whether any change in differentiation ability had occurred. The adipogenic
differentiation potential of the cell pools containing the PGK and BLG promoter directed
artificial miRNA construct showed reduced levels of adipocyte differentiation compared to the
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initial ADMSC culture. In contrast, almost 100% of the cell pool containing BLGsh489
differentiated into adipocytes (see Figure 55).

ADMSC SCNT pools
BLG-BLGmI490 PGK-BLGmM’EIﬂ

% Induction medium
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Figure 55: Adipogenesis of transfer cell pools. The cell pools containing the three different RNAi constructs
against BLG, which were mixed for SCNT, were cultured individually in adipogenesis medium. The pool
containing the BLG and PGK promoter directed artificial miRNAs showed lower adipogenetic differentiation
potential compared to the early passage non clonal ADMSCs. In the cell pool containing the U6 promoter
controlled shRNA against porcine BLG, adipogenesis was enhanced compared to the initial ADMSC culture.

No obvious differences in the osteogenic or chondrogenic differentiation potential between
the three cell pools as visualized by von Kossa staining of calcium deposits or 3D pellet
formation capacity in chondrogenesis medium were visible (data not shown). This showed
that the cell pools derived from single colonies retained their differentiation potential towards
adipocytes, osteoblast and chondroblasts with differences in the adipogenesis.

3.1.16.2 Generation of transgenic fetuses

SCNT with cell pools containing the three RNAi constructs against porcine BLG was
performed at the Institute of Molecular Animal Breeding and Biotechnology (LMU). The
transfer of 160 SCNT embryos into two synchronized recipient sows was performed at the
TUM animal research station (Thalhausen) and resulted in one pregnancy which was
terminated at day 32.

The termination of the pregnancy was performed because of different reasons. First, it was
unknown whether porcine ADMSCs were a suitable donor cell type for SCNT and could
support development to term. Second, it has been reported that a high level of shRNA
expression from the U6 promoter can interfere with the endogenous miRNA pathway. This
resulted in toxicity of the expressed shRNA in mice (Grimm et al., 2006) and Cao et al.
(2005) reported fetal and neonatal death of mice carrying shRNA constructs under the U6
and H1 promoter. Therefore the second reason to terminate the pregnancy at day 32 was to
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investigate whether the shRNA construct led to the generation of fetuses. Third, nuclear
transfer was performed with a cell pool. This should lead to multiple fetuses derived from
different cells within the pool. The isolation of fetal fibroblasts allows the analysis of clones
which support fetal development combined with the possibility of expression analysis of the
shRNA and PGK promoter directed artificial miRNA construct. After this analysis the fetal
fibroblast can then be used for another round of cloning, so-called recloning, after minimal
time in culture. Recloning has been shown to be more efficient than using cells which have
been cultured, transfected and selected prior to SCNT (Fujimura et al., 2008).

A total of three fetuses were recovered on day 32. Two of the three obtained fetuses showed
normal morphology, the other fetus was dead and showed signs of degradation. The sex of
the fetuses was determined by PCR as described in section 2.2.2.2 and all three fetuses
were confirmed as female (see Figure 56).

Fetus 1 Fetus 2 Fetus 3

500 bp

200 bp

Figure 56: Fetuses recovered on day 32 after SCNT/embryo transfer and sex determination of the fetuses.
Left: Three fetuses were recovered from one pregnant recipient sow 32 days after embryo transfer. Fetus 1 was
dead and showed signs of degradation. Fetus 2 and 3 showed normal morphology. Right: The sex of the
recovered fetuses was determined by PCR. PCR fragments for male fetuses (163 + 445 bp) and female fetuses
(445 bp) were detected. M: 100 bp marker. F1 to F3: DNA from the three fetuses. A female (fe) and male (ma)
positive control and the water control (H) are shown as well. All fetuses were female.

DNA of the three fetuses was isolated and screened by PCR to determine which RNAI
constructs they carried. This was necessary since cell clones derived after transfection of
each construct were pooled for the SCNT. The results of the PCR analysis are shown in
Figure 57. No fetus originated from cell clones carrying the shRNA cassette of the pLenti-
BLGsh489 construct, fetus F1 and F2 carried the BLG promoter directed artificial miRNA
cassette from pBLG-BLGmMIi490 and fetus F3 the PGK promoter containing miRNA cassette
from pPGK-BLGmMIi490.
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Figure 57: PCR screening of SCNT derived fetuses for integration of RNAi cassettes. M: 1 kb DNA Ladder.
H: water control. Fragment size with primers PGK-mi_F/R: 720 bp. Fragment size with shRNA cassette f/r: 290
bp. Fragment size with primers BLG-mi_F/R: 2732 bp. 1-3: Fetus F1, F2 and F3. -: female pig genomic DNA, +:
plasmid DNA pPGK-BLGmIi490, pLenti-BLGsh489 or pBLG-BLGmIi490. Fetus F1 and F2 were positive for the
BLG promoter and fetus F3 for the PGK promoter directed BLGmMi490 cassette. None of the fetuses carried the
BLGsh489 cassette.

Fetal fibroblast (poFF) cultures were initiated from all three fetuses. As fetus F1 was dead
and showed signs of reabsorption, the fetal fibroblasts poFF1 did not proliferate in cell culture
after the first passage. The cells derived from fetus 2 and 3, poFF2 and poFF3, proliferated

well in cell culture.

In total, 15 female ADMSC cell clones carrying RNAI constructs against porcine BLG were
used for SCNT. Of these, six clones contained the U6 promoter directed shRNA cassette
BLGsh489, five clones the PGK promoter directed artificial miRNA construct PGK-BLGmi490
and four clones the BLG promoter driven miRNA construct BLG-BLGmi490.

After SCNT, 160 reconstituted embryos were transferred into 2 synchronized recipient sows
and one pregnancy established. Three fetuses were recovered, two of them showed normal
morphology and one fetus was dead. The fetuses were confirmed as female by PCR
analysis. The dead fetus (F1) and one other fetus (F2) were positive for the BLG promoter
driven artificial miRNA cassette against porcine BLG and one fetus (F3) contained the PGK
promoter driven artificial miRNA cassette. None of the fetuses were positive for the U6
promoter directed shRNA cassette.

3.1.17 Expression analysis of the RNAi transgenic fetuses

The next step was to evaluate, whether the PGK promoter directed artificial miRNA in the
fetal fibroblasts derived from fetus F3 (poFF3) was expressed. This test was performed
because the insertion of the construct into the cell genome after transfection is a random
integration event and it is therefore possible, that the construct integrated into
transcriptionally inactive genomic regions or is silenced (reviewed in Auerbach, 2004).
Therefore RNA was obtained from poFF3 and a small RNA northern blot performed to
evaluate the functionality of the PGK promoter directed miRNA construct. As controls, poFFs
derived from a non-transgenic fetus and from the BLG promoter containing artificial miRNA
cells poFF2 were used. The small RNA northern blot was performed as described in section
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2.2.2.16 with digoxigenin (DIG) labeled locked nucleic acid (LNA) probes for the mature
BLGmMIi490 sequence and the result is presented in Figure 58. As loading control, a DIG

labeled LNA probe for the detection of the U6 snRNA was applied.
poFF poFF2 poFF3

BLGmMIi490

B YN UG6snRNA

Figure 58: Small RNA northern blot analysis for the detection of BLGmIi490. 20 ug total RNA were separated
on a 12% polyacrylamide gel and electroblotted onto Hybond+ membrane. Detection of the BLGmMi490 and the
loading control U6 snRNA was performed with DIG labeled LNA probes. Expression of BLGMi490 was not
detectable.

It was not possible to detect the expression of the BLGmMi490 in poFF3 even from 20 ug total
RNA. As expected, the control fetal fibroblasts (poFF) did not express BLGmMIi490. The
loading control against U6 snRNA was detected in all samples. Therefore it can be
concluded, that the PGK promoter directed artificial miRNA construct against BLG is not
expressed at levels detectable by small RNA northern blot in poFF3. It was not possible to
determine, whether the BLG promoter directed BLGmMI490 is expressed, because the BLG
promoter is lactating mammary gland specific and therefore not active in poFFs.
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3.2 Sequence-specific gene silencing of the porcine tumor suppressor
protein p53

Li-Fraumeni syndrome (LFS) is an inherited human cancer syndrome resulting from TP53
germline mutations. Patients are prone to early tumor development, multiple primary tumors
and a high rate of multiple cancers (Malkin et al., 1990; Evans and Lozano, 1997). So far
genetically modified mice with heterozygous and homozygous deletion of TP53 have been
generated as animal models for this inherited disease. These mice are susceptible to early
tumor development but have certain limitations for preclinical research due to the fact that
mice are considerably different in anatomy, physiology and lifespan from humans
(Donehower et al., 1992; Jacks et al., 1994; Melo et al., 2007). Pigs offer an alternative as
disease models since they more closely resemble humans in physiology, size and organ
development (Wernersson et al., 2005; Lunney, 2007).

Sequence-specific gene silencing by RNAI is capable of creating phenotypes resembling null
mutations and it has been shown that RNAi mediated downregulation of p53 in
hematopoietic stem cells from Ep-myc mice resulted in accelerated tumor development
similar to knockout mice (Kunath et al., 2003; Hemann et al., 2003; Dickins et al., 2005). In
mice RNAI therefore presents an alternative to gene knockout by gene targeting. The aim of
this project was to evaluate if RNAi mediated downregulation of p53 offers a faster
alternative to the precise genetic modification of porcine TP53 to generate a porcine model
for LFS. RNAIi expression systems for short hairpin RNAs (shRNAs) and artificial microRNAs
(miRNAs) were used for downregulation of porcine p53 and their efficiency in different test
systems compared.

3.2.1 Short hairpin RNA and artificial miRNA sequences for p53 knockdown

To achieve stable downregulation of porcine p53 in various test systems and in porcine
primary cells, two different types of RNAi expression constructs were employed. These were
based on short hairpin RNAs (shRNAs) and artificial microRNAs (miRNAs). The first step in
developing efficient shRNA and artificial miRNA silencing constructs was the selection of
suitable target sequences. ShRNAs and miRNAs for knockdown of porcine p53 (NCBI
Reference Sequence: NM_214145.1) were designed with the Block-iT RNAi Designer
program (Invitrogen). Sequences against p53 were retrieved and a BLAST search of the
known porcine database performed to exclude off-target effects as described for the design
of RNAi sequences against porcine BLG (see section 3.1.1).

Three sequences for shRNA and artificial miRNAs were chosen for the downregulation of
porcine p53. These sequences were directed against similar positions within the open
reading frame of porcine p53. The RNAIi sequences against porcine p53 were obtained as



Results

single stranded DNA oligonucleotides. Before insertion into the respective RNAi expression
plasmids, they were annealed to double stranded DNA oligonucleotides. The general
structure of double stranded shRNA and miRNA oligonucleotides is illustrated in Figure 59.

Xhol Seal Xbal
I - -
TEeAZ sense loop antisense Xcarc ShRNA oligonucleotide
Mscl
TeCTE | antisense IoL sense A2 nt ] : : :
¢ P etcc  MIRNA oligonucleotide

Figure 59: General configuration of double stranded shRNA and artificial miRNA DNA oligonucleotides.
Top: Schematic diagram of a shRNA oligonucleotide. DNA oligonucleotides were designed with Xhol and Xbal
restriction site overhangs. The 6 nt spacer (loop) sequence contains a Scal restriction site. The 3’ end of the
oligonucleotide sequence includes a transcription terminator (TTTTT). Bottom: Schematic diagram of an artificial
miRNA DNA oligonucleotide. DNA oligonucleotides were designed with Bsal restriction site compatible
overhangs. The 15 nt loop sequence contains a Mscl restriction site. The antisense target sequence leads to the
formation of the mature miRNA sequence. The sense A 2 nt target sequence is 2 nucleotides shorter than the
antisense target sequence, leading to the formation of an internal bulge in the resulting pre-miRNA.

The three shRNA target sequences were located at nucleotide position 312, 787 and 944
and the three artificial mMiRNA at position 304, 785 and 943 relative to the starting nucleotides
of the porcine p53 mMRNA Reference Sequence NM_214145.1. The target sequence
positions are indicated in Figure 60.

nt 0 A;J G TPS3 TPS53 TPS3 :J,:'\sg
11 mi304 mi785 mi%943 I
| 1 — — — 1
e Porcine p53 ORF
5'UT S p— p—
TPS53 TP33 TPS3
sh312 sh787 sh944

Figure 60: Porcine p53 mRNA Reference Sequence NM_214145.1 with shRNA and artificial miRNA target
positions. Target sites were named according to their position relative to the start of NM_214145.1.

The selected sequences were inserted into shRNA and artificial miRNA expression vectors
and the knockdown efficiency tested in a variety of in vitro test. The type of expression
vectors used, their construction and the experiments to evaluate the knockdown potential will

be described in the following sections.

3.2.2 Generation of pLenti-shRNA vectors for downregulation of porcine p53

To test the selected shRNA sequences for their knockdown ability in a variety of
experiments, they were inserted into the lentiviral shRNA expression vector pLenti-shRNA
(see section 3.1.4). Although it had been shown before that the lentiviral titers achieved with
this vector were not suitable for the generation of transgenic pigs by lentiviral transgenesis
(see section 3.1.6), this vector was chosen as shRNA expression vector. The reason behind
this was that pLenti-shRNA contains a PGK promoter directed EGFP and Blasticidin
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resistance cassette, allowing visual identification of transfected cells combined with a
mammalian selectable marker gene. The annealed DNA oligonucleotides for the three
shRNA sequences against porcine p53 (TP53sh312, TP53sh787 and TP53sh944) were
inserted into the Sall and Xbal restriction sites of the lentiviral shRNA plasmid (see Figure
61). Integration of the shRNA oligonucleotide was assessed by restriction enzyme digestion
of the resulting plasmids with Sall and Scal as described for the BLG shRNA constructs (see
section 3.1.1). The correct DNA sequence of constructs containing the shRNA cassette was
confirmed by sequencing with primers pLenti-U6 f/r.

Scal

TP53shRNA

Sall ﬂ leal

use Prom.> Stuffer HTerminator PGK Prom. > EGFP-IRES-BS “w“ 3LTR |-
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Figure 61: Schematic diagram of the lentiviral vector pLenti-shRNA. The plasmid contains a PGK promoter
directed EGFP/Blasticidin resistance cassette (blue, green), the woodchuck hepatitis virus post-transcriptional
regulatory element (W, white), 5 LTR and a delta U3 3 LTR (white). y: HIV packaging signal. The annealed
shRNA oligonucleotides against porcine p53 were inserted into the Sall and Xbal sites of pLenti-shRNA. Thereby
the Sall restriction site was eliminated. A Scal site, introduced into the loop region of the shRNA, facilitated the
identification of plasmids containing the shRNA oligonucleotides.

Three shRNA plasmids, pLenti-TP53sh312, pLenti-TP53sh787 and pLenti-TP53sh944, for
the knockdown of porcine p53 were successfully constructed.

3.2.3 Generation of pCMV-miRNA vectors for downregulation of porcine p53

In addition to the shRNA expression plasmids against porcine p53, artificial miRNA vectors
for knockdown of p53 were generated. For this purpose the commercial vector pcDNA6.2-
GW/miR (pCMV-miRNA) from Invitrogen was chosen (see section 2.1.14 and 8.2). This
plasmid has also been used for the downregulation of porcine BLG and the functional
features have been described in section 3.1.7.

The three artificial mMiIRNA sequences TP53mi304, TP53mi785 and TP53mi943 were inserted
into Bsal digested vector pCMV-circ (see Figure 62). The loop sequence of the resulting
plasmids contained a recognition site for Mscl allowing insertion of the oligonucleotides to be
confirmed by Mscl digestion.

Furthermore a positive control plasmid against Renilla luciferase, pCMV-miLuc2 (target
sequence starting at nt 79 relative the Renilla luciferase hRluc (Promega) start codon), was
designed with the Block-iT RNAi Designer program. This positive control plasmid was
generated because the knockdown ability of the previously used positive control plasmid
pCMV-miLuc1 was only moderate (around 35% knockdown of relative Renilla luciferase
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activity). Plasmids with correct restriction patterns were sequenced with the primers miRNA
f/r to ensure correct miRNA sequences.

Mscl
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Figure 62: Schematic diagram of the artificial miRNA vector pCMV-circ. The artificial miRNA expression
vector pCMV-circ contains a CMV promoter (blue), the 5’ and 3’ flanking regions of murine miR-155 (white), the
stuffer sequence enabling propagation of the plasmid in bacteria (white), the HSV-TK polyadenylation sequence
(grey) and a Blasticidin resistance cassette (green). Artificial miRNA against porcine p53 (orange) were inserted
into the Bsal restriction sites. The artificial miRNAs contain a Mscl restriction enzyme recognition site to facilitate
the identification of plasmids containing miRNA sequences.

Three artificial miRNA plasmids for the downregulation of porcine p53 (pCMV-TP53mi304,
pCMV-TP53mi785, pCMV-TP53mi943) and a positive control plasmid against Renilla
luciferase (pCMV-miLuc?2) were successfully generated.

3.2.4 Construction of the test vector psiCHECK2-TP53 for Dual-Luciferase

assays
To determine the knockdown potential of the artificial mMiIRNA and shRNA plasmids against
p53, the porcine p53 cDNA had to be obtained and later inserted into the Notl restriction sites
of the RNAI test vector psiCHECK2 (see section 3.1.2). In order to do so, a 1198 bp fragment
of p53 was amplified with primers Ex2_1F and Ex11_2R by RT-PCR from porcine total RNA
(see Figure 63). The p53 cDNA contained two nucleotides of the 5 UTR, the open reading
frame and parts of the 3° UTR and was inserted into the cloning vector pGEM-T easy to
generate the plasmid pGEM-TP53. The sequence of the cDNA was verified by analysis with

primers SP6 and T7.
+RNA -RNA +RNA
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Figure 63: Amplification of porcine p53 cDNA. Left: Porcine p53 cDNA with primer binding sites. RT-PCR with
primers Ex2_1F and Ex11_2R yielded a 1198 bp fragment containing 2 nt of the 5° UTR, the open reading frame
of the p53 cDNA and parts of the 3' UTR. The start codon AUG is located on the forward primer. Right: RT-PCR
of porcine p53 from porcine mesenchymal stem cells. M: 1 kb DNA ladder. +RNA +RT: p53 cDNA fragment.
-RNA +RT: water control. +RNA -RT: DNA control.
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Afterwards, the p53 cDNA was excised from pGEM-TP53 with Notl and inserted into the Notl
sites of psiCHECK?2 to generate the vector psiCHECK2-TP53 (see Figure 64).

Notl Notl

- SVAOP. ) Renillaluc % p53cDNA W polyA |- HSV-TKP. ) Firefly luc ] polyA |

EcoRV Sacl

Figure 64: Schematic diagram of the RNAi test vector psiCHECK-TP53. The porcine p53 cDNA from pGEM-
TP53 was excised with Notl and inserted into the Notl site of psiCHECK2. The correct orientation was confirmed
by restriction digest with EcoRV and Sacl. The RNAI test vector contains a Renilla and a firefly luciferase gene
(green) for the expression in mammalian cells and the p53 cDNA was inserted downstream of the Renilla
luciferase gene. This allowed the SV40 promoter (blue) directed expression of a fusion mMRNA between this
luciferase and the p53 cDNA. The HSV-TK promoter (blue) directed firefly luciferase served as an internal control
to normalize for transfection efficiency.

PsiCHECK-TP53 clones with correct orientation of the porcine p53 cDNA were identified by
restriction enzyme digestion with EcoRV and Sacl and the plasmid DNA was sequenced with
the primer psiCHECK Seq f to exclude mutations.

3.2.5 Dual-Luciferase assay to determine knockdown potential of shRNA and
artificial miRNA constructs against porcine p53

The knockdown efficiency of the shRNA and artificial miRNA constructs was tested in a Dual-
Luciferase assay. The RNAi test vector psiCHECK-TP53 and the shRNA expression
plasmids pLenti-TP53sh312, pLenti-TP53sh787 and pLenti-TP53sh944 were cotransfected
in HEK293 cells. The positive control construct pLenti-shLuc1 against Renilla luciferase and
the negative control plasmid pLenti-shnc (see section 3.1.5) were also included in the Dual-
Luciferase assay. After 48 h, cell lysates were used to determine the relative light units (RLU)
generated by Renilla luciferase. The results of the assay are presented in Figure 65. The
construct TP53sh312 showed a knockdown of 74%, TP53sh787 of 0%, TP53sh944 of 47%
and shLuc1 of 63% compared to the negative control shnc.

The assay was also performed with the artificial miRNA constructs directed against porcine
TP53. The plasmids pCMV-TP53mi304, pCMV-TP53mi785 and pCMV-TP53mi943 were
cotransfected with psiCHECK-TP53. The newly generated positive control plasmid against
Renilla luciferase (pCMV-miLuc2) and the negative control miRNA plasmid pCMV-minc (see
section 3.1.7) were also used. The construct TP53mi304 resulted in a knockdown of 77%
and TP53mi943 of 51% compared to the negative control. TP53mi785 did not show a
significant knockdown of the Renilla luciferase-p53 fusion mRNA (see Figure 65). The
positive control pCMV-miLuc2 directed against the Renilla luciferase mRNA resulted in a
downregulation of about 31%. This knockdown was comparable to the previously used
positive control plasmid against Renilla luciferase, pCMV-miLuc1, and therefore the new
plasmid pCMV-miLuc2 showed no improvement of silencing efficiency.
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Figure 65: Dual-Luciferase assay with psiCHECK-TP53 and lentiviral shRNA or CMV promoter directed
artificial miRNA constructs against porcine p53. Relative light units (RLU) are presented. The negative
controls shnc or minc are set to 100%. Knockdown of Renilla is shown in comparison with the respective negative
control. Measurements were performed in triplicates. (*: p<0.05; n=3). Left: Dual-Luciferase assay with shRNA
constructs. The constructs TP53sh312, TP53sh944 and shLuc1 led to a significant knockdown of the relative
Renilla luciferase expression. Right: Dual-Luciferase assay with miRNA constructs. The constructs TP53mi304,
TP53mi943 and miLuc2 resulted in a significant knockdown of the relative Renilla luciferase expression.

The Dual-Luciferase assay with the U6 promoter directed shRNA against porcine p53
showed two functional shRNA sequences, TP53sh312 and TP53sh944, with a
downregulation of the relative Renilla luciferase expression by 74% and 47% respectively.
Two of the artificial miRNAs under the control of the CMV promoter achieved a significant
knockdown of 77% (TP53mi304) and 51% (TP53mi943) compared to the negative control
pCMV-minc.

3.2.6 Development of a western blot to detect porcine p53

For further experiments it was important to establish a western blot protocol for the detection
of porcine p53 protein to validate the downregulation of p53. Four commercially available
antibodies against murine or human p53 have been described to also detect porcine p53.
Two of them (CM-1 and Ab-3) had only been tested to detect recombinant porcine p53 (Burr
et al., 1999) while the antibodies Pab240 and DO-1 had been used to detect endogenous
p53 in porcine cells (Rodriguez-Campos et al.,, 2001; Oh et al., 2007; Qiu et al., 2008b).
Therefore the antibodies Pab240 and DO-1 were chosen to establish western blot conditions
allowing the detection of porcine p53. The monoclonal antibody Pab240 recognizes a linear
epitope in the DNA binding domain between amino acid 156 and 214 of murine p53 and the
monoclonal antibody DO-1 is directed against a linear epitope between amino acid 20 and 25
at the N-terminus of human p53 (Gannon et al., 1990; Stephen et al., 1995).

The following experiments to assess the knockdown ability of the RNAi sequences against
porcine p53 were either performed by cotransfection of a p53 expression plasmid and RNAi
plasmids into a p53-deficient murine pancreatic cancer cell line (MPC) or by knockdown of
endogenous p53 in porcine mesenchymal stem cells. Therefore it was important to evaluate
whether the antibodies Pab240 and DO-1 could recognize recombinant p53 produced in the

murine cell line MPC and endogenous porcine p53.
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For this purpose a porcine p53 expression vector was constructed. The porcine p53 cDNA
from pGEM-TP53 (see section 3.2.4) was inserted into EcoRI restriction site of the
mammalian expression plasmid pcDNA3 to obtain the vector pcDNA-p53 (see Figure 66).
This vector expresses the porcine p53 cDNA under the control of a CMV promoter and

contains a neomycin resistance cassette for G418 selection in mammalian cells.

EcoRlI EcoRlI

-| CMV Promoter Porcine p53 cDNA H polyA H Neomycin R }-

Figure 66: Schematic diagram of the porcine p53 expression vector pcDNA-p53. The porcine p53 cDNA was
subcloned from pGEM-TP53 cDNA into the mammalian expression plasmid pcDNA3 after restriction digest with
EcoRl. It is expressed from a CMV promoter (blue). The bovine growth hormone polyadenylation signal is shown
in grey. The plasmid contains a neomycin resistance cassette (green) for selection with G418 in mammalian cells.

The p53 expression vector was transfected into the p53-deficient murine pancreatic cancer
cell line MPC. After 48 h, cell lysates were obtained and analyzed for porcine p53 expression
by western blot using the antibodies Pab240 and DO-1. In addition to the untransfected and
the transfected MPC cell line, a human cell line with expression of stabilized mutant (R175H)
p53, MiaPaca2, was used as positive control. The western blots are displayed in Figure 67.
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Figure 67: Western blot analysis of p53 expression. Western blot analysis for the detection of recombinant
porcine p53 (around 46 kDa) and mutant (R175H) human p53 (around 53 kDa) protein. 20 ug total protein per
lane were separated on a 12% reducing Tris/Glycine gel before transfer onto PVDF membrane. 1: p53-deficient
murine pancreatic cancer cell line (MPC). 2: MPC cells transfected with pcDNA-p53. 3: Human MiaPaca2 cell line
with mutant p53. Left: Porcine and human p53 were detected using the monoclonal antibody Pab240. Right:
Porcine and human p53 were detected using the monoclonal antibody DO-1. Porcine p53 showed a lower
molecular weight compared to human p53 protein.

Porcine p53 was detected using the antibodies Pab240 and DO-1 in the transiently
transfected MPC cells and human p53 in the MiaPaca2 cell line. Porcine p53 showed a lower
molecular weight compared to human p53. This is in accordance with the literature, porcine
p53 has been reported to have an apparent molecular weight between 46 and 50 kDa in
contrast to human p53 at 53 kDa (Burr et al., 1999; Qiu et al., 2008b). This molecular weight
difference can not only be due to the shorter amino acid sequence of porcine compared to
human p53 (386 and 393 amino acids respectively) as this would account for a size
difference of only 0.77 kDa (Rettenberger et al., 1993; Shu et al., 2007). It might therefore
reflect variations of posttranslational modifications between the two species. However, no
information regarding these modifications of porcine p53 is available.

For detection of endogenous p53 in porcine primary mesenchymal stem cells it was
necessary to evaluate whether both antibodies were suitable. To this end, cell lysates of
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bone marrow mesenchymal stem cells (BMMSC) or adipose tissue derived mesenchymal
stem cells (ADMSC) were prepared. The antibody Pab240 led to the detection of many
unspecific bands in BMMSCs and ADMSCs, rendering the identification of porcine p53
impossible (data not shown). The antibody DO-1 was tested with BMMSCs cell lysates and
specifically detected porcine p53 (see Figure 68).
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Figure 68: Western blot analysis of endogenous p53 in porcine mesenchymal stem cell (BMMSC) lysates
with the antibody DO-1. 50 g of total protein from bone marrow derived mesenchymal stem cells (MSC) were
separated on a 12% reducing Tris/Glycine gel before transfer onto PVDF membrane. Porcine p53 (around 46
kDa) in MSCs was detected with the monoclonal antibody DO-1. As a negative control, the p53-deficient MPC cell
line and as a positive control, 20 pg protein from human MiaPaca2 (Mia) cells with mutant p53 were used. Actin
(42 kDa) served as loading control.

These results showed that both monoclonal antibodies, Pab240 and DO-1, were able to
detect recombinant porcine p53 expressed in murine cell line lysates. However, despite
previous reports with primary porcine cells (Rodriguez-Campos et al., 2001), the antibody
Pab240 was not suitable for the detection of endogenous porcine p53 cell lysates. In
accordance with the publication of Qiu et al. (2008b), the antibody DO-1 specifically detected
endogenous and recombinant porcine p53 and was therefore used for the following

experiments.

3.2.7 Validation of RNAi constructs in a p53-deficient cell line

The knockdown potential of the p53 shRNA and miRNA constructs was further evaluated by
cotransfecting a p53 expression vector and the RNAI plasmids into a cell line followed by
western blot analysis. This test was performed to validate the knockdown ability of the
constructs as determined by the Dual-Luciferase assay and to reduce the number of RNAI
constructs to be tested in porcine primary cells. The murine pancreatic cancer cell line MPC
was chosen because it does not express p53 and handling and transfection of this cell line is
simple compared to porcine primary cells. A similar assay has also been used by Hemann et
al. (2003) to evaluate the silencing effects of shRNAs against murine p53.

The porcine p53 expression plasmid pcDNA-p53 (see section 3.2.6) was cotransfected with
the shRNA or artificial miRNA plasmids into the p53-deficient MPC cell line at a molar ratio of
1:2 or 1:3 respectively. The plasmids pLenti-shnc and pCMV-minc were included as negative
controls. Cell lysates were analyzed 48 h after transfection by western blot to identify
downregulation of porcine p53. Glyceraldehyd-3-phosphate dehydrogenase (GAPDH) was
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used as a loading control and the western blot is shown in Figure 69. The construct pLenti-
TP53sh312 showed an estimated downregulation of porcine p53 by about 70% whereas the
other two shRNAs did not downregulate p53. In contrast to these results, all three artificial
miRNA constructs against porcine p53 (TP53mi304, TP53mi785 and TP53mi943) led to a
knockdown estimated as between 60 to 80%.
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Figure 69: Western blot analysis of the experiment with shRNA and artificial miRNA plasmids in the MPC
cell line. 20 pg of total protein were separated on a 12% reducing Tris/Glycine gel followed by western blotting
onto PVDF membrane. Detection of porcine p53 was performed with the antibody DO-1 and detection of GAPDH
was used as a loading control. The porcine p53 expression plasmid pcDNA-p53 and the pLenti-TP53shRNA
plasmids (TP53sh312, TP53sh787, TP53sh944) and the negative control shRNA plasmid (shnc) or the pCMV-
TP53miRNA plasmids (TP53mi304, TP53mi785, TP53mi943) and the negative control miRNA plasmid (minc)
were transfected into the MPC cell line. One of the shRNAs (TP53sh312) and all of the miRNA plasmids
(TP53mi304, TP53mi785, TP53mi943) showed an estimated downregulation of porcine p53 by 60 to 80%
compared to the respective negative control plasmids. In the untransfected MPC cell line (p53-/-) no expression of
p53 was detectable.

The results of the assay in MPC cells differed from those obtained in the Dual-Luciferase
assay. In the Dual-Luciferase experiment, two shRNAs (TP53sh312, TP53sh943) and two
artificial miRNAs (TP53mi304, TP53mi943) against porcine p53 resulted in a significant
downregulation whereas in the experiment in MPC cells only one shRNA (TP53sh312) and
all three miRNAs (TP53mi304, TP53mi785, TP53mi943) demonstrated knockdown of
between 60 to 80%.

3.2.8 Artificial miRNA vectors for knockdown in porcine primary adipose
tissue derived mesenchymal stem cells

Before creating stable porcine primary cell pools to determine the knockdown efficiency of
the RNAIi constructs in these cells, the artificial miRNA expression vector pCMV-circ was
modified. The viral CMV promoter of the pCMV-circ plasmid was exchanged with a cellular
PGK promoter. This step was necessary, because it has been reported that the CMV
promoter is not suitable for stable gene expression from plasmid DNA in mesenchymal stem
cells and leads to mosaic gene expression in transgenic pigs (Byun et al., 2005; Bosch et al.,
2006; Deppenmeier et al., 2006). The functionality of the PGK promoter for stable transgene
expression in porcine MSCs had previously been tested in our laboratory (Landmann,
unpublished results). In addition to the promoter exchange, a cassette containing a CAGGS
promoter (chicken beta-actin promoter, CMV IE enhancer and beta-actin intron, Niwa et al.,
1991) directing the expression of EGFP was added to visualize transfected cells. A diagram
of the resulting plasmid, pPGK-miRNA, is presented in Figure 70.



Results

Mscl

miRNA

Bsal u Bsal
I I

5 flank { Stuffer || 3:flank [ poyA H EGFP H BS

Figure 70: Schematic diagram of the artificial miRNA vector pPGK-miRNA. The CMV promoter of pCMV-circ
was removed by restriction digest. The PGK promoter (blue) was isolated from pPGK-EGFP1 and inserted into
the linearized vector pCMV-circ. In addition, the CAGGS promoter EGFP cassette was excised from pCAGGS-
EGFP and the cassette (CAGGS promoter, EGFP, rabbit beta-globin polyadenylation signal; green) inserted into
the Fspl site of pCMV-circ to obtain the artificial miRNA vector pPGK-miRNA. This vector contains an artificial
miRNA expression cassette containing flanking regions of murine miR-155 (white), a stuffer sequence for
propagating the plasmid in bacteria (white) under the control of the PGK promoter.

The functionality of the EGFP expression cassette was tested in HEK293 cells. Strong
expression of EGFP was detectable at 48 h after transient transfection (see Figure 71).

Figure 71: EGFP expression from pPGK-miRNA in HEK293 cells. HEK293 cells were transiently transfected
with pPGK-miRNA. 48 h after transfection, strong EGFP expression was detectable after excitation at 488 nm (2).
The corresponding phase contrast image is shown in 1. Untransfected HEK293 cells (3: phase contrast, 4:
fluorescence image) showed no EGFP expression.

The miRNA sequences TP53mi304, TP53mi785, TP53mi943 against porcine p53, the
control sequence miLuc2 against Renilla luciferase and the negative control sequence minc
were inserted into the Bsal sites of pPGK-miRNA to generate pPGK-TP53mi304,
pPGK-TP53mi785, pPGK-TP53mi943, pPGK-miLuc2 and pPGK-minc. The Dual-Luciferase
assay was performed with these constructs to ensure functionality of the miRNA expression
cassette under the control of the PGK promoter (see Figure 72).
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Figure 72: Dual-Luciferase assay with pPGK-TP53miRNA and psiCHECK-TP53. The modified artificial
miRNA constructs with the PGK promoter and the EGFP expression cassette were tested in the Dual-Luciferase
assay. TP53mi304, TP53mi943 and milLuc2 led to a significant knockdown of the relative Renilla luciferase
expression compared to the negative control plasmid (minc). (p<0.05; n=3)
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The construct pPGK-TP53mi304 resulted in a significant downregulation of relative Renilla
luciferase expression by 54%, pPGK-TP53mi943 by 49% and the miLuc2 by 18% compared
to the negative control minc. Cotransfection of the construct pPGK-TP53mi785 did not result

in a significant knockdown.

These results were compared to the downregulation achieved with the CMV promoter
containing TP53miRNA constructs (see section 3.2.5). The construct TP53mi943 showed
comparable knockdown efficiencies independent of the promoter (CMV: 51%; PGK: 49%).
whereas the CMV promoter directed constructs TP53mi304 and miLuc2 were more efficient
than the same miRNAs expressed from the PGK promoter (TP53mi304: 77% and 54%;
miLuc2: 31% and 18% respectively). The constructs carrying TP53mi785 with the two
different promoters did not achieve a significant downregulation of the relative Renilla
luciferase activity. It is however not possible to draw firm conclusions regarding the observed
differences because in contrast to the other luciferase experiments, the assay with PGK
promoter directed artificial mMiRNAs was only performed once.

3.2.9 Generation of stable pools of primary porcine adipose tissue derived
mesenchymal stem cells with RNAi constructs against porcine p53
The RNAI constructs, which had been evaluated in the Dual-Luciferase assay and in MPC
cells, were then also tested in primary mesenchymal stem cells derived from porcine adipose
tissue (ADMSCs). These previous assays had either been performed in human or murine
cells and with p53 fusion mMRNAs or expression constructs and the results varied between
the assays. Therefore all six RNAi constructs against porcine p53 were analyzed in porcine
primary cells to assess knockdown in the porcine cell environment with endogenous p53
mRNA. ADMSCs were chosen as it had been shown before that this cell type supports fetal
development after somatic cell nuclear transfer (see section 3.1.16.2) and would therefore be
suitable to directly generate transgenic pigs with p53 knockdown after in vitro analysis.

ADMSCs were transfected by electroporation with the lentiviral sShRNA and artificial miRNA
constructs under the control of the PGK promoter against p53 and the respective negative
control plasmids. Stable pools of ADMSC transfectants were established by selection with
Blasticidin for 10 days. The reason to establish cell pools instead of single colonies was to
reduce the time in culture, which is important for the generation of transgenic pigs with p53
knockdown by somatic cell nuclear transfer. Moreover, cells in cell pools provide varying
expression levels of introduced constructs which better reflect the overall knockdown ability
independent of the integration site in individual clones. After the selection with Blasticidin, all
cells expressed the EGFP reporter gene included on the RNAIi plasmids albeit with different
intensities depending on the construct type used. In accordance with the literature, the
CAGGS promoter on the artificial miRNA constructs resulted in higher expression of EGFP
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than the PGK promoter directed EGFP on the lentiviral shRNA plasmids. This was most
likely due to the strong CAGGS promoter (Niwa et al., 1991).

The porcine ADMSC pools were tested for downregulation of p53 protein by western blot
analysis at passage 11 with the p53 antibody DO-1. Two of three shRNA constructs
(TP53sh787, TP53sh944) and two of three artificial miRNA constructs (TP53mi785,
TP53mi943) showed silencing of p53 estimated between 50 and 85% in the stable primary
ADMSC pools. The negative control RNAi sequences shnc and miLuc2 did not downregulate
p53 expression. The p53-deficient MPC cell line was used as a control and showed no p53
expression whereas MPC cells transfected with the porcine p53 expression construct
pcDNA-p53 were used as a positive control and p53 was detectable. The result of the
western blot is shown in Figure 73.
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Figure 73: Western blot analysis of stable primary porcine ADMSC pools with RNAi constructs. The
knockdown of endogenous p53 protein (around 46 kDa) in ADMSCs with RNAIi constructs was evaluated by
western blot analysis. The shRNA constructs TP53sh787 (sh787) and TP53sh944 (sh944) and the artificial
miRNA constructs TP53mi785 (mi785) and TP53mi943 (mi943) resulted in an estimated downregulation of
porcine p53 by 50 to 85%. The constructs TP53sh312 (sh312) and TP53mi304 (mi304) did not downregulate p53
expression. All results were compared to the negative control shRNA (shnc) or miRNA (miLuc2). As an additional
control, protein extract from the p53-deficient MPC cell line (p53-/-) and as a positive control MPC transfected with
the porcine p53 expression construct pcDNA-p53 (+p53) were evaluated for p53 expression. Actin (around 42
kDa) served as loading control.

These results indicate knockdown potential of two shRNA and two artificial miRNA constructs
in primary porcine ADMSCs. The sequences TP53sh787, TP53sh944, TP53mi785 and
TP53mi943 were effective in downregulating endogenous p53 in the porcine cells. The
effective shRNA and miRNA sequences were directed against overlapping target sequence
positions of the porcine p53 mRNA.

3.2.10 Evaluation of p53 knockdown with the reporter plasmid pRGC-Luc

Further evaluation of p53 knockdown in ADMSCs was performed with a p53 reporter
plasmid. For this purpose the p53 response reporter vector pRGC-Luc was used. This
plasmid contains a firefly luciferase cDNA under the control of a minimal CMV promoter
fused to 17 repeats of the p53 consensus DNA recognition sequence from the human
ribosomal gene cluster (RGC). This sequence represents a binding site for p53 (Kern et al.,
1991). Binding of p53 to the RGC sequence induces the expression of firefly luciferase.
When TP53 is mutated or absent, firefly luciferase expression is not initiated. A schematic

overview over the system is given in Figure 74.
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Figure 74: Schematic overview of the p53 reporter assay with plasmid pRGC-Luc. The reporter plasmid
pRGC-Luc consists of a minimal CMV promoter (blue) under the control of 17 repeats of the p53 consensus DNA
recognition sequence of the human ribosomal gene cluster (RGC; white) and a polyadenylation signal (grey). The
composite promoter directs the expression of firefly luciferase (green) after binding of p53 to the RGC sequence.
In case of a downregulation or lack of p53, the firefly luciferase expression is initiated at a lower level or
completely abolished.

The RGC sequence is of human origin and it was therefore necessary to determine whether
porcine p53 could bind and transcriptionally activate firefly luciferase expression from the
plasmid pRGC-Luc. To this end, the murine p53-deficient MPC cell line was transfected with
pcDNA-p53 and pRGC-Luc. The plasmid pRenilla was cotransfected as an internal control to
normalize for transfection efficiency. This plasmid contains a Renilla luciferase cDNA under
the control of a SV40 promoter and was generated by eliminating the firefly luciferase
expression cassette from the RNAi test vector psiCHECK2. A schematic diagram of the
vector pRenilla is presented in Figure 75.
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Figure 75: Schematic diagram of the plasmid pRenilla. The plasmid pRenilla was created by removing the
HSV-TK promoter and the firefly luciferase coding region of psiCHECK2 by restriction enzyme digestion followed
by religation of the plasmid.

Cell lysates were analyzed for luciferase expression 48 h after transfection. A control
experiment was performed in parallel with pRGC-Luc, pRenilla and pcDNA-BLG. The
plasmid pcDNA-BLG directs expression of porcine Beta-Lactoglobulin, a protein which
cannot bind to the p53 recognition sequence and therefore served as a negative control. The
results of the luciferase assay are illustrated in Figure 76 A. Porcine p53 expression in the
p53-deficient MPC cell line led to strong transcriptional activation of the firefly luciferase on
pRGC-Luc. This confirmed that porcine p53 can bind to the RGC consensus DNA sequence
of the plasmid.

The firefly luciferase induction by endogenous porcine p53 was also tested. For this
experiment, pPRGC-Luc and pRenilla were transfected either into primary porcine ADMSCs or
into the murine p53-deficient pancreatic cancer cell line. Luciferase expression was
measured after 48 h. Endogenous porcine p53 led to an activation of firefly luciferase
expression compared to the p53-deficient cell line (see Figure 76 B).
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Figure 76: p53 reporter assay with pPRGC-Luc in MPC cells and in porcine ADMSCs. A: The plasmids pRGC-
Luc, pRenilla and pcDNA-p53 or pcDNA-BLG were cotransfected into the murine p53-deficient cell line MPC. 48 h
after transfection, expression of Renilla and firefly luciferase were determined and relative light units calculated
(RLU). Porcine p53 expression induced the transcription of the firefly luciferase on pRGC-Luc. B: The plasmids
pRGC-Luc and pRenilla were cotransfected in the MPC cell line and in porcine ADMSCs. 48 h after transfection,
expression of Renilla and firefly luciferase was determined and relative light units calculated (RLU). Endogenous
porcine p53 induced transcription of the firefly luciferase of pPRGC-Luc. (n=3; *: p < 0.05)

Because these preliminary tests confirmed the ability of porcine p53 to induce expression of
firefly luciferase from pRGC-Luc, ADMSC cell pools that had shown the highest knockdown
of p53 by western blot analysis (pools containing TP53mi785, TP53mi943, TP53sh944) were
then tested with the reporter plasmid (see Figure 77).
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Figure 77: Dual-Luciferase assay with pRGC-Luc and pRenilla in stable ADMSC pools with shRNA or
miRNA constructs. pPRGC-Luc and pRenilla were cotransfected into stable porcine ADMSC pools containing the
artificial miRNA constructs TP53mi785, TP53mi943 and the shRNA construct TP53sh944. The expression of
firefly luciferase was normalized to the cotransfected Renilla luciferase. Compared to wildtype ADMSC, cells with
TP53mi785 showed about 325% increased relative firefly luciferase expression. Cells with TP53mi943 and
TP53sh944 showed a significantly lower level of relative firefly luciferase expression (45% and 60%). (p<0.05;
n=3)

Cells containing the artificial miRNA construct TP53mi943 and the shRNA construct
TP53sh944 showed a significantly lower level of relative firefly luciferase expression
compared to wildtype ADMSC (45% and 60% downregulation). Unexpectedly, the ADMSCs
containing TP53mi785 showed an approximately 325% increase of relative firefly luciferase
expression compared to wildtype ADMSC cells. This result was surprising, but there is
evidence that the p53 reporter assays do not always represent the actual p53 status in cells,
since especially in the absence of wildtype p53, the p53 family members p63 and p73 can
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also bind to the RCG recognition sequence and activate luciferase transcription (Wischhusen
et al., 2004).

3.2.11 Functional test of p53 knockdown in ADMSCs

A functional assay was performed to evaluate the silencing potential of shRNA and artificial
miRNA constructs against porcine p53. In this assay, the resistance of ADMSC pools
carrying RNAi constructs to the chemotherapeutic drug doxorubicin, also known as
adriamycin, was tested. This assay is based on incubation of cells with doxorubicin followed
by assessment of colony forming units after the treatment. Doxorubicin induces p53 activity
leading to apoptosis in cells, although the exact mechanism is unclear (Dunkern et al., 2003).
Cells deficient in p53 or cells with p53 knockdown show higher resistance to the
chemotherapeutic treatment with doxorubicin (Yamamoto et al., 1999; Dunkern et al., 2003;
Dickins et al., 2005; Stern et al., 2008). A schematic overview of the doxorubicin response is
depicted in Figure 78.
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Figure 78: Schematic overview of the response of different cells to doxorubicin. In normal cells, doxorubicin
causes activation of p53 and leads to p53 mediated apoptosis. In cell which lack p53 (e.g. cells with knockout or
knockdown of p53), doxorubicin cannot activate p53 mediated apoptosis.

In a first experiment, the response of porcine ADMSCs to doxorubicin was assessed. Two
different concentrations, 1 pg/ml and 2 pg/ml, doxorubicin were used to inhibit colony
formation of wildtype ADMSC. As determined by this assay, 1 ug/ml doxorubicin completely
inhibited colony formation (see Figure 79 A).

Once the conditions for this functional assay had been established, the ADMSC pools with
highest knockdown efficiency in the western blot analysis as determined in section 3.2.9
(TP53mi785, TP53mi943 and TP53sh944) and wildtype cells were treated with doxorubicin.
After 21 days, colony formation was visible in the cell pool with the artificial miRNA
TP53mi785 (see Figure 79 B).
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Figure 79: Doxorubicin assay with wildtype and RNAi transgenic porcine ADMSCs. A: Response of
ADMSCs to doxorubicin (Doxo). Wildtype ADMSCs were incubated with or without 1 pg/ml doxorubicin for 24 h
and cultured for 14 d. Untreated cells formed colonies whereas the treated cell did not proliferate. B: Doxorubicin
assay in ADMSCs and ADMSC pools containing artificial miRNA or shRNA constructs. Stable porcine primary
ADMSC cell pools with artificial miRNAs (TP53mi785, TP53mi943) or shRNAs (TP53sh944) against porcine p53
were treated with 1 pg/ml doxorubicin for 24 h and cultured for 21 d after the treatment. Cells containing the
artificial miRNA construct TP53mi785 showed resistance to the chemotherapeutic drug.

These results indicate the RNAI constructs TP53mi943 and TP53sh944 were not efficient
enough to confer resistance to doxorubicin although they significantly downregulated the
expression of porcine p53 as shown by western blot analysis. In contrast, the ADMSC pool
with the TP53mi785 construct resulted in colony formation, indicating that this pool contains
cells with knockdown of p53 sufficient to survive the assay.

Therefore the artificial miRNA TP53mi785 might be the most promising sequence to
generate a porcine cancer model since the sequence showed a functional reduction of
porcine p53. Moreover, the doxorubicin assay might serve as a selection method to
determine single cell clones with high knockdown efficiencies suitable for the generation of
transgenic pigs with p53 downregulation by somatic cell nuclear transfer.
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4 Discussion

Animals with modified genome sequences play an important role in studying the function of
genes, development of therapeutic drugs, the generation of animal models for human
diseases and to produce recombinant proteins. Up to now, most studies evaluating the
function of genes and the generation of animal models for human diseases are performed in
mice but pigs offer a valuable alternative because they are more similar to humans in size,
development and physiology and are genetically closer to humans than mice (Wernersson et
al., 2005; Lunney, 2007).

Gene knockout by gene targeting is the method of choice to inactivate endogenous genes.
This approach is based on the replacement of endogenous with exogenous DNA sequences
by homologous recombination (Thomas et al., 1986). Because no definitive ES cells are
available for livestock species, the precise genetic modification has to be performed in
somatic cells which show a lower frequency of homologous recombination compared to
murine ES cells and a limited lifespan in vitro (Wang and Zhou, 2003). This leads to a large
number of cell clones which have to be analyzed and many colonies cannot be expanded
sufficiently. After in vitro manipulation, the cells are used for somatic cell nuclear transfer
(Wilmut et al., 1997) to generate gene-targeted animals, a technique which is difficult and
only few research groups are able to produce viable offspring.

In the past years, an alternative to conventional gene knockout has emerged. This method,
RNA Interference (RNAI), is initiated by double stranded RNA within cells and leads to
sequence-specific downregulation of gene expression (Fire et al., 1998). A stable, long-term
downregulation of the expression of genes can be achieved by introducing RNAi expression
constructs into cells or animals. The two most common types of RNAi constructs include
short hairpin RNAs (shRNAs) and artificial microRNAs (miRNAs). ShRNAs can be used for
knockdown of gene expression in the whole animal since they are expressed by ubiquitous
RNA polymerase |l promoters. Artificial mMiRNAs are derived from endogenous miRNAs and
are generally controlled by RNA polymerase Il promoters, allowing ubiquitous but more
importantly also tissue-specific expression of artificial miRNAs, depending on the choice of
promoter (Hasuwa et al., 2002; Zamore, 2002; Paddison et al., 2002; Yu et al., 2002;
Miyagishi and Taira, 2002; Paul et al., 2002; Brummelkamp et al., 2002; McManus et al.,
2002; Lee et al., 2002; Xia et al., 2006; Rao et al., 2006).

It has been shown that the downregulation of gene expression by RNAi can generate
phenotypes similar to loss-of-function mutations even without breeding the animals to
homozygosity (Kunath et al., 2003). Since RNAi mediated downregulation of genes can be
achieved by addition of RNAi constructs to the genome of animals instead of replacing
endogenous DNA sequences, the method offers a faster alternative to gene knockout by

117




Discussion

gene targeting. Therefore the application of RNAi would be especially valuable in livestock
species with longer generation times than mice and no ES cells, such as the pig or the cow.
In contrast to gene knockout with promoter-trap vectors, the successful generation of RNAI
transgenic animals is independent of the expression of the target gene because RNAi
sequences can be randomly integrated into the cell genome. This greatly enhances the
possibilities to study gene function and the generation of livestock animals with reduced gene

expression.

The goal of the project was to establish RNA Interference technology in pigs for the
downregulation of a ubiquitously transcribed gene, the tumor suppressor protein TP53, and a
gene which is only transcribed in a specific organ at a specific time, Beta-Lactoglobulin
(BLG) in the lactating mammary gland. This project tried to evaluate if RNAi can serve as an
alternative to the precise genetic modification of endogenous genes in pigs. Moreover, the
two most commonly used vector systems for RNAi, shRNAs and artificial miRNAs, were
compared.

4.1 General aspects of RNAi sequence design

In general, RNAi sequences for the downregulation of genes are designed with available
online programs. There are major differences between these programs in the algorithm used
for the identification of functional RNAi sequences. Some programs select RNAi sequences
based on empirical data, while others use rational RNAi sequence design (Ui-Tei et al., 2004;
Reynolds et al., 2004). This in silico prediction is not always accurate and the retrieval of
functional sequences is limited (Kumar et al., 2003). Despite advances in this field, the
factors determining the efficiency of RNAi sequences in living cells are still largely unknown.
Therefore, screening of multiple sequences per target is an essential procedure.

RNAi sequences can have unwanted effects on the expression of other genes or on global
gene expression, so-called specific and non-specific off-target effects. The specific effects
are mediated by partial complementarity of the RNAi sequences (guide or passenger strand)
with mRNAs other than the target mRNA. This results in unwanted silencing of these mRNAs
(Jackson et al., 2003). These effects have been shown with regions of nucleotide
complementarity as small as 7 to 11 bases between the guide strand and mRNA (Jackson et
al., 2003; Lin et al,, 2005). To minimize these effects, it is essential to perform a BLAST
search to exclude binding to other mRNAs. However, finding RNAi sequences with less than
7 nucleotides complementarity to mRNAs other than the target is very difficult and often no
sequences matching these strict criteria can be identified. As a compromise, the threshold for
specific sequences in this project was set at 15 nucleotides. RNAi sequences with more than
15 nucleotides complementarity to mRNAs other than porcine p53 or porcine BLG were
excluded. However, the porcine genome is not yet fully sequenced and the RNAi sequences
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could only be compared to the existing porcine database. Therefore, off-target effects of the
chosen sequences cannot be excluded.

In addition, some RNAI sequences are known to activate the cellular interferon response
leading to global reduction of protein expression within the cell rather than to sequence-
specific gene silencing (Brigde et al., 2003; Sledz et al., 2003). This phenomenon is referred
to as non-specific off-target effects. Two shRNA sequence motifs (5-UGUGU-3’ and
5-GUCCUUCAA-3’) have been found to activate the interferon pathway (Judge et al., 2005;
Hornung et al., 2005). These two sequence motifs are not the only factors responsible for the
induction of the interferon response but care was taken to avoid RNAi sequences containing
those two motifs.

4.2 Sequence-specific gene silencing of porcine Beta-Lactoglobulin

4.2.1 Background

The first target gene was the porcine milk whey protein Beta-Lactoglobulin (BLG). This
protein is one of the main components of whey in pigs and ruminants (Kontopidis et al.,
2004; Farrell et al., 2004) but is not expressed in humans, rodents and lagomorphs (Monti et
al., 1989). The function of the porcine protein is unknown and no definitive function has been
assigned to bovine BLG.

Functional analysis can be achieved by gene inactivation (for example by gene targeting) or
by overexpression of the respective protein. However, gene knockout by gene targeting has
not yet been achieved for BLG. This is mainly because the gene is expressed only during
lactation in the mammary gland and not in cells commonly used for somatic cell nuclear
transfer, limiting the use of promoter-trap vectors (Thomson et al, 2003). RNA mediated
gene silencing might therefore offer an alternative to inactivate BLG expression as RNAi
transgenic animals can be generated independent of the transcription of the target gene.

The aim of this part of the project was to evaluate whether RNAI offers an alternative for the
elimination of this whey protein instead of gene knockout. Moreover shRNA and artificial
miRNAs expression vectors should be compared.

4.2.2 Evaluation of RNAi sequences with a Dual-Luciferase assay

As discussed above, RNAi sequences are generally designed by computer algorithms which
only give indications concerning the knockdown obtained in living cells (Kumar et al., 2003).
Therefore RNAIi sequences have to be evaluated for their knockdown potential in vitro. Six
shRNA sequences against porcine BLG were designed and their knockdown efficiency
determined in a Dual-Luciferase assay in HEK293 cells. Of the 6 sequences, four showed a
significant knockdown in this test. The two best candidate sequences, BLGsh334 and
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BLGsh489 with a knockdown of 74% and 55% respectively, were inserted into the lentiviral
shRNA plasmid pLenti-shRNA and showed comparable knockdown efficiencies in the Dual-
Luciferase assay.

Based on these two shRNAs, two artificial miRNAs were designed to target similar sequence
regions of porcine BLG. They were then also assessed in the Dual-Luciferase assay and the
artificial miRNA construct BLGmMIi490 resulted in a comparable knockdown to the shRNA
(60% and 55%). This was not true for BLGsh334 and BLGmi334, the shRNA was more
effective in the downregulation of the Renilla-BLG fusion mRNA than the artificial miRNA
construct (74% and 30%). Interestingly, the same was observed for the positive control
sequences shLuc1 and miLuc1 against the Renilla luciferase.

The finding that shRNA constructs can result in a higher level of downregulation than artificial
miRNAs in HEK293 cells has been shown before and this was found to be related to a higher
expression level of the shRNA compared to the artificial miRNAs (Boudreau et al., 2008).
However, the higher knockdown ability is not a general property of shRNAs, artificial miRNA
constructs have also been shown to be highly effective (Zeng et al., 2002, Xia et al., 2006).

As BLGsh489 and BLGmIi490 were equally effective, this might indicate a higher knockdown
potential of this target sequence compared to BLGsh334 and BLGmi334 or shLuc1 and
miLuc1 independent of the construct used.

4.2.3 Porcine mammary epithelial cells as in vitro test system for BLG
knockdown

After the RNAI constructs against BLG were tested in the Dual-Luciferase assay in HEK293

cells, the intention was to evaluate their efficiency in a cell culture system closely resembling

the mammary gland. Two groups had reported the successful culture of porcine mammary

epithelial cells (PMEC) and their functional differentiation (Kumura et al., 2001; Sun et al.,

2005).

This led to an attempt to establish an in vitro system for RNAiI mediated downregulation of
endogenous porcine BLG. For this purpose, primary porcine mammary epithelial cells were
isolated according to the method described by Sun et al. (2005) and culture conditions for
PMEC were investigated. In the culture medium used by Sun et al. (2005), termed MEC
medium, cells showed epithelial morphology, reached passage 8 after 56 d in culture but
could not be cultured further. This was in contrast to the description of Sun et al. (2005), who
reported 15 to 20 passages before the cells reached senescence.

Several reports have indicated that milk protein expression in primary MEC is possible in

vitro if the in vivo organization of mammary cells can be imitated (Emerman and Pitelka,
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1977; Li et al., 1987; Barcellos-Hoff et al., 1989). To mimic the in vivo organization, the cells
can be cultured on floating collagen gels or on/in extracellular basement matrix such as
Matrigel, a soluble basement membrane extract from Engelbrecht Holm-Swarm sarcoma
mouse model (reviewed in LeBleu et al., 2007; Kleinman and Martin, 2005). Matrigel has
been used by many groups for the functional differentiation of primary MEC and MEC cells
lines of different origin (for example: Medina et al., 1987; Li et al., 1987; Barcellos-Hoff et al.,
1989; Ip and Darcy, 1996; Talhouk et al., 1998; Debnath et al., 2003).

3D culture on Matrigel for the induction of milk protein expression in PMEC was used for this
project. The PMEC cells from non-lactating pigs were cultured on top of Matrigel with
prolactin supplementation. They formed alveolar-like 3D structures and at higher cell density
duct-like structures but did not express porcine milk genes as determined by RT-PCR
analysis. Moreover, serum-free conditions were examined to exclude effects of the serum
supplementation on the functional differentiation of PMEC, but these conditions did not result

in milk gene expression either.

The first series of experiments was performed with primary MEC from non-lactating sows as
described by Kumura et al. (2001), which in our hands could not be induced to express milk
genes. Because Sun et al. (2005) had isolated functional PMEC from lactating sows, these
cells were also isolated for this project. They were cultured in MEC medium and showed
epithelial morphology. At high density, these cells formed spontaneous hollow 3D dome
structures, indicating a high differentiation ability of the PMECs (McGrath, 1975;
Pantschenko et al., 2000). Culturing these PMECs on top of or embedded in Matrigel in the
presence and absence of prolactin resulted in the formation of alveolar-like structures but
again no milk gene expression. MEC from other species have been shown to express milk
proteins for limited time in vitro (Baumrucker et al., 1988; Talhouk et al., 1993; Pantschenko
et al., 2000; German and Barash, 2002). However, not all established primary cultures
showed this ability. Ovine MEC isolated by Dichler et al. (1998) formed domes in
postconfluent monolayers but the expression of BLG was not detectable.

In contrast to published work concerning porcine mammary gland epithelial cells (Kumura et
al., 2001; Sun et al., 2005), none of the conditions used in this project led to the expression
of milk genes. It has to be taken into consideration, that Sun et al. (2005) are the only group
that have reported long-term culture of PMEC. Cells were requested from the authors but the
appeal remained unanswered. Kumura et al. (2001) succeeded in the induction of milk
protein expression but did not show long term culture of PMEC. This, together with the fact
that only two groups have reported the culture of functional primary PMEC supports the view,
that the culture and differentiation of these cells is not easily achieved and it remains unclear
why the isolated PMECs did not express milk proteins.

121




Discussion

4.2.4 Stable knockdown of BLG in cell lines

Due to the lack of milk protein expression in PMEC, cell lines stably expressing porcine BLG
were generated. The clonal cell lines CB1 and HpB9, derived from CHO-K1 and HEK293
respectively, produced porcine BLG as determined by RT-PCR and western blot analysis.
Stable pools with the RNAI constructs of these clonal cell lines were analyzed by western
blot to evaluate the knockdown of porcine BLG. Surprisingly, the most effective construct
from the Dual-Luciferase assay, BLGsh334 (74% downregulation), had no effect on the
expression level of porcine BLG in CB1 and HpB9. The same was true for the artificial
miRNA construct BLGmMIi334. The differences observed between the Dual-Luciferase assay
and the knockdown in the stable cells pools might be related to the secondary structure of
the target mRNA. The Renilla luciferase-BLG fusion mRNA might show higher accessibility
for the RNAi sequences BLGsh334 and BLGmIi334 compared to the BLG mRNA itself
(Bohula et al., 2003; Vickers et al., 2003; Kretschmer-Kazemi Far and Sczakiel, 2003;
Overhoff et al., 2005). To test this in future work, cell lines stably expressing the Renilla-BLG
fusion mRNA would have to be generated and transfected with the RNAi constructs. The
influence of the target secondary structure will be discussed in more detail for the second
target gene, porcine p53.

The constructs BLGsh489 and BLGmIi490, with a silencing efficiency of 55% and 60% in the
Dual-Luciferase assay, resulted in a downregulation of BLG. However, this effect was cell
line specific. The RNA polymerase Il promoter directed shRNA construct led to a
downregulation of BLG by 67% in HpB9 whereas the CMV promoter directed artificial miRNA
resulted in 74% knockdown in CB1. These results were surprising, because cell type specific
functionality of shRNAs and artificial miRNAs has not been reported. Both construct types
have previously been shown to result in gene knockdown in HEK293 and CHO-K1 cells. The
use of shRNAs for downregulation in CHO-K1 cells has been described for a variety of
mRNAs such as cytosolic sialidase, a1,6-fucosyltransferase, lactate dehydrogenase A
subunit and dihydrofolate reductase (Wu, 2009b). This indicates that shRNA mediated
downregulation of genes in CHO-K1 cells is feasible. The artificial miRNA vector used in this
project, pcDNA6.2-GW/miR, has been shown capable of silencing the cyclin-dependent
kinase inhibitor p21 in HEK293 cells (Idogawa et al, 2009). In a direct comparison of
different cell types a similar degree of downregulation of firefly luciferase by siRNAs was
achieved in Hela, HEK293, CHO-K1 and colo205 cells, independent of the cell type (Ui-Tei et
al., 2004; Ui-Tei et al., 2006). Furthermore, the silencing of TIP5, a component of the
nucleolar remodeling complex, by artificial mMiRNAs in HEK293 and CHO-K1 cells resulted in
a similar level of gene silencing (Santoro et al., 2009).
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A possible explanation for the differences in BLG knockdown in HpB9 might be that in
HEK293 cells, shRNA constructs are often expressed at higher levels than artificial miRNA
constructs, leading to increased knockdown efficiency by this construct type (Boudreau et al.,
2008). Since both construct types have previously been used in both cell types for gene
silencing, the reason for the cell line specific activity of the constructs remains unclear
without further investigation of the expression level. To test this in future experiments, the
level of mature miRNAs and siRNAs in the respective cell pools will be determined by small
RNA northern blot. The same experiment will be performed with CB1 cells containing the
RNAi constructs to determine why the miRNA but not the shRNA resulted in a
downregulation of BLG in these cells.

4.2.5 Generation of RNAi transgenic pigs

4.2.5.1 Lentiviral transgenesis

The original plan was to produce pigs with RNAi constructs by lentiviral transduction of
porcine zygotes according to Hofmann et al. (2003). However, the lentiviral shRNA vector
pLenti-shRNA led to the production of insufficient lentiviral titers for this method (Lois et al.,
2002). The low titer of shRNA containing lentiviruses was most likely due to the shRNA
hairpin within the construct which can result in Dicer mediated cleavage of the viral mMRNA
(Poluri and Sutton, 2008). Because of these results, the artificial miRNAs were not inserted
into a lentiviral vector and an alternative approach, somatic cell nuclear transfer, was used to

generate RNAI transgenic pigs with shRNA and artificial miRNA constructs.

4.2.5.2 Donor cells for somatic cell nuclear transfer (SCNT)

In pigs, different cell types have been used as donor cells for SCNT. These include
granulosa cells, de-differentiated adipocytes, adult fibroblasts and the most commonly used
cell type, fetal fibroblasts (Polejaeva et al., 2000; Tomii et al., 2005; Tomii et al., 2009;
Brunetti et al., 2008; Onishi et al., 2000; Betthauser et al., 2000; Hyun et al., 2003). To
evaluate whether a less differentiated cell type can increase the efficiency of SCNT, several
groups have also employed porcine bone marrow derived mesenchymal stem cells
(BMMSCs) for in vitro analysis. Faast et al. (2006) and Jin et al. (2007) compared SCNT
embryos derived from BMMSCs and porcine fetal fibroblasts (poFFs). BMMSCs as nuclear
donors led to a higher rate of blastocyst development compared to poFFs. Similar results
were obtained by Kumar et al. (2007) and a comparison of the expression of key embryonic
genes such as Oct4 and Nanog showed that BMMSC derived embryos were more similar to
in vivo embryos than were poFF derived embryos (Kumar et al., 2007). Porcine BMMSCs
have also been successfully used to generate piglets by SCNT in our laboratory (Landmann,
unpublished data) and in addition to our experiments, SCNT using this cell type from cattle
resulted in healthy offspring (Kato et al., 2004). These results demonstrate the suitability of
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BMMSCs to generate live offspring after SCNT. This, together with the enhanced rate of
blastocyst development in vitro compared to poFF and also the ease of isolation of BMMSCs
from slaughterhouse material, led to the choice of BMMSCs as a donor cell type.

Besides from bone marrow, MSCs can also be isolated from adipose tissue. Previously a cell
type derived from adipose tissue has been successfully used by Tomii et al. (2005; 2009) to
clone pigs by SCNT. They isolated mature adipocytes from pigs and de-differentiated these
cells into preadipocytes which were then used for SCNT. For the generation of RNAI
transgenic pigs with BLG knockdown, a more undifferentiated cell type, adipose tissue
derived mesenchymal stem cells (ADMSCs), was used and evaluated as donor cells for
SCNT.

4.2.5.3 Comparison of porcine BMMSCs and ADMSCs

Positive effects of FGF-2 on the proliferation rate of bone marrow MSCs (BMMSCs) have
been reported (Van den Bos et al., 1997; Tsutsumi et al., 2001; Bianchi et al., 2003) and in
our hands the addition of FGF-2 to the culture medium led to faster proliferation of porcine
BMMSCs compared to cultures without FGF-2. Chiou et al. (2006) and Lee et al. (2009)
reported enhanced proliferation rates of murine or human adipose tissue derived MSCs
(ADMSCs) after supplementation with FGF-2 but no report concerning porcine ADMSCs had
been published. Due to the results with porcine BMMSCs, the porcine ADMSCs were also
cultured in the presence of FGF-2 which led to fast cell proliferation.

The porcine BMMSCs as well as ADMSCs showed differentiation potential towards
osteoblasts, chondroblasts and adipocytes. The ability to differentiate into the three
mesenchymal lineages together with the plastic adherence of the cells fulfilled two of the
three criteria for the characterization of mesenchymal stem cells (Dominici et al., 2006). The
third criterion, expression of cell surfaces markers, was not examined because of the lack of
suitable antibodies.

Although BMMSCs and ADMSCs isolated from the same female pig differentiated into
osteoblasts, chondroblasts and adipocytes, their differentiation potential varied. While
BMMSCs showed extensive differentiation into all three cell types as shown previously by
Ringe et al. (2002), ADMSCs differentiated only marginally towards osteoblasts and
favorably into adipocytes. This finding differed to published descriptions of porcine ADMSCs
as Qu et al. (2007) and Wang et al. (2008) showed that porcine ADMSCs have a strong
potential to differentiate towards osteoblasts. However, unlike Qu et al. (2007) and Wang et
al. (2008), the ADMSCs in this project were cultured with FGF-2. The addition of FGF-2 has
been shown to reduce osteogenic differentiation of murine ADMSCs and increase adipogenic
differentiation of human ADMSCs (Quarto and Longaker, 2006; Kakudo et al., 2007).
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Moreover, the osteogenic and adipogenic differentiation medium contained dexamethasone
which has been reported to inhibit osteoblast differentiation and increase the expression level
of peroxisome proliferator activated receptor gamma (PPARy), an early indicator of
adipogenesis, in murine ADMSCs (Malladi et al., 2006). It is therefore possible that the
supplementation with FGF-2 and dexamethasone reduced osteoblast differentiation and
increased adipogenic differentiation of porcine ADMSCs.

The chondrogenic differentiation of ADMSCs and BMMSCs was similar regarding the
amount of glycosaminoglycanes produced although cell pellets formed by ADMSCs were
smaller than pellets from BMMSCs. These results were in accordance with the literature
(Wang et al., 2008).

4.2.5.4 Generation of RNAi transgenic pigs by somatic cell nuclear transfer

Due to the previously discussed advantages of mesenchymal stem cells as donor cells for
somatic cell nuclear transfer (SCNT), characterized ADMSCs and BMMSCs from the same
female pig were chosen for the generation of transgenic pigs with RNAi constructs against
porcine BLG. The SCNT approach had an advantage compared to the initially intended
lentiviral transgenesis because the sex of the animal could be pre-determined. This would
allow analysis directly in the FO generation.

Results of western blot analysis in HpB9 and CB1 cells did not provide an indication of which
constructs, the shRNA or the artificial miRNA, would lead to a downregulation of BLG in the
pig. Therefore, the shRNA construct BLGsh489 and the artificial miRNA construct BLGmMIi490
under the control of the ubiquitous PGK or the mammary gland specific BLG promoter, were
used. After selection, many cell clones were obtained from ADMSCs but only a low number
from BMMSCs. This result was surprising because BMMSCs have previously been
successfully applied in our laboratory to generate cell clones and even gene targeted
animals. However, these results were obtained with cells from different animals and
variability regarding colony formation between cells isolations has previously been shown in
our laboratory (Wiskow, unpublished data).

A total of 160 embryos were generated by SCNT, transferred into two synchronized
recipients and one pregnancy was established. A 50% pregnancy rate after SCNT using
single cell clones was encouraging and an indication that ADMSCs are competent nuclear
donors. ADMSCs have practical benefits for future work because they can be easily isolated

in large cell numbers from porcine adipose tissue.

Three fetuses were recovered at day 32 of pregnancy. Two of those showed an integration of
the BLG promoter, one of the PGK promoter directed miRNA cassette whereas no fetus was
derived from ADMSCs containing the U6 promoter directed shRNA construct against porcine
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BLG. Although three fetuses represent too low a number to draw firm conclusions about the
influence of the RNAI construct on fetus development, this was consistent with the observed
growth characteristics of the respective cell pools derived from single clones containing one
type of construct. The pool with the PGK promoter directed artificial miRNA proliferated well
but the cell pool containing the artificial miRNA under the control of the BLG promoter grew
faster. This might be because the BLG promoter is not active in ADMSCs. In contrast, the
cell pool with the U6 promoter directed shRNA proliferated very slowly.

These differences in proliferation rate might be due to toxic effects of the shRNA construct.
Potential toxicity of shRNAs has been reported in mice. Grimm et al. (2006) showed adverse
effects of shRNAs after intravenous infusion in the liver of mice. More than half of the
constructs tested led to the death of the animals. This toxicity has been attributed to
abundant expression of U6 promoter directed shRNA, interfering with the endogenous
miRNA pathway by inhibition of endogenous small RNAs processing (Grimm et al., 2006).
Significantly, the expression of one of these shRNA as an artificial miRNA from a liver
specific promoter reduced target gene expression without any signs of liver damage (Giering
et al., 2008). A comparative study of the toxic effects of shRNA and artificial miRNA after
injection into mouse brain revealed similar effects. Two out of three shRNAs resulted in
neurotoxicity, whereas the same sequences expressed as artificial miRNA did not (McBride
et al., 2008). Moreover, toxic effects of ShRNA expression have also been shown in primary
porcine cells. Stewart et al. (2008) showed an induction of the interferon response by
shRNAs in porcine fetal fibroblasts and similar to Grimm et al. (2006) and McBride et al.
(2008) they found that shRNA expression interfered with the endogenous miRNA pathway.

It is therefore possible that the shRNA construct induced the cellular interferon response or
lead to negative effects on the processing of natural miRNAs, resulting in growth inhibition of
this ADMSC pool and lack of fetuses after SCNT. However, in contrast to the report by
Grimm et al. (2006) and McBride et al. (2008), the expression of miRNAs against BLG from
the PGK promoter also resulted in a growth retardation compared to the pool with the BLG
promoter artificial mMiRNA construct. Nevertheless, it was possible to obtain one fetus with the
PGK promoter construct, indicating no apparent negative effect of the artificial miRNA
construct on embryo development.

Despite reports of shRNA mediated toxicity, the successful generation of mice with RNA
polymerase Il promoter directed shRNA constructs has been described, indicating that not
all shRNAs are toxic. One example is the generation of transgenic mice with a shRNA
cassette for the systemic downregulation of superoxide dismutase 1 (SOD1). These animals
recapitulated a SOD1 null phenotype and showed 80 to 95% downregulation of SOD1 in all
tissues without interfering with the endogenous miRNA pathway (Sasaguri et al., 2009). In
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the report by Grimm et al. (2006), only 36 out of 49 tested sequences resulted in toxicity and
RNAI transgenic pigs have also been produced with shRNA constructs (Dieckhoff et al.,
2008). This indicates that not only the high expression level of shRNAs but also the target
sequence itself has an influence on toxicity. The small number of fetuses generated in this
project clearly makes it difficult to draw definitive conclusions. Further SCNT with the RNAI
cell pools would be necessary to investigate the validity of these findings.

4.2.5.5 Expression analysis of artificial miRNA constructs in transgenic
fetuses

To evaluate whether the porcine fetal fibroblast (poFF) derived from the RNAIi transgenic
fetuses express the artificial miRNA construct against porcine BLG, small RNA northern blot
analysis was performed. No expression of the PGK or BLG promoter directed miRNA
construct against porcine BLG could be detected. This result was not surprising for the
construct with the BLG promoter because this promoter is lactating mammary gland specific
(Schnieke et al., 1997) and therefore not active in poFFs. The lack of expression of the PGK
promoter directed miRNA construct can be due to different reasons. One reason could be an
inactivation of the PGK promoter by methylation or the integration into a transcriptionally
inactive genomic region (Palmiter et al., 1982; Sutherland et al., 2000; Mehta et al., 2009).
Another reason might be that only few copies of the transgene integrated and therefore the
expression level of the miRNA is not sufficient to be detected. To investigate this possibility,
Southern blot analysis will be performed in future work to determine the copy number of the
PGK promoter directed miRNA.

An additional factor is the unknown detection limit of the small RNA northern blot analysis.
The U6 probe used as a loading control is commercially available and optimized for the
detection of the U6 snRNA. In contrast, the probe used for BLGmMi490 has been designed for
this project and therefore the detection limit is unknown. The use of digoxigenin-labeled
locked nucleic acid (LNA) probes for small RNA northern blot has previously been described,
however no general protocol has been established (Wienholds et al., 2005; Weston et al.,
2006; Ramkissoon et al., 2006; Mead and Tu, 2008; Yan et al., 2009). For this project, up to
20 pg of total RNA were analyzed for the expression of BLGmMi490 but it is possible that the
amount of RNA was not sufficient due to low expression of the construct.

As the results of the small RNA northern blot analysis showed, that BLGmMIi490 is not or
maybe weakly expressed, it is unlikely that a second round of SCNT would result in pigs with
knockdown of porcine BLG. Therefore the original ADMSC clones should be analyzed to
select a clone with high expression level of the artificial miRNA prior to the repeated
generation of transgenic pigs. However, this approach is technically difficult to conduct
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because single clones of ADMSCs have to be expanded sufficiently to obtain the amount of
RNA necessary for small RNA northern blot which is not trivial.

Because it is not possible to evaluate if the BLG promoter directed artificial miRNA in poFF2
is active, the transgene copy number will now be determined by Southern blot followed by
the use of these cells for a second round of SCNT.

For future work a modification of the artificial miRNA vector might facilitate the evaluation of
RNAi construct expression. It has been shown that a reporter gene can be inserted upstream
of the artificial miRNA sequence or the miRNA sequence can be placed into an intron of a
reporter gene such as red fluorescent protein (Qiu et al., 2008a). This would generate a
construct where the reporter is co-transcribed with the RNAi construct from the same
promoter, greatly facilitating the expression analysis of the RNAi construct.

4.3 Sequence-specific gene silencing of porcine p53

4.3.1 Background

The second target gene chosen for RNAiI mediated downregulation was the porcine tumor
suppressor protein p53. This gene is ubiquitously expressed in all tissues and plays an
important role in the cellular stress response. Stress signals such as expression of
oncogenes, hypoxia, DNA damage and others lead to the activation of p53 stress response,
leading to growth arrest and consequently to DNA repair, senescence or apoptosis (Vousden
and Lu, 2002; Shu et al., 2007). The fact that p53 is mutated in about 50% of human cancers
shows the importance of this protein for normal cell function (Greenblatt et al., 1994). An
inherited cancer syndrome, the Li-Fraumeni syndrome (LFS), is a result of TP53 germline
mutations leading to a loss of p53 function and patients develop tumors before the age of 50.
The syndrome is characterized by multiple primary tumors and a high rate of multiple
cancers (Malkin et al.,, 1990; Evans and Lozano, 1997). Up to now, murine models of LFS
with heterozygous and homozygous deletion of TP53 have been generated and are
susceptible to early tumor development (Donehower et al., 1992; Jacks et al., 1994).

In mice, it has also been shown that RNAiI mediated downregulation of p53 is possible.
Artificial miRNA and shRNA constructs against murine p53 were introduced into
hematopoietic stem cells derived from mice expressing the oncogene c-myc. After
transplantation into irradiated mice, the downregulation of p53 led to enhanced tumor
development similar to a loss-of-function mutation or knockout of p53 (Hemann et al., 2003;
Dickins et al., 2005). In addition, mice with ubiquitous knockdown of p53 have been reported
(Rubinson et al., 2003). This confirms that RNAi can offer an alternative to gene knockout in

mice.
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Because pigs resemble humans more than mice regarding physiology, size and organ
development, they would be useful as disease models (Wernersson et al., 2005; Lunney,
2007). The goal of this project was therefore to establish RNAI in pigs and to examine if RNAI
mediated downregulation of p53 can be used instead of gene knockout by gene targeting to
generate a porcine model for LFS. For this purpose, expression systems for the two most
common experimental RNAi constructs, short hairpin RNAs (shRNAs) and artificial
microRNAs (miRNAs), were generated and evaluated regarding their ability to silence
porcine p53 in vitro in different test systems. The three main parts of the project were: first
the design of RNAi sequences against porcine p53, second the evaluation of these
sequences in mammalian cell lines and third evaluation in primary porcine cells suitable for

somatic cell nuclear transfer.

4.3.2 Knockdown of porcine p53 by different RNAi constructs

The potential of shRNA and artificial miRNAs for the downregulation of porcine p53 was
evaluated in three different assays. ShRNA and artificial miRNA constructs were evaluated in
a Dual-Luciferase assay, in a cotransfection experiment in the p53-deficient murine MPC cell
line and in stable pools of primary porcine adipose tissue derived mesenchymal stem cells
(ADMSCs). A summary of the knockdown efficiencies of the constructs in these three assays
is presented in Table 11.

Table 11: Summary of knockdown efficiencies of RNAi constructs against porcine p53.

Assay
(cell type)

downregulation by shRNA

downregulation by miRNA

Dual-Luciferase assay 74% 0% 47% 77% 10% 51%
(HEK293)

Western blot 70% 5% 5% 80% 60% 70%
cotransfection (MPC)

Western blot (ADMSC) <5% 50% 85% <5% 75% 80%

MPC: murine p53-deficient pancreatic cancer cell line; ADMSC: primary porcine adipose tissue
derived mesenchymal stem cells

4.3.3 Transient assays: Dual-Luciferase assay and transfection in MPC cells

There have been many reports describing RNAi mediated downregulation of human p53 in
vitro and murine p53 in vitro and in vivo (e.g. Brummelkamp et al., 2002; Hemann et al.,
2003; Rubinson et al., 2003; Dickins et al., 2005). However, the sequences used for the
knockdown of human and murine p53 did not show 100% homology with the porcine p53
mRNA. Therefore knockdown sequences for porcine p53 were designed using an online
RNAi design program (Block-iT, Invitrogen). Because these sequences had not been
previously validated, they were evaluated for their knockdown efficiencies in two transient
assays to minimize the number of sequences which had to be analyzed in porcine primary
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cells. To this end, six RNAi sequences against porcine p53 were designed. Of these, three
were used as shRNAs transcribed from a U6 promoter and three as artificial miRNAs
expressed from a CMV promoter. Pairs of shRNA and miRNA sequences were chosen to
target overlapping sequence positions of the porcine mRNA to allow a comparison of

silencing efficiencies.

The first test, a Dual-Luciferase RNAI reporter assay, was based on a commercial plasmid,
psiCHECK?2. In the Dual-Luciferase assay, two shRNAs and two artificial miRNA showed a
significant knockdown of the relative Renilla luciferase expression (see Table 11). The
finding that these sequences targeted similar sequence positions of the porcine p53 mRNA
with comparable knockdown efficiencies was encouraging and supported further examination
in other tests. The frequency of 2 out of 3 computer generated RNAIi sequences resulting in a
significant knockdown was higher than has been reported in the literature (Kumar et al.,
2003).

The knockdown ability of all six RNAI constructs was also tested by cotransfecting a porcine
p53 expression plasmid and the RNAI vectors into a murine p53 deficient cell line (MPC) to
investigate the knockdown efficiencies in a second independent assay. Western blot analysis
was performed to prove expression of p53 and to evaluate the knockdown ability of the RNAI
constructs. A similar test has previously been used to determine knockdown efficiencies of
shRNAs against murine p53. Hemann et al. (2003) performed a cotransfection experiment
with a murine p53 expression vector and shRNAs plasmids against murine p53 in the p53-
deficient human lung adenocarcinoma cell line H1299. They found three different shRNA
sequences with varying abilities to downregulate murine p53. Importantly these results
correlated with the in vivo knockdown.

Here, the test was employed to validate the knockdown obtained from the Dual-Luciferase
assay. However, the results of the experiment in MPC cells were only partially consistent
with the Dual-Luciferase assay. Two shRNA and two miRNA constructs showed a
downregulation or lack of knockdown of porcine p53 as determined by the Dual-Luciferase
assay (see Table 11). In contrast one shRNA (TP53sh944), which had shown significant
knockdown in the Dual-Luciferase assay, had no effect on porcine p53 expression in MPC
cells and one artificial miRNA construct (TP53mi785) was only effective in MPC cells.

These results make clear, that pre-screening of RNAIi sequences in different test systems
does not necessarily reflect the real knockdown ability of RNAi sequences. It is possible that
the use of transient expression and the necessity to cotransfect two plasmids in both assays
may increase the variability of the results. In the Dual-Luciferase assay, a normalization of
the resulting substrate conversion of the RNAI regulated Renilla luciferase against the firefly
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luciferase can be performed. This results in less variability than transient cotransfection into
the p53-deficient cell line MPC. In the second system, no evaluation of the transfection
efficiency was performed. This would have been possible for the lentiviral shRNA constructs,
because they contain an EGFP expression cassette, but not for the artificial miRNA
constructs. Cotransfection of a third plasmid encoding EGFP along with the miRNA
constructs or the introduction of a visible marker gene into the miRNA plasmids might allow
normalization for transfection efficiency. In this case, the detection of the marker gene, a
housekeeping gene and p53 by western blot analysis would result in more reliable
information from this experiment. A similar approach was performed by Ramsoondar et al.
(2009). They cotransfected a shRNA expression plasmid, a second plasmid containing the
target gene and a third plasmid encoding another protein as a transfection control into CHO
and PK15 cells to evaluate the knockdown potential of shRNAs against porcine endogenous
retroviruses (PERV). However, it is also possible that the observed results are not due to the
transient nature of this assay but represent an inherent difference in the cell types used.

Another approach which might reduce variability in analyzing the knockdown potential of
RNAI sequences would be the generation of stable double transgenic cell lines with the
porcine p53 expression vector and RNAI constructs in the MPC cell line. This is however not
possible because stable overexpression of p53 results in apoptosis of cells. Therefore an
inducible system for p53 expression would have to be used but this would likely create
another source of variability (Yamada et al., 2007).

4.3.4 Porcine primary cell pools with RNAi mediated p53 knockdown

The first two experiments to evaluate the knockdown potential of the six RNAi sequences
against porcine p53 were performed either in human cells (HEK293) or in murine cells
(MPC). These transient assays were applied to limit the number of sequences which had to
be tested in porcine primary cells. As they did not result in an identification of ideal candidate
sequences, all six RNAi constructs were tested in porcine primary cells. These cells are more
likely to mimic the in vivo effect of the RNAIi constructs in the pig than human or murine cell
lines. This view is supported by Dieckhoff et al. (2007; 2008) who found a correlation
between the knockdown achieved in primary porcine fibroblasts and piglets expressing the
same shRNA sequence against porcine endogenous retroviruses (PERV).

For RNAi mediated downregulation of porcine p53, the RNAi sequences were introduced into
primary porcine adipose tissue derived mesenchymal stem cells (ADMSCs). This cell type
was chosen since our laboratory has extensive experience in the culture of porcine
mesenchymal stem cells, the isolation of cells from porcine fat was convenient, resulted in a
large number of fast proliferating cells and it had be shown before that this cell type supports
fetal development after SCNT (see section 3.1.16.2). All used RNAI constructs contained a
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selectable marker gene and stable cell pools with the RNAIi constructs against porcine p53
were generated. Western blot analysis showed that four out of six RNAi constructs resulted
in efficient downregulation of endogenous porcine p53 (see Table 11). Two of those were
shRNA and two artificial miRNA constructs directed against overlapping regions of porcine
p53 mRNA. Again, the results were different from the two previously discussed transient
assays. The only construct which was consistently effective in all three tests was
TP53mi943.

4.3.5 Comparison of RNAi mediated knockdown of p53 in different assays

The results obtained from the various assays regarding the knockdown of porcine p53 by
shRNA and artificial miRNA based RNAIi constructs varied according to the test and the
target position on the porcine mRNA.

The first observation was that the knockdown by shRNAs and artificial miRNAs directed
against similar sequence positions was equally effective within the Dual-Luciferase assay or
in porcine primary cells independent of the type of construct. In contrast, the miRNA
constructs were more efficient than the shRNA constructs in the cotransfection experiment in
the MPC cell line. However, as discussed above, this experiment might not be the ideal test
to determine knockdown efficiencies because the data cannot be normalized to cover

variations arising from transfection.

The second finding was that the knockdown efficiencies were highly dependent on the type
of experiment. The main differences between the three tests were first the use of different
cell types, second the downregulation of p53 in a transient or stable manner and third the
RNAi mediated knockdown of endogenous porcine p53 versus recombinant p53 or a fusion
mRNA.

Regarding the use of different cells types, it can be presumed that analysis of knockdown
effects in porcine primary cells is likely to better reflect the outcome in transgenic animals
than assays performed in human and murine cancer cell lines. This hypothesis is supported
by Dieckhoff et al. (2007; 2008) who found a correlation of RNAi mediated gene knockdown
in porcine primary cells and thereafter in RNAI transgenic pigs.

Concerning the difference between transient and stable knockdown of porcine p53, it is likely
that the generation of stable primary cell pools compared to transient cotransfection
experiment results in less variable information about the knockdown efficiencies. As the
EGFP transgene was encoded on all RNAi vectors used in porcine primary cells and almost
all of the cells expressed EGFP at comparable levels, it provided an indication about the
amount of construct present in the cells. This was important to ensure that different
knockdown rates in the cell pools were not due to varying amounts of RNAi constructs within
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the cells but a sequence-specific effect. The same stable primary cell pools were used for
western blot analysis to detect the knockdown effect over time (data not shown) and resulted
in stable downregulation of porcine p53 over generations, demonstrating the benefit of stable
cell pools compared to transient experiments.

The third and most important difference between the assays was that the endogenous p53
mRNA serves as a target in porcine cells. The cDNA generated for the Dual-Luciferase
assay and the recombinant porcine p53 expression plasmid did not contain all nucleotides of
the endogenous mRNA. The 5’ end of the porcine p53 mRNA was not known at the time of
the experiments. Therefore the p53 cDNA only included several bases upstream of the ATG
start codon of porcine p53. In addition, the cDNA did not contain the full length 3° UTR,
resulting in a shorter cDNA compared to the endogenous p53 mRNA. It has been shown that
the secondary structure of the target mRNA and thereby the accessibility of the target
sequences by RNAIi constructs or antisense oligonucleotides has an effect on silencing
efficiency (Bohula et al., 2003; Vickers et al., 2003; Kretschmer-Kazemi Far and Sczakiel,
2003; Overhoff et al., 2005). Sun and Rossi (2009) reported that downregulation of the
Renilla luciferase in the RNAI test plasmid psiCHECK2 was strongly dependent on the length
of target sequence inserted downstream of the luciferase. The resulting knockdown
efficiencies varied between 10 and 80% against the same target sequence depending on the
total size of the inserted DNA, most likely because of the altered secondary structure of the
fusion mRNA. It is therefore possible that the use of a fusion mMRNA between the Renilla
luciferase and the porcine p53 cDNA altered the mRNA secondary structure in a way that
influenced the binding of the RNAi constructs. This might explain the differences in
knockdown potential between the Dual-Luciferase assay and in porcine cells. This
hypothesis is supported by the fact that shRNA and artificial miRNA sequences directed
against overlapping regions of the porcine p53 mMRNA showed similar knockdown
efficiencies, depending on the assay. In the Dual-Luciferase assay TP53sh312 and
TP53mi304 downregulated the relative Renilla luciferase expression whereas both
sequences were not effective against the endogenous p53. TP53sh787 and TP53mi785 did
not result in a knockdown of the relative Renilla luciferase expression, but both showed a
reduction of endogenous porcine p53. The sequences TP53sh944 and TP53mi943 were
effective in both assays. The differences between the Dual-Luciferase assay and the western
blot in porcine primary cells could therefore be explained by the formation of different mRNA
secondary structures in the two tests, leading to higher or lower accessibility of the
respective target regions resulting in a different degree of silencing. However this correlation
between shRNA and artificial miRNA constructs was not observed in the transient
experiment in the MPC cell line, further indicating that this test might not suitable for
evaluating RNAI constructs.
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The general conclusion after comparison of different test systems to screen the knockdown
of porcine p53 is that the evaluation of silencing efficiencies in primary cells of the species of
choice might be more suitable than artificial test systems in mammalian cell lines. This
approach is however only possible for genes expressed in cell types which can be cultured in
vitro. Furthermore, the knockdown potential of RNAi sequences for the downregulation of
porcine p53 seems to be mainly related to the target sequence position on the mRNA and
not the type of construct, shRNA or artificial miRNA, used.

4.3.6 Functional analysis of p53 knockdown: p53 reporter assay and
doxorubicin resistance

In addition to three previously discussed experiments, a functional analysis of p53

knockdown in ADMSCs was performed. To this end, the three primary porcine ADMSCs cell

pools with the highest knockdown efficiencies according to the western blot analysis (see

Table 11) were used for further evaluation with a p53 reporter assay and resistance to the

chemotherapeutic drug doxorubicin was determined.

The p53 reporter assay is based on a plasmid encoding firefly luciferase under the control of
a minimal CMV promoter fused to 17 repeats of a p53 consensus DNA binding sequence
from the human ribosomal gene cluster (RGC) (Kern et al., 1991). Reduced levels of p53 in
the cells result in a lower expression of the firefly luciferase. Initial tests showed that
recombinant and endogenous porcine p53 can induce the luciferase expression from the p53
reporter plasmid. The plasmid was then transfected into porcine primary ADMSC pools and
compared to wildtype ADMSCs. Two of the tested cell pools, containing TP53sh944 and
TP53mi943, showed a significant downregulation of relative firefly luciferase expression
compared to wildtype cells. This result was consistent with the western blot analysis,
however the knockdown efficiency as determined by western blot was higher than in the
reporter assay. In contrast, TP53mi785 resulted in a strong upregulation of the relative firefly
luciferase expression. This result was surprising but it has been shown that the p53 reporter
assay does not always accurately reflect p53 activity in cells. Wischhusen et al. (2004)
demonstrated that in p53-deficient cells, the p53 family members p63 and p73 can initiate the
expression from a reporter plasmid similar to pRGC-Luc used in this project. Therefore the
downregulation of p53 by TP53mi785 and the resulting increase in firefly luciferase
expression from the p53 reporter plasmid might reflect enhanced expression of p63 or p73
rather than an actual increase of p53 in this cell pool. This might also be the reason why the
knockdown efficiencies of the p53 reporter assay are lower than the downregulation
observed in the western blot analysis, since the reporter assay results in information about
the whole p53 family. It can therefore be concluded that this test is not ideal for evaluating
the knockdown ability of RNAI constructs against porcine p53.
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A functional test of p53 knockdown was also performed in stable porcine primary ADMSC
pools with RNAI constructs. For this, the cell pools with lowest expression level of p53 were
treated with the chemotherapeutic drug doxorubicin, an inducer of p53 mediated apoptosis. It
has been shown that p53-deficient cells or cells with reduced levels of p53 show higher
resistance to treatment with doxorubicin than cells with wildtype level of p53 (Yamamoto et
al., 1999; Dunkern et al., 2003; Dickins et al., 2005; Stern et al., 2008). However, how
doxorubicin activates p53 and apoptosis is still unclear. One hypothesis is based on the
direct involvement of p53 in the endogenous miRNA pathway. The pri-miRNA processing
enzyme Drosha interacts with p53 and other proteins after treatment of cells with
doxorubicin. p53 then mediates the association of growth suppressive pri-miRNAs with
Drosha, leading to an increased amount of the corresponding mature miRNAs which inhibit
cell proliferation. Decreased levels of p53 reduce the processing of these pri-miRNAs after
doxorubicin treatment and enhance cell survival (Suzuki et al., 2009).

The doxorubicin treatment of ADMSC pools was performed to examine whether the
downregulation of p53 was sufficient to confer resistance to this chemotherapeutic drug.
Colonies were formed by one pool that contained the artificial miRNA construct TP53mi785
whereas wildtype cells and the other two analyzed cell pools did not form colonies. The
increased chemoresistance has also been shown after p53 knockdown in c-myc expressing
hematopoietic stem cells in vivo, resulting in enhanced tumor development (Dickins et al.,
2005). It is unknown, why the other two RNAi sequences with similar knockdown efficiencies
in the western blot analysis did not result in resistance. A possible explanation is that the cell
pool with TP53mi785 contained single cells with sufficient downregulation of p53 to exert a
biological effect whereas the other cell pools did not.

These data indicate that TP53mi785 is the most promising candidate for the downregulation
of porcine p53. Since all the results were obtained with ADMSC pools, analysis of single cell
clones might lead to the identification of clones with high knockdown efficiencies and
possibly an even stronger resistance to doxorubicin. Moreover, the doxorubicin assay
provides a method to directly identify cell clones with functional p53 knockdown which can
then be used to generated RNAI transgenic pigs by SCNT.

4.3.7 Model for Li-Fraumeni syndrome — knockout or knockdown of p53?

The main aim of the porcine p53 knockdown project was to evaluate different test systems
for the examination of RNAi sequences and to investigate whether a knockdown of porcine
p53 was an effective alternative to gene knockout. Heterozygous germline TP53 mutations in
LFS patients result in early tumor onset and multiple primary tumors. However, these
cancers arise only after the second TP53 allele is mutated or deleted by somatic mutations
(Malkin et al., 1990; Evans and Lozano, 1997). In contrast, RNAi mediated downregulation of
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p53 can lead to varying degrees of loss-of-function. This variation is mainly due to the
efficiency of the RNAi sequences used for the knockdown (Hemann et al., 2003; Dickins et
al., 2005).

To imitate the conditions of LFS, a highly functional RNAi sequence has to be used to mimic
loss-of-function mutations in both alleles of TP53. It is as yet unclear, what degree of gene
knockdown would be necessary for the generation of a phenotype resembling a homozygous
TP53 knockout by gene targeting and if the achieved knockdown of porcine p53 by 50 to
85% would be sulfficient.

Enhanced cancer formation in transgenic mice has been reported by RNAi mediated
knockdown of p53 using shRNA or artificial miRNA constructs. The mice expressed the
c-myc oncogene under the control of the immunoglobulin heavy-chain enhancer in
hematopoietic stem cells. Additional knockdown of p53 in these cells resulted in enhanced
formation of lymphomas and reduced survival after transplantation of double transgenic cells
into irradiated mice (Hemann et al., 2003; Dickins et al., 2005). Mice with shRNA mediated
knockdown of p53 alone have also been generated, but no further reports regarding tumor
formation in these animals were published (Rubinson et al., 2003). It is therefore possible
that the level of p53 downregulation achieved was insufficient to result in tumor formation.
Stern et al. (2008) have generated mice with Cre-recombinase initiated tissue-specific
knockdown of p53 in endothelial and hematopoietic lineages or ubiquitously in all embryonic
tissues. Although the level of p53 was significantly reduced and led to an increased
resistance to doxorubicin, these mice did not show an increase in tumor formation. The
authors subsequently combined the downregulation of p53 in B-cells with the expression of
the c-myc oncogene. This combination led to transformation of the cells in vivo after injection
into lethally irradiated mice and the animals developed lymphomas within 100 days (Stern et
al., 2008).

These findings suggest that RNAi might not be the method of choice for the generation of a
porcine animal model for the Li-Fraumeni syndrome, especially since a conventional
knockout of TP53 by gene targeting would more closely resemble the cause of the human
disease. This is supported by the finding that even the enhanced in vitro resistance to
doxorubicin after knockdown of p53 alone by Stern et al. (2008) was not associated with

enhanced tumor formation.

Nevertheless, RNAi mediated p53 knockdown has been shown to increase the incident of
tumor formation when combined with the expression of the c-myc oncogene (Hemann et al.,
2003; Dickins et al., 2005; Stern et al., 2008). It has also been shown that the transformation
of primary cells by oncogenic H-ras is dependent on the expression of another oncogene or
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the inactivation of p53 or p16. This is due to the fact that expression of oncogenic H-ras by
itself induces a cell cycle arrest in G1. In combination with a lack of p53, this cell cycle arrest
is prevented, leading to transformation of primary cells (Serrano et al., 1997). The same
effect was observed after RNAiI mediated downregulation of p53 in murine primary cells
expressing oncogenic K-ras (Dickins et al., 2005).

These reports emphasize the importance of p53 in controlling cell transformation. Therefore
the downregulation of porcine p53 together with the expression of genes such as oncogenic
c-myc or H-/K-ras in pigs might accelerate tumor formation. This approach could also be
applied to enhance the tumorigenic effects of specific mutations of endogenous porcine
genes like K-ras or adenomatous polyposis coli (APC) introduced by gene targeting. Our
group has previously generated piglets with a heterozygous mutation in the tumor
suppressor gene APC (Landmann, unpublished data). This mutation mimics one of the most
common alterations responsible for an inherited cancer syndrome, the familial adenomatous
polyposis (FAP). As tumors in FAP patients arise only after a series of mutations in
oncogenes and tumor suppressor genes such as p53 (Fodde, 2002), RNAi mediated
knockdown of p53 in pigs with targeted APC mutation might accelerate tumor formation and

increase tumor progression.

In future work another application for RNAi in the study of cancer development would be the
combination of a heterozygous precise modification of endogenous porcine TP53 by gene
targeting resembling common mutations involved in human cancer development combined
with RNAi mediated knockdown of wildtype p53. The downregulation of only mutant but not
of wildtype p53 has been shown by |-Tsuen Chen et al. (2009) by designing a shRNA around
the mutation site containing one mismatch to wildtype p53 mRNA. This approach could be
inverted to downregulate wildtype p53 in pigs with a heterozygous targeted mutation of TP53
to enhance tumorigenesis. This would possibly avoid the need to generate animals with a
homozygous mutation in TP53, reducing the time for the generation of a porcine cancer
model. However, it is not trivial to design sequences with such high specificity.

Therefore another approach could be applied. Willis et al. (2004) showed that the ectopic
expression of mutant p53 can decrease the binding of wildtype p53 to p53 responsive
elements, inhibit the p53 induced growth repression and cell cycle arrest, exerting a
dominant-negative effect. It is therefore possible that the overexpression of mutant p53
instead of a targeted mutation in pigs is sufficient to generate a porcine cancer model. This
effect might be enhanced by reducing the amount of wildtype p53 which could be achieved
by designing an overexpression construct for mutant p53 with a different 3’ UTR compared to
wildtype p53 and using RNAI constructs against the wildtype 3° UTR sequence.
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4.3.8 An alternative use for porcine cells with p53 knockdown — generation of
porcine iPS cells
Induced pluripotent stem (iPS) cells are pluripotent cells generated from somatic cells by the
introduction of certain transcription factors. iPS were first produced by Takahashi and
Yamanaka in 2006 after infecting murine fibroblasts with retroviruses encoding Oct3/4, Sox2,
Kif4 and c-myc. The introduction of these four factors combined with ES cell culture
conditions resulted in the generation of cells resembling ES cells in morphology, growth
characteristics, ES cell specific marker expression and teratoma formation in nude mice
(Takahashi and Yamanaka, 2006). Since then, various iPS cell lines have been produced by
different methods including plasmid transfection, transduction with viruses containing stem
cell factors, protein transfection and many more (Okita et al., 2008; Carey et al., 2009; Zhou
et al., 2009). These cells can be used to generate chimeric mice and even whole animals by
tetraploid complementation (Okita et al., 2007; Zhao et al., 2009). iPS cells have also been
obtained from human (Takahashi et al., 2007; Yu et al., 2007), rat (Liao et al., 2009; Li et al.,
2009), rhesus monkey (Liu et al., 2008), pig and minipig (Wu et al., 2009a; Ezashi et al.,
2009; Esteban et al., 2009).

However, the efficiency of iPS cell generation is generally very low. It has recently been
shown that siRNA mediated downregulation of p53 in combination with the expression of
Oct4, Sox2, Klf4 and c-myc enhanced the generation of iPS cells from human fibroblasts
(Zhao et al., 2008). Several other reports showed that decreased p53 protein level enhances
the formation of iPS cells. Hong et al. (2009) showed a significant increase in the iPS
generation efficiency in murine embryonic fibroblasts with heterozygous or homozygous
deletion of TP53 compared to wildtype cells even without c-myc. This increase in colony
formation was mainly due to reduced silencing of the introduced transgenes in p53-deficient
cells. The generation of iPS cells from terminally differentiated T lymphocytes from p53-
deficient mice was possible whereas this was not achieved with cells from wildtype p53 mice.
Moreover, Hong et al. (2009) reported improved iPS cell derivation from human fibroblasts
expressing a dominant-negative mutant p53 and also with cells expressing a shRNA against
human p53. Similar results were obtained in a comparison of murine and human p53
deficient cells or cells expressing a shRNA against p53 by Marion et al. (2009). They showed
enhanced development of iPS cells from these cells and the iPS cells were generated faster
than in cells with p53. This was even true for cells with short telomeres or after y-irradiation
which were not efficiently reprogrammed in the presence of p53. They concluded that p53
inhibits the reprogramming of cells with DNA damage by inducing apoptosis (Marién et al.,
2009). In a study by Kawamura et al. (2009) it was possible to obtain murine iPS cells from
cells with decreased levels of p53 by shRNA expression and in p53-deficient cells by
supplying only two factors, Oct4 and Sox2, which were suitable for the generation of chimeric
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mice (Kawamura et al, 2009). A fourth report demonstrated that RNAi mediated
downregulation of p53 at any time point during the reprogramming process resulted in a
higher efficiency of iPS cell generation and even senescent cells could be reprogrammed
(Utikal et al., 2009).

The enhanced frequency of iPS cell generation in a p53 null background did however have
serious drawbacks. First, the lack of inactivation of the c-myc expression together with the
p53 deficiency led to tumor formation in chimeric mice generated from these iPS cells and
resulted in rapid death after seven weeks (Hong et al., 2009). Permanent deletion or
downregulation of p53 can cause genomic instability leading to iPS cells of lower quality
(Hong et al., 2009). This problem is even more apparent after the successful generation of
iPS cells from cells with short telomeres and other types of DNA damage in the absence of
p53 which cannot be reprogrammed when p53 is present. These cells also showed an
increase in chromosomal damage such as chromosomal breaks and fragmentation lowering
the quality of iPS cells (Marion et al., 2009).

However, RNAi mediated downregulation of p53 might still play a useful role in facilitating the
generation of iPS cells from species other than human and mouse. Because embryonic stem
cells have already been obtained from these two species, the appropriate culture conditions
for the maintenance of pluripotent cells have been established (Evans and Kaufman, 1981:
Martin, 1981; Thomson et al., 1998). This is not true for many important mammalian species
such as the pig. Up to now, no definitive ES cells have been isolated from pigs and one
reason is that the culture conditions necessary to maintain these cells in an undifferentiated
state are not known. Recently, the generation of porcine iPS cells has been reported.
However these cells did not retain their pluripotent potential after the expression of the
doxycyclin induced exogenous stem cell factors was terminated. In another study it has been
shown that the expression of the exogenous stem cell factors was not completely silenced
(Wu et al., 2009a; Ezashi et al., 2009; Esteban et al.,, 2009). This indicates that fully
reprogrammed porcine iPS cells have not yet been generated.

RNAI mediated downregulation of p53 could therefore be useful to enhance the generation of
porcine iPS cells that could be used to determine suitable culture conditions for this cell type.
This would likely aid the subsequent generation of normal iPS and ES cells from pig. In the
future, a permanent downregulation of p53 is not desirable for the generation of pigs from
these porcine iPS cells due to the negative effects reported in mice. If the findings are
confirmed that the downregulation of p53 is essential for enhancing iPS colony formation,
porcine cells with either an inducible RNAi construct or the transient addition of siRNAs
against p53 might be used to circumvent the problems associated with permanent
downregulation of p53 for the generation of porcine iPS cells.
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Porcine iPS cells would be very useful for the generation of gene targeted pigs. It has been
reported that the frequency of gene targeting by homologous recombination in murine ES
cells is about 20 times higher than in murine somatic myoblasts (Arbonés et al., 1994) and
ES cells also have a longer lifespan in culture. If the same is true for iPS cells, the generation
of porcine iPS cells with an enhanced frequency of homologous recombination would greatly
facilitate the precise genetic modification of the porcine genome. These modified cells could
then be used as donor cells for SCNT or to generate chimeric pigs by blastocyst or laser-
assisted cell injection. In mice, the laser-assisted method offers the advantage that injection
of cells in 8 cell stage embryos can generate founder animals almost exclusively derived
from the injected cells (Poueymirou et al., 2007).

4.4 Improved RNAI constructs and alternative application of RNAi

4.4.1 Bifunctional RNAi constructs

The RNAI pathway can be divided into cleavage-dependent and cleavage-independent parts.
RNAi sequences with perfect complementarity to their target mMRNA lead to mRNA cleavage,
whereas sequences with internal mismatches, especially in the center of the RNAIi sequence,
lead to translational repression (Pasquinelli, 2002; Agrawal et al., 2003, Carrington and
Ambros, 2003). It has been proposed that this feature could be employed to enhance the
RNA mediated silencing effect by generating constructs with two hairpin structures. The first
hairpin would show full complementarity to the target mMRNA whereas the second hairpin
within the same construct would have internal mismatches. These hairpins are then loaded
onto cleavage-dependent and cleavage-independent RISCs and would silence the target
mRNA by cleavage and translational repression at the same time (Rao et al, 2009).
Although this approach has not yet been used, it might enhance the post-transcriptional gene
silencing by RNAI constructs and could provide a basis for further work on porcine p53 or
BLG.

4.4.2 Use of endogenous miRNAs to control transgene expression

In addition to the downregulation of endogenous genes by artificial miRNA, the use of
endogenous miRNAs to control transgene expression has been described. For this, Brown et
al. (2007) fused the reporter gene GFP to target sites of the human miRNA miR-302a. This
miRNA is highly expressed in human embryonic stem cells but not in differentiated cells. The
introduction of the GFP fusion construct into human ES cells led to a downregulation of GFP
in undifferentiated ES cells which was reversed during differentiation of the cells. In another
experiment it was shown that if GFP was fused to target sites of a neuron specific miRNA,
GFP fluorescence was diminished during differentiation in embryoid bodies (Brown et al.,
2007).
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Potentially, this system might be useful for the identification and monitoring of porcine iPS
cells by introducing a reporter gene fused to a pluripotent cell specific miRNA target site into
cells before the generation of iPS cells. In this case, the de-differentiation of the cells towards
iPS cells could be identified by reduction of the expression of the reporter gene due to the
expression of the endogenous miRNA. However, not many porcine endogenous miRNAs are
known which currently hampers this approach (Kim et al., 2008; Reddy et al., 2009).

4.5 Emerging technologies for gene inactivation and gene targeting

4.5.1 Adeno-associated virus-mediated gene targeting

Recently the targeting of a gene which is not expressed in porcine fetal fibroblasts, the cystic
fibrosis transmembrane conductance regulator (CFTR) has been achieved by virus-mediated
gene targeting. Rogers et al. (2008) reported the disruption and mutation of the CFTR gene
in pigs with a vector based on adeno-associated virus (AAV). The targeting vector contained
a selection cassette and flanking regions homologous to the genomic CFTR sequence. Due
to the size limitation of AAV vectors (4.5 kb), the targeting vector was composed of short
stretches of homology to the CFTR sequence. Targeting efficiencies of up to 10% of all G418
resistant colonies were obtained. This finding is in stark contrast to the failure of targeting
CFTR using a conventional vector with positive selection (Rogers et al., 2008). Viable piglets
with the disruption or mutation of CFTR were produced by SCNT. In addition to the
experiments in pigs, Sun et al. (2008) have used AAV-mediated gene targeting to disrupt the
CFTR gene with a targeting frequency of 0.5 to 2% in ferret fetal fibroblasts. These reports
indicate that AAV-mediated gene targeting can be successfully used to target a non-
transcribed gene in fetal fibroblasts.

The high targeting efficiencies of AAV-mediated gene targeting has been attributed to
various factors. These include the fact that AAV delivers single stranded DNA which might
enhance homologous recombination, the inverted terminal repeats of the vector which might
facilitate the binding of recombination or repair proteins or an effect of the delivery of viral
proteins on homologous recombination (Hendrie and Russell, 2005; Vasileva and
Jessberger, 2005). However, the exact mechanism of AAV-mediated gene targeting remains

elusive.

The enhanced efficiency of gene targeting of genes not transcribed in primary cells such as
fetal fibroblasts together with the finding that only short stretches of homology between the
targeting vector and the genomic sequence are necessary, facilitates gene targeting in
livestock species. AAV-mediated gene targeting would provide an alternative and feasible
option to RNAI for the inactivation of BLG.
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Furthermore, it has been reported that AAV-mediated gene targeting in human cells is
enhanced up to 100fold by double strand breaks in the gene of interest (Miller et al., 2003;
Porteus et al., 2003). This presents an opportunity to combine specific double strand breaks
by engineered ZFNs (see below) with AAV-mediated gene targeting which would possibly

enhance targeting efficiencies even more.

4.5.2 Zinc-finger nucleases

Recently, an alternative approach to gene knockout or gene knockdown in mammals has
emerged. This approach employs the ability of zinc-finger nucleases (ZFNs) to introduce
double strand breaks at selected DNA sequences. ZFNs are engineered fusion proteins
between zinc-finger DNA binding domains and the nuclease domain of the restriction
endonuclease Fokl (Porteus and Carroll, 2005). They can be designed to recognize specific
DNA sequences and after dimerization, the Fokl domain introduces DNA double strand
breaks (DSBs) at the chosen position. This leads to an activation of the cellular double strand
break repair mechanism, either by the non homologous end joining (NHEJ) pathway or by
homologous recombination (Sonoda et al., 2006). During NHEJ, the free DNA ends are
joined often leading to small deletions or insertions at the break site. This can result in
mutations or inactivation of the gene. Frequently, both alleles are affected after transient
expression of ZFN (Santiago et al., 2008).

In addition, DSBs can be repaired by homologous recombination. In this case the break is
repaired using either the sister chromatide as a template or by homologous recombination
with introduced donor DNA, such as plasmid DNA. The result is a replacement of the target
gene with exogenous DNA sequences, leading to ZFN mediated gene targeting (Porteus and
Carroll, 2005). The technology has been used to perform gene knockout and gene targeting
in a variety of species including zebrafish (Meng et al., 2008; Doyon et al., 2008; Foley et al.,
2009), Drosophila melanogaster (Bibikova et al., 2003; Beumer et al., 2006), plants (Wright
et al., 2005; Shukla et al., 2009; Townsend et al., 2009) and in mammalian cells (Santiago et
al., 2008; Pruett-Miller et al., 2008; Zou et al., 2009). Recently, targeted gene disruption of
two endogenous genes and a reporter gene in rats by injection of ZFN mRNA into zygotes
has been reported (Geurts et al., 2009).

The use of ZFNs is independent of the transcriptional activity of the gene in a particular cell
type and therefore offers a valuable alternative to gene targeting especially for genes not
transcribed in fetal fibroblast or MSCs (Hockemeyer et al., 2009). Moreover, it has been
shown that the transient expression of plasmids encoding ZFNs or injection of ZFN mRNA
into zygotes or embryos results in efficient gene-targeting or knockout (Beumer et al., 2008;
Geurts et al., 2009). In the rat, the frequency of gene knockout by ZFN was reported to be
12% of all tested founder animals, a high efficiency sufficient to avoid the need to screen
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embryos before embryo transfer. This feature would be beneficial for the genome
modification of livestock species by injecting ZFNs with or without targeting vectors into
zygotes. It would allow the generation of knockout or gene targeted animals without the use
of SCNT.

Therefore, ZFN mediated knockout would be an alternative to conventional gene knockout or
RNAi mediated gene silencing, especially in the case of genes not transcribed in fetal
fibroblasts or MSCs such as the porcine or the bovine BLG. This approach would be useful
for the elimination of BLG from cows’ milk instead of RNAi mediated downregulation to
produce milk for children suffering from cow’s milk allergy or intolerance and provide
information about the function of the protein.

4.6 Concluding remarks

In this work, a comparison of shRNA and artificial miRNA constructs for the knockdown of
porcine genes has been provided. Several in vitro assays have been performed to select the
most effective RNAIi sequences for the downregulation of porcine p53 and BLG. It could be
shown that the different test systems to determine the knockdown potential of shRNA and
artificial miRNA sequences showed variability regarding the knockdown achieved. This
indicates that RNAi sequences have to be tested in more than one assay to predict their
effectiveness. The best estimation of the in vivo functionality of RNAi sequences seems to be
screening in primary cells. Furthermore, this evaluation in primary cells allows the direct use
of these cells to generate animals by SCNT.

Downregulation of recombinant BLG in cell lines was achieved by shRNA and artificial
miRNA constructs targeting similar sequence position. The effect of shRNA or artificial
miRNA constructs was cell line specific, a finding which has not previously been reported in
the literature. The knockdown of porcine BLG in primary cells was not possible because
isolated mammary epithelial cells could not be induced to express milk genes.

In the course of this project, RNAI transgenic fetuses with artificial miRNA constructs were
generated by SCNT of porcine adipose tissue derived mesenchymal stem cells whereas this
was not achieved for the shRNA against porcine BLG. These results show that this cell type
can be genetically manipulated, generate single cell clones in vitro and support fetal
development after SCNT.

Expression analysis of the fetuses revealed that the PGK promoter directed miRNA construct
against porcine BLG was not expressed at detectable levels and the construct with the BLG
promoter could not be tested in fetal fibroblasts. It is therefore unclear, whether the BLG
promoter construct will be expressed, unless transgenic pigs are generated and analyzed
during lactation. Therefore the cells with the BLG promoter miRNA will be used for a second
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round of cloning to generate the first RNAi transgenic pigs with a tissue-specific artificial
miRNA construct.

This work provides the first report regarding the downregulation of endogenous porcine p53.
For porcine p53 mainly the RNAi sequences and not the type of construct determined the
knockdown potential. One miRNA construct even led to a functional reduction of p53 as
shown by enhanced resistance to doxorubicin. Therefore this construct seems to be the most
promising candidate for RNAi mediated downregulation of porcine p53 in vivo. It can
however be assumed that RNAi mediated downregulation of porcine p53 is not sufficient to
create an animal model for the Li-Fraumeni syndrome. Therefore the combination of p53
knockdown with overexpression or precise genetic modification of porcine oncogenes seems
to be the most promising approach to generate a porcine cancer model
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5 Abbreviations

%

°C

Hg

ul

UM
um
3D
ADMSC
APC
AMD
APS
Arg
bFGF
BLG
bp
BSA
CB1
cDNA
CFTR
CIP
CMA
CMI
CMV
CO,
Cys

Da
ddH,O
dH,O

Percent

Degree Celsius

Microgram

Microliter

Micromolar

Micrometer

Three dimensional

Adipose tissue derived mesenchymal stem cell
Adenomatous polyposis coli

Age-related macular degeneration
Ammonium persulfate

Argenine

Basic fibroblast growth factor
Beta-Lactoglobulin

Base pair

Bovine serum albumin

CHO-K1 cell clone expressing porcine BLG
Complementary DNA

Cystic fibrosis transmembrane conductance receptor

Calf Intestine Phosphatase
Cows’ milk allergy

Cows’ milk intolerance
Cytomegalovirus

Carbone dioxide

Cysteine

Day

Dalton

Double distilled water

Distilled water

Abbreviations




DMSO
DNA
ds
dsRNA
DTT
EDTA
EGF
EGFP
EHS
EIAV
ES cell
FAP
FCS
FGF-2
g

g
GAG

GAPDH
GFP

h
HBSS
HBV
HCI
hDAF
hEPO
HIV-1
HpB9
HR
IBMX
ICSI
ICSI-GT

Dimethylsulfoxide

Desoxyribonucleic acid

double stranded

Double stranded RNA

1,4-Dithiothreitol
Ethylenediaminetetraacetic acid
recombinant human epidermal growth factor
Enhanced green fluorescent protein
Engelbrecht Holm-Swarm

Equine Infectious Anemia Virus

Embryonic stem cell

Familial adenomatous polyposis

Fetal calf serum

Basic fibroblast growth factor

gram

gravitational acceleration
Glycosaminoglycan

Glyceraldehyde 3-phosphate dehydrogenase
Green fluorescent protein

Hour

Hanks’ balanced salt solution

Hepatitis B Virus

Hydrochloric acid

Human decay-accelerating factor

Human erythropoietin

Human Immunodeficiency Virus 1

HEK293 cell clone expressing porcine BLG
Homologous recombination
3-Isobutyl-1-methyl xanthin
Intracytoplasmatic sperm injection

Intracytoplasmatic sperm injection gene transfer

Abbreviations




Abbreviations

IRES Internal ribosome entry site

kb Kilobase

kDa Kilo Dalton

Klenow DNA Polymerase | Large (Klenow) Fragment
KO Knockout

I Liter

LB Luria-Bertani

LFS Li-Fraumeni syndrome

LNA Locked nucleic acid

LTR Long terminal repeat

Luc Luciferase

M Molar

MEC Mammary epithelial cell

MH Malignant hyperthermia

min Minute

miRNA MicroRNA

ml milliliter

mm millimeter

MMLV Moloney murine leukemia virus
mRNA Messenger RNA

ms millisecond

MSC Bone marrow mesenchymal stem cell
NaCl Sodium chloride

NaOH Sodium hydroxide

ng Nanogram

nm Nanometer

nt Nucleotide

O/N Overnight

ORF Open reading frame

p53 Tumor suppressor protein p53

P-body Cytoplasmatic processing body



PBS
PCR
PERV
PGK
pmol
poFF
polyA
PrP
PS
PTGS
PVDF
Q286
RGC
rhEGF
RISC
RNA
RNAI
rpm
RSV
RT
RT-PCR
RYR1
s
SCNT
SDS
SDS-PAGE
shRNA
siRNA
SMGT
snRNA
SOD1

Phosphate buffered saline

Polymerase chain reaction

Porcine endogenous retrovirus
Phosphoglycerate kinase

Picomol

Porcine fetal fibroblast

polyadenylation site

Prion protein

Porcine serum
Post-transcriptional gene silencing
Polyvinylidene fluoride

Quantum 286

Ribosomal gene cluster

Recombinant human epidermal growth factor
RNA-induced silencing complex

Ribonucleic acid

RNA Interference

Rounds per minute

Rous sarcoma virus

Room temperature

Reverse transcriptase polymerase chain reaction
Ryanodine receptor 1

Second

Somatic cell nuclear transfer
Sodiumdodecylsulfate

Sodiumdodecylsulfate polyacrylamide gel electrophoresis
Short hairpin RNA

Short interfering RNA

Sperm-mediated gene transfer

small nuclear RNA

Superoxide dismutase 1

Abbreviations




Sod2
ssRNA
SV40
TGF-B
TP53
TU

UTR
uv

WPRE
wit

WTH

Abbreviations

Superoxide dismutase 2

single stranded RNA

Simian virus 40

Transforming growth factor beta
Tumor suppressor protein p53 gene
Transducing units

Unit

Untranslated region

Ultraviolet

Volt

Woodchuck hepatitis virus post-transcriptional regulatory element
Wildtype

Wilms’ Tumor 1
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8 Appendix

8.1 Cloning of the lentiviral shRNA vector pLenti-shRNA

To generate a lentiviral RNAi plasmid, a shRNA cassette was inserted into a lentiviral
backbone. Furthermore a visual marker (EGFP) and a selectable marker for mammalian
cells (Blasticidin resistance) were inserted.

The first step was to clone a stuffer sequence into the shRNA plasmid IMG-800. This stuffer
sequence was cloned downstream of the U6 promoter as a substitute for shRNA
oligonucleotides. Therefore the plasmid pSL1180 was digested with Xbal and Sall. The 118
bp fragment was purified and ligated into the 3407 bp IMG-800 backbone cut with Xbal and
Sall. The resulting plasmid was named IMG-Stuffer (see Figure 80).

Super-Polylinker

Xbal
=l 2at
UG promoter what )
5 l:germlnator
' =
IMG-800 pSL1180 Amersham
pSL1180 Stuffer
Xbal
UG promoter Sall Terminator
IMG- Stuffer

Figure 80: Cloning of the plasmid IMG-Stuffer. A 118 bp stuffer sequence from pSL1180 Amersham was
cloned into the Sall and Xbal restrictions sites of IMG-800.

To obtain the U6-shRNA cassette with the stuffer region, IMG-800 pSL1180 Stuffer was
digested with Milul, overhanging ends blunted with Klenow and then the plasmid was
digested with Pstl to generate a fragment of 461 bp. This fragment contained the U6
promoter, the shRNA insertion site with the stuffer region and the shRNA terminator.

The destination vector for the shRNA cassette was pLenti4s, a lentiviral vector. Because it
was necessary for later cloning steps to eliminate the Xbal restriction site of the plasmid,
pLenti4s was cut with Xbal, blunted with Klenow and religated to the 6346 bp plasmid
pLenti4s-Xbal. To insert the shRNA cassette downstream of the lentiviral packaging signal,
pLenti4s-Xbal was digested with Afel and Pstl. The 6295 bp backbone was purified. The 461
bp shRNA cassette from IMG-800 pSL118 Stuffer was ligated with the backbone to produce
the plasmid 6756 bp plasmid pLenti4s-U6-Stuffer (see Figure 81).
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Figure 81: Cloning of the plasmid pLenti4s-U6-Stuffer. The shRNA cassette containing the pSL1180 Stuffer
was inserted into the Afel and Pstl sites of the lentiviral plasmid pLenti4s-Xbal.

To replace the Zeocin resistance, a PGK promoter-EGFP-IRES-Blasticidin resistance
cassette for selection and visual determination of transfected cells was generated. pIRES2-
EGFP was cut with Smal and Xhol to obtain a 5263 bp backbone fragment. The plasmid
pPGK-EGFP1 was digested with Sall, blunted and religated to eliminate the Sall restriction
site which was important for further cloning steps. pPGK-EGFP1-Sall was digested with Notl,
blunted with Klenow and cut with Xhol to obtain a 1303 bp fragment containing the PGK
promoter and EGFP. This fragment was ligated with pIRES2-EGFP to generate the 6566 bp

plasmid pPGK-EGFP-IRES-EGFP1 (see Figure 82). CMV polyA

Sma PGK promoter ot {1284)
Smal

MCS Thol EGFP
CMV promoter ﬁw\ IRES EGFP 5V40 polyA
R it -, N i N ;‘/ \
I >|

A

L ¥ ¥

pIRES2-EGFP
pPGK-EGFP1-Sall
PGK promoter SW40 polyA

cav promotE{ EGFP\ IRES \ EGFP \
) ) ) ) )

pPPGK-EGFP-IRES-EGFP 1

Figure 82: Cloning of the plasmid pPGK-EGFP-IRES-EGFP1. The PGK promoter and IRES were inserted into
the vector pIRES2-EGFP.
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The PGK promoter-EGFP-IRES cassette was obtained via PCR with the primers
IRESPGKEGFP f/r containing EcoRV restriction sites on both primers. The PCR product
(2300 bp) was digested with Xhol and EcoRV to generate a 1900 bp fragment (see Figure
83). For the Blasticidin resistance, the vector pLenti6/TR-woodchuck was cut with Pmll and
Sfil upstream of the Blasticidin resistance and downstream of the SV40 polyA signal to
generate a fragment of 1798 bp. To remove the Zeocin resistance cassette, the plasmid
pLenti4-U6-Stuffer was cut with Xhol and Sfil and the 5213 bp backbone purified. The PGK
promoter-EGFP-IRES cassette with Xhol and EcoRV ends, the Blasticidin-Woodchuck-SV40
polyA fragment with Pmll and Sfil ends were ligated with pLenti4-U6-Stuffer in a three
fragment ligation to generate the lentiviral shRNA vector pLenti-shRNA (see Figure 83).

PGHK promoter
Xhol EGFP IRES Eco BV

o) b

PCR PGK-EGFP-IRES

UG promoter
woodchuck enhancer element HIV packaging signals pSL1180 Stuffer

BlasticidinR gene Delta U3 3" LTR r& 5 LTR

icilli i RSV promote .
SV40 polyA signal Ampicillin resistance P Terminator

Xhol

b i 35 |éf‘*>| N

plLenti6/ TR-woodchuck

plLentids-Ue-Stuffer

SV40 ori
V40 polyA RSV promoter & 5" LTR
Delta U3 3'LTR HIV packaging signals
woodchuck element U6 Promotor
Blasticidin R
p3L1180 Stuffer
PGK Promotor EGFP IRES Amp pUC ori () Terminator

pLenti-shRNA

Figure 83: Cloning of the plasmid pLenti-shRNA. The PCR fragment containing PGK-EGFP-IRES, the
cassette from pLenti6/TR-woodchuck with Blasticidin resistance, the woodchuck enhancer element, delta U3 3’
LTR and SV40 polyA were ligated with the pLenti4s-U6-Stuffer backbone to create pLenti-shRNA.
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8.2 Vector maps of plasmids for cloning or transfection
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