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Abstract

The World Health Organisation has stated that the number of new cancer cases is steadily
increasing. Despite tremendous knowledge about the aetiology of cancer, there has been
little progress in the treatment of this deadly disease. Until now, genetically engineered mice
are the most extensively used animals for biomedical cancer research. However their small
size and short lifespan limit the type of preclinical studies that can be carried out. In this
respect, the pig has gained much interest as an alternate animal model for human cancers.
However to date, little is known about the multi-step process of tumorigenesis in pigs and
how closely the fundamental mechanisms involved resemble those in humans.

This work describes the neoplastic transformation of stepwise genetically modified porcine
mesenchymal stem cells (pPMSCs) in vitro that express oncogenic TP53%"¢"" (orthologous to
human TP53%"7°") and KRAS®'?" (homologous to human KRAS®'??) from their endogenous
gene loci. Conversion of pMSCs to a transformed phenotype was accompanied by p16INK4a
gene silencing. The unique in vitro growth characteristics of the genetically modified pMSCs
suggested that they have circumvented replicative senescence. Transcriptome analysis
revealed increased expression of genes associated with the “Alternative Lengthening of
Telomeres” mechanism in these cells. Several in vitro assays were performed that confirmed
the neoplastic transformation of the genetically modified pMSCs. Furthermore, the
tumorigenic potential of these cells was assessed in an in vivo xenotransplantation model.
Here, only genetically modified pMSCs with an additional deregulated cMyc expression
formed palpable tumours in immune-deficient mice. In accordance with the implanted cell
type, recovered tumours were classified as soft-tissue sarcomas. When implanted in an
immune competent isogenic pig, the stepwise genetically modified pMSCs were rejected by
the pig’s immune system, as judged by swelling and redness at the injection sites.
Collectively, this work demonstrates that transformed pMSCs mimic several aspects of

human mesenchymal stem cell transformation.



Zusammenfassung

Laut Weltgesundheitsorganisation steigt die Zahl der Krebserkrankungen stetig an. Trotz des
enormen Forschungsfortschrittes der letzten Jahre sind die Heilungschancen dieser meist
todlich verlaufenden Krankheit gering. Bis heute gehdren genetisch veranderte Mause zu
den am haufigsten verwendeten Tiermodellen in der biomedizinischen Krebsforschung.
Allerdings limitieren ihre Grdélke und kurze Lebenserwartung die Durchflhrung einiger
praklinischer Studien. Das Schwein hingegen bietet sich wegen seiner anatomischen und
physiologischen Ahnlichkeit zum Menschen als alternatives Modelltier fiir die Krebsforschung
an. Bisher ist jedoch wenig Uber die Tumorbiologie beim Schwein bekannt und es ist
ungewiss, wie sehr der Mehrstufenprozess der Tumorgenese des Schweines dem des
Menschen &hnelt.

Diese Arbeit beschreibt die neoplastische Transformation schrittweise genetisch veranderter
mesenchymaler Stammzellen (MSZs) des Schweines in vitro basierend auf der Expression
von onkogenem TP53%"™" (ortholog zu humanem TP53%7*") und KRAS®'?® (homolog zu
humanem KRAS®'®?). Die unbegrenzte Proliferation der genetisch veranderten porzinen
MSZs deutete daraufhin, dass diese replikative Seneszenz umgangen haben mussten.
Molekulare Analysen zeigten, dass in diesen Zellen die Expression von p16INK4a durch
Genmethylierung stillgelegt wurde, sowie die Expression von Genen erhéht war, welche in
dem Prozess des ,Alternative Lengthening of Telomeres, involviert sind. Mehrere in vitro
Analysen bestéatigten die neoplastische Transformation der modifizierten MSZs. Bei der
Implantation dieser Zellen in immundefiziente Mause stellte sich heraus, dass nur genetisch
veranderte porzine MSZs mit einer zusatzlichen, deregulierten cMyc-Expression tastbare
Tumore bildeten. Diese wurden in Ubereinstimmung mit dem implantierten Zelltyp als
Weichteilsarkome klassifiziert. Die Implantation der modifizierten porzinen MSZs in ein
immunkompetentes, isogenes Empfangerschwein I6ste hingegen eine Immunreaktion aus.
Zusammenfassend zeigt diese Arbeit, dass transformierte Schweine-MSZs mehrere Aspekte

der neoplastischen Transformation humaner Stammzellen imitieren.
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Introduction

1 Introduction

1.1 Proto-oncogenes and tumour suppressor genes

The development of cancer arises from a stepwise accumulation of genetic and epigenetic
alterations in proto-oncogenes and tumour suppressor genes that control cell cycle
progression, apoptosis, genome integrity and cell differentiation. Proto-oncogenes process
and transmit growth-stimulatory signals throughout the cell, thereby regulating and controlling
cellular growth and proliferation after mitogenic stimulation. To date, four groups of proto-
oncogenes are known: growth factors, growth factor receptors, signal transducers and
transcription factors. These proto-oncogenes can be converted to oncogenes by
amplifications, rearrangements, translocations or gain-of-function mutations that result in
cellular growth autonomy and which consequently leads to the formation of neoplasm
[reviewed in 1,2,3]. In contrast, tumour suppressors are cellular genes that receive and
process growth-inhibitory signals, which lead to decreased cell proliferation. Their
inactivation by point mutations or protein sequence deletions coupled with the loss of the
remaining wild-type allele increases the susceptibility of tumour formation. Moreover,
impairment of the functioning of tumour suppressor genes is considered to increase the rate
of additional mutations and other genetic abnormalities, respectively [reviewed in 3,4]. By
now, about 100 potential oncogenes, cellular and viral ones, and about 20 tumour

suppressors have been described [reviewed in 5].

1.2 Mimicking the multi-step process of tumorigenesis in vitro

The analysis of cells obtained from cancer patients revealed that different combinations of
mutant oncogenes and tumour suppressor genes could be found in the genome of distinct
human cancer types. These studies allowed the identification and description of molecules
and pathways important for the malignant phenotype and were thus fundamental for the
current understanding of the molecular basis of cancer. However, cancer cell lines from
human tumour specimens are most often established from late-stage tumours, which harbour
complex karyotypes and multiple genetic mutations, making it difficult to determine, how
specific mutations contribute to the initiation and progression of cancer [6-8].

An alternative approach to study and understand the multi-step process of tumorigenesis is
the direct manipulation of primary cells in culture to establish experimental transformation
models. These genetically engineered cell models, rodent and human ones, provided
important insights into the oncogenic potential of distinct mutant genes. However soon it
became obvious, that a profound difference exist in the susceptibility of rodent and human
cells to transformation, as rodent cells could be converted to a transformed phenotype by

very few manipulations. In particular, two laboratories showed, that primary rodent cells could
1



Introduction

be transformed by the expression of at least two cooperating oncogenic mutations, such as
Ras and Myc [9] or Ras and either the adenovirus early region 1A (E1A) protein [10] or the
large T antigen of the simian virus 40 early region [11]. In contrast, the same set of
oncogenes failed to transform primary human cells and instead, resulted in cells with a
limited replicative capability [12]. These observations suggested that in human cells
replicative senescence may function as barrier of cellular transformation and moreover that
human cells require additional genetic alterations to become malignant [13].

In 1999, Hahn and colleagues reported the derivation of the first experimental human
transformation model. They showed that human cells could be converted to a transformed
phenotype by the ectopic expression of a combination of viral and human transgenes. In
particular, the expression of large T (LT) and small T antigen (ST) of simian virus 40 early
region, the catalytic subunit of the human telomerase (hTERT) and an oncogenic form of
HRAS (HRAS®'?Y) resulted in neoplastic cell transformation of normal human cells (Figure 1)
[14].

normal cell
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Figure 1: Cooperating pathways in human cell transformation

The disruption of several pathways results in the neoplastic transformation of human cells. Expression
of the catalytic subunit of telomerase (TERT) confers telomere maintenance and thereby cellular
immortalisation. The simian virus 40 early region encodes both the large T antigen (LT) and the small
T antigen (ST). LT inactivates and disrupts the action of the retinoblastoma protein (pRb) as well as
the p53 tumour suppressor protein. ST stabilises cMyc protein. Oncogenic Ras stimulates several
signalling pathways through multiple effector pathways. Abbreviation: PI3K: phosphoinositide 3-
kinase, ERK: extracellular signal-regulated kinase. (Adapted from [7])

transformed cell

Later, the same group proved, that the action of the LT, namely binding and sequestration of
the two important tumour suppressor genes, retinoblastoma protein (pRb) and p53, could be
substituted by the ectopic expression of the human papillomavirus (HPV) E6 and E7
oncoproteins [15]. Moreover, they and others uncovered that the ectopic expression of the
ST leads to the stabilisation of cMyc proteins, resulting in the perturbation of the functional

2
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Myc network [15,16]. Subsequent studies confirmed that this set of introduced modifications
was also sufficient to transform a wide variety of human cell types, including glial cells,
endothelial cells, airway epithelial cells and mammary epithelial cells [17-21].

Although these experimental tumour models were invaluable for our understanding of cellular
transformation, one major limitation of them was, that they relied on the ectopic expression of
viral proteins. Therefore further investigations were conducted to identify human genes that
could substitute the action of these viral proteins in the process of malignant cell
transformation in vitro. Hahn and colleagues (2001) showed, that an overexpression of cyclin

4R%4Cy protein, which is resistant to its

D1 with concomitant expression of mutant CDK4 (CDK
major inhibitor p16INK4a [22], were sufficient to perturb the pRb signalling pathway [15].
Additionally they proved, that the expression of truncated p53 (p53°P) protein, which acts as
a dominant negative p53 protein [23], leads to the disruption of normal p53 signalling [15].
And a study conducted by Yeh and colleagues (2004) showed, that the expression of a

T584) could replace the function of the ST in the

stabilised version of cMyc (cMyc
transformation process [24]. Inspired by these findings, Kendall et al. (2005) demonstrated
that primary human cells of various cell types could be converted to neoplastic ones by using
only mammalian genetic elements. In particular, the ectopic expression of hTERT, p53°°,
cyclin D1, CDK4R?*C, cMyc™®* and oncogenic HRAS®'? gave rise to cells, which grew in an

anchorage-independent manner and which formed tumours in immuno-comprised mice [25].

Telomere LT or ST or

Cell type ) Oncogene Reference
maintenance replacement replacement
Fibroblasts,
Embryonic kidney hTERT LT ST HRASC™?Y [14]
(HEK) cells
Fibroblasts, HEK
cells, mammary G12v
epithelial cells hTERT HPV-EGE7 ST HRAS [15]
(HMECs)
. cyclinD1, G12v
Fibroblasts hTERT CDKA™AC 530 ST HRAS [15]
HEK cells hTERT LT cMyc™ HRAS®™? [24]
HEK cells, HMECs, cyclinD1, T58A G12v
skeletal myoblasts WU CDK4R#C) p53DD A Al [29]

Table 1: Experimental human cell transformation models

Diverse sets and combinations of viral genes, mutant oncogenes and mutant tumour suppressor
genes together with the ectopic expression of the catalytic subunit of the human telomerase (hTERT)
were sufficient to transform a wide variety of human cells. Abbreviations: LT: simian virus 40 early
region encodes the large T antigen, ST: simian virus 40 early region encodes the small T antigen,
HPV: human papillomavirus, CDK: cyclin-dependent kinase
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1.3 Deregulated signalling pathways that contribute to cellular transformation in vitro

Taken together, these experimental cell models provide, independent of the particular viral
and human transgenes used, that telomere maintenance, the perturbation of p53 and pRb
signalling pathways combined with deregulated cMyc and Kras signalling pathways are
sufficient to induce a tumorigenic phenotype in human cells. For that reason, these particular
molecules and their signalling pathways will be described in more detail in the following

sections.

1.3.1 Telomere biology and human cell immortalisation

Telomeres consist of the G-rich hexameric nucleotide sequence TTAGGG [26,27] and
specialised DNA-binding proteins, which cap the termini of chromosomes. This unique
telomere structure protects the chromosome ends from degradation, rearrangement and
fusion with other chromosomal ends, thereby protecting chromosomal integrity [reviewed in
28]. However, due to the “end replication problem” telomeres are progressively shortened
with each cell division, as DNA polymerase cannot fully replicate the ends of linear
chromosomes [29,30]. To prevent the progressive shortening of telomeres, a specialised
cellular ribonucleoprotein enzyme complex maintains and replicates the chromosomal ends
by adding telomeric repeats onto the 3’ end of the chromosomes. This ribonucleoprotein
complex consists of two major components, a telomerase RNA component named TERC
[31] and an enzymatic telomerase reverse transcriptase, TERT [32]. TERC acts as a
template for DNA synthesis and is constitutively expressed, while the expression of TERT is
restricted to pluripotent stem cells as well as to adult germ cells [33] and it is not expressed
at sufficient levels in somatic cells [34]. This transcriptional repression of TERT in somatic
cells entails the shortening of telomeres by 50-200 base pairs per cell division. Upon a
certain threshold length, cells enter an irreversible growth arrest called replicative
senescence or mortality stage 1 (M1) [35,36], which is triggered by p53- and pRb-dependent
growth arrest signals [37]. Due to the limited proliferative capacity of somatic cells, telomere
shortening and replicative senescence are considered as potent tumour suppressor
mechanisms [38]. It is worth mentioning, that senescent cells, while not proliferating, remain
in a metabolic active state for an extended period of time [reviewed in 39]. Intriguingly, some
cells can escape senescence either through the up-regulation of TERT activity [40] or
through the simultaneous inactivation of the potent tumour suppressors p53 and pRb [41,42].
In the latter case, cells will continue to proliferate until their telomeres reach a critical
shortness, leading to a second barrier termed crisis or mortality stage 2 (M2) [43]. This crisis
is characterised by a massive cell death and only 1 out of 10 cells will escape from crisis

and becomes immortal [42]. Cells that have evaded these two barriers -senescence and
4
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crisis- must activate an additional mechanism, which prevents the further shortening of
telomeres and which finally confers cellular immortalisation. In most cases immortalisation is
accomplished by up-regulating telomerase activity [44], while only a minority of immortal cell
lines employ a telomerase-independent mechanism, termed Alternative Lengthening of
Telomeres (ALT) to maintain stable telomere length [45,46]. Current data strongly indicate
that ALT is a homologous recombination (HR)-mediated telomeric DNA replication
mechanism [47]. However, the proper mechanism of telomere lengthening in ALT-positive

cells remains uncertain.

TERT activation TERT activation
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loss of p53 and pRB ALT
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Figure 2: Barriers to immortalisation

Finite human cells have to bypass two proliferative barriers -replicative senescence and crisis- to
achieve immortalisation. After a critical telomere length human cells enter an irreversible growth arrest
called replicative senescence. Expression of TERT or the simultaneous inactivation of p53 and pRb
allows human cells to continue proliferation with further shortening of telomeres. Such post-senescent
cells continue to proliferate until they reach a second proliferative barrier called crisis. Up-regulation of
TERT expression or activation of the telomerase-independent mechanism, termed Alternative
Lengthening of Telomeres (ALT) allows human cells to maintain stable telomere length and
immortalisation. Abbreviations: M1: mortality stage 1, M2: mortality stage 2 (Adapted from [6]).

As illustrated in Figure 2, in normal, finite cells telomeres become progressively shortened
with each cell cycle that limits their replicative lifespan. This restricted lifespan is regarded to
suppress neoplastic transformation [13,48]. Consistent with this idea, the majority of cancer
cell lines and tumours maintain stable telomere length and show detectable telomerase
activity [40,44]. Based on these observations cellular immortalisation is postulated as a
hallmark of cancer [49]. In agreement with this hypothesis, the ectopic expression of hTERT
was a crucial prerequisite to permit cellular transformation of a wide variety of primary human

cells (see Table 1).
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1.3.2 The tumour suppressor protein p53

The TP53 gene, located on chromosome 17 in humans, on chromosome 11 in mice and on
chromosome 12 in pigs encodes for the most frequently mutated tumour suppressor protein
p53 [50]. In 1979, the p53 protein was first identified to be physically complexed with the
SV40 LT [51]. Further analysis revealed that this protein was abundantly expressed in many
human tumours, a phenomenon not observed in normal tissues. This finding led to the
misinterpretation that p53 is a cellular proto-oncogene [52]. In the first decade after its
discovery this assumption was furthermore reinforced by experimental model systems, which
showed that p53 cooperates with oncogenic Ras in the transformation of primary cells [53-
55]. In addition, overexpression of p53 in otherwise p53-null cells was reported to increase
their tumorigenicity [56]. However years later, sequence analysis of the cloned p53 cDNA
constructs revealed that all earlier experiments were performed with mutated p53 cDNAs
derived from cancer cell lines [57,58]. These findings led to reconsider p53’s role in tumour
biology.

The paradigm shift that p53 is not actually a proto-oncogene but rather a tumour suppressor
was first provided by work from Levine’s and Oren’s laboratories. They proved that the
overexpression of wild-type p53 was sufficient to suppress cellular transformation [59,60].
These data and subsequent findings by Bert Vogelstein and co-workers firmly demonstrated
that p53 acts as a tumour suppressor gene [61]. Now, 35 years after its discovery and
intensive research, p53 is known as the “guardian of the genome” [62]. In response to
cellular stress such as DNA damage, hypoxia and oncogene activation, p53 can impart cell
cycle arrest, DNA repair, apoptosis, differentiation or senescence. The ability of p53 to
choose between cell survival and cell death demonstrates its potent tumour-suppressive and
anti-proliferative function, as it can block uncontrolled cell growth, suppress cellular

transformation and thereby protect against tumour development [reviewed in 63].

1.3.2.1 Tumour suppressive function of wild-type p53

The p53 protein functions as a sequence-specific transcription factor that binds as a
homotetramer to p53 response DNA-elements resulting in the transactivation of nearby
genes [64]. The 53 kDa protein consists of 393 amino acids and can be divided into three
functional domains. An acidic N-terminal transactivation domain, which is required for
transcriptional activation, a centrally located sequence-specific DNA-binding domain and a
basic C-terminal tetramerisation domain [65].

Under physiological, unstressed conditions p53 is maintained at low protein levels by its

predominant negative regulator, human double minute 2 homolog (HDM2, MDM2 for its

6
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mouse equivalent). HDM2 binds to p53 and blocks its transactivation domain [66]. Moreover,
HDM2 is a E3 ubiquitin ligase that marks p53 for degradation through the ubiquitin-
proteasome pathway [67]. Importantly, HDM2 is a direct transcriptional target of p53 and the
p53-HDM2 complex forms a negative feedback-loop, in which the induced expression of
HDMZ2 leads to the degradation of p53, which results in decreased p53 protein levels and low
p53 activity [68].
Following cellular stress ataxia telangiectasia mutated (ATM) becomes activated and causes
the phosphorylation of p53 and HDM2, blocking thereby p53-HDMZ2 interaction, which results
in stabilisation and accumulation of p53 (Figure 3) [69,70]. Subsequent posttranslational
modifications such as acetylation and phosphorylation activate p53 and cause the
transcription of its downstream targets and pathways [71]. Dependent on the strength and
the intensity of the stress signal p53 triggers either cell cycle arrest or apoptosis. In the case
of repairable damage p53 causes cell cycle arrest by the induction of its downstream targets
cyclin dependent kinase inhibitor p21, growth arrest and DNA damage-inducible protein 45
(GADD45) and cyclin G1. Overexpression of these genes results in G4 phase arrest enabling
DNA repair and survival of the cell. Whereas in cells harbouring deleterious genetic
abnormalities p53 provokes an apoptotic response through transcriptional activation of pro-
apoptotic genes, such as BCL2- associated X protein (BAX), p53 upregulated modulator of
apoptosis (PUMA) and phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) [reviewed
in 72,73-75].
Unstressed cell:
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Figure 3: Regulation of p53 function

In normal, unstressed cells p53 mediates transcription of its negative regulator human double minute 2
homolog (HDM2). HDM2 marks p53 for proteasomal degradation through ubiquitylation (Ub). Cellular
stress leads to interfered p53-HDM2 interaction and to the stabilisation and accumulation of
phosphorylated (P) and acetylated (Ac) p53 protein. Active p53 binds as a homotetramer at its target
genes and triggers their transcription. Induction of p21, GADD45 and cyclinG1 expression promote
growth arrest and DNA repair. Apoptosis is induced through the transcriptional activation of BCL2-
associated X protein (BAX), p53 upregulated modulator of apoptosis (PUMA) and phorbol-12-
myristate-13-acetate-induced protein 1 (NOXA) (Adapted from [71]).
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1.3.2.2 Loss of wild-type p53 function and tumorigenesis

On the basis of p53’'s multifaceted and potent tumour suppressive function, it is not
surprising that somatic mutations in the TP53 gene can be found in more than 50% of all
human tumours. The majority of these cancer-associated mutations are missense mutations,
which are clustered within the p53 DNA-binding domain. Data from human cancer patients
revealed that most of these missense mutations are found within six “hot spot” residues
(R175, G245, R248, R249, R273 and R282) that cause single amino-acid exchanges
(http://www-p53.iarc.fr/). According to the mutated residue, the protein products can be
classified as either contact (R248, R273) or structural (R175, G245, R249, R282) mutants,
which can abolish the tumour suppressor function of wild-type p53 protein in a dominant
negative manner [76]. In human cancers missense mutations in the TP53 gene are
frequently followed by loss of heterozygosity (LOH) of the remaining wild-type allele. This
suggests that there is a selective advantage conferred by losing the remaining wild-type
allele [77]. All these and additional observations have led to the “gain-of-function” hypothesis,
which states that certain TP53 gene mutations are important drivers of tumorigenesis
through exerting oncogenic properties [78].

Studies conducted by Lang’s and Olive's groups support this hypothesis. They have
generated two mouse models of Li-Fraumeni syndrome (LFS), in which TP53 germline
mutations are the underlying cause of the early onset of tumour development. In these
animal models the most two common p53 “hot spot” mutations (R172H, R270H) are
expressed from their endogenous gene locus. These genetically modified mice produced
tumours with a more aggressive and metastatic phenotype than heterozygous p53 knock-out
animals, thereby recapitulating the disease of human LFS patients [79,80]. Taken together,
these and other studies strongly demonstrate, the pro-tumorigenic potential of mutant p53

proteins.

1.3.3 The retinoblastoma protein pRb

The retinoblastoma gene (RB7) was the first identified tumour suppressor based on its
mutational inactivation in retinoblastoma, a rare childhood tumour of the eyes. Molecular
analysis of dissected tumours allowed the mapping of the locus to chromosome 13q14
[81,82]. The RB1 gene consists of 27 exons that span 180 kb and are transcribed into a 4.7
kb long mRNA encoding 982 amino acids [83]. The 110 kDa gene product belongs together
with the retinoblastoma-like proteins p107 and p130 to the family of “pocket proteins” that

share sequence homology in the pocket domain [84-86]. This pocket domain mediates
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interaction with members of the E2F family of transcription factors [87] and with several other
proteins containing an LxCxE motif, such as D-type cyclins [88] and histone deacetylases
[89]. In addition, viral oncogenes such as the adenovirus E1A, SV40 LT and the human
papillomavirus E7 were also identified to bind to the LxCxE motif, causing thereby
inactivation of pRb during cellular transformation [90-92]. RB family members are nuclear
phosphoproteins that play a key role in cell cycle regulation and cell proliferation, since they
negatively modulate G4-to-S phase transition [83]. The G4-to-S phase transition is a complex
process, involving not only pRb and E2F but also various cyclins and cyclin-dependent
kinases (CDKs). Since the progression through the cell cycle is a strictly regulated interplay

of cyclin-CDK complexes, this stringently regulated network will be described in more detail.

1.3.3.1 pRb and cell cycle progression

The cell cycle can be divided into four major phases. During the presynthetic G; phase
proliferating somatic cells harbour a diploid number of chromosomes and grow in size. In
early G4 phase hypo-phosphorylated pRb interacts with E2F transcription factors leading to
thier transcriptional inactivation. During the middle of G, phase CDK4 or CDK®6, depending
on the cell type, associate with D-type cyclins (cyclinsD1-D3) and phosphorylate pRb. Hyper-
phosphorylation of pRb causes the release of E2F, which in turn stimulates its own
transcription as well as transcription of cyclin E. In late G4 phase cyclin E complexes with
CDK2 causing further phosphorylation of pRb and complete disruption of the pRb/E2F
interaction. At this point, the G4-to-S phase transition occurs and the synthesis of cyclin A
begins. Interaction of cyclin A with CDK2 triggers DNA synthesis. During S phase cyclin B is
expressed and its concentration increases as cells proceed through G, phase. Here, cells
increase their size and prepare themselves for cell division. Formation of cyclinB-CDK1
complexes induces entry into mitosis. During mitosis the cell divides into two daughter cells.
At the end of mitosis cyclin B levels drop and pRb becomes stepwise dephosphorylated by
protein phosphatases. Hypo-phosphorylated pRb binds to E2F and inhibits its activity during
early G, phase of the next cell cycle. Intriguingly, post mitotic cells can exit the cell cycle in
G+ phase and enter a quiescent state, called Gy phase, in which cells can remain for days,
weeks or in some cases their whole lifetime without proliferating further (Figure 4) [reviewed
in 93,94,95].
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Figure 4: Regulation of cell cycle progression

Hypo-phosphorylated Retinoblastoma protein (pRb) blocks the G;-to-S phase transition by binding
E2F transcription factors. To enter S phase, pRb has to become hyper-phosphorylated through the
action of several cyclins and cyclin-dependent kinases (CDKs) complexes. During G4 phase cyclinD-
CDK4/6 and cyclinE-CDK2 complexes phosphorylate (P) pRb. Hyper-phosphorylation of pRb causes
fully release from E2F and cells progress through G4 phase. Interaction of cyclin A with CDK2 causes
DNA synthesis during S phase. During G, phase cyclin B concentrations increase. The formation of
cylinB-CDK1 complexes induces entry into mitosis (M phase), in which pRb becomes stepwise hypo-
phosphorylated. After cell division, cells can enter a quiescent state called G, phase or enter a new
cell cycle (Adapted from [93]).

Apart from its role in regulating cell cycle progression, pRb is recognised as a crucial tumour
suppressor since it mediates cell cycle arrest and growth suppression through transcriptional
repression of genes required for DNA replication. As mentioned before, direct interaction of
pRb with E2F transcription factors represses their transcriptional activity. As a consequence
the expression of genes implicated in cell proliferation and cell cycle progression are not
induced [96]. Additionally, when complexed with E2F, pRb binds to E2F-regulated promoters
causing thereby their transcriptional inhibition [97,98], as pRb functions as molecular adapter

allowing histone deacetylases to be recruited to these promoters [99].

1.3.3.2 Disruption of the pRb network in cancer

Despite of its potent tumour suppressive function, loss or mutation of the RB7 gene in
sporadic cancers is a rare event. Instead defects in the enzymes and pathways regulating
pRb phosphorylation are more frequent. Thus in most tumours pRb function is impaired by
deregulated CDK activity. For example in non-small-cell lung cancers the expression of D-
type cyclins is frequently increased through translocations or amplifications [100] and cyclin

E was reported to be overexpressed in several cancer entities [reviewed in 101]. In addition,
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overexpression of CDK4 and CDK6 has also been documented [102]. However, the most

frequently mutated genetic locus that affects pRb regulation in human cancers is COKN2A.

1.3.4 The CDKNZ2A gene locus

The CDKNZ2A locus is located on chromosome 9p21 in humans, on chromosome 4 in mice
and on chromosome 1 in pigs, respectively. This locus is inactivated in approximately one
third of all human cancers and it is recognised as the most frequently mutated gene, only
secondary to p53 [103]. This observation reflects its potent tumour suppressive function.
Genetic inactivation of the CDKNZ2A locus is most often a consequence of deletions,
promoter methylations or point mutations [104,105].

As shown in Figure 5 this locus has a complex genomic organisation, as it encodes two
physically linked but distinct tumour suppressor proteins, INK4A (also known as p16 or
p16INK4a) and ARF (also known as p14 or p14ARF in humans and pigs and 19 or p19ARF
in mice, respectively). P16INK4a and p14ARF have different and unique first exons (1B and
1a) but share second and third exons. Both p16INK4a and p14ARF are transcribed from
their own promoters and the proteins are encoded in alternative reading frames [106,107].

18 1a 2 3
—

1 P16INKda

I J

p14ARF

Figure 5: Genomic structure of the CDKN2A gene locus

The genomic locus is depicted as a bold line, with exons indicated by coloured boxes. The coding
regions of p16INK4a are shown in green, those of p14ARF in blue and untranslated regions in white
(Adapted from [108]).

Both proteins show no structural homology and exhibit distinct biological functions.
P16INK4a acts as an inhibitor of cyclin- dependent kinases by binding to CDK4 and CDKG®,
respectively (Figure 6). This interaction induces an allosteric change of CDK4 and CDK6
conformations that abrogates the binding of these kinases to D-type cyclins. As a
consequence the assembly of catalytically active cyclinD-CDK complexes is blocked
[109,110]. This in turn leads to a decreased CDK4/6 kinase activity ensuring that hypo-
phosphorylated pRb remains in complex with the transcription factor E2F, blocking thereby
G+-to-S phase transition [111]. Collectively, p16INK4a is a potent regulator of cell cycle
progression that acts in concert with CDK4/CDK6 and pRb in coordinating cellular

proliferation [112].
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Figure 6: Regulation of the pRb and p53 pathways by p16INK4a and p14ARF

Left: p16 (p16INK4a) inhibits the interaction of the cyclinD-CDK4/6 complex. As a consequence pRb
remains in its hypo-phosphorylated conformation bound to E2F. Complexed with E2F, pRb blocks G;-
to-S phase progression. Right: p14 (p14ARF) binds to human double minute 2 homolog (HDM2) and
inhibits its ubiquitin ligase activity. As a consequence p53 is stabilised and activates the transcription
of its target genes. Abbreviation: P: Phosphorylation, U: Ubiquitylation (Adapted from [108]).

In contrast, p14ARF binds to HDM2 and inhibits its ubiquitin ligase activity (Figure 6). This in

turn leads to the stabilisation of p53 permitting p53-induced growth arrest or apoptosis [113].

1.3.4.1 The CDKNZ2A locus and its role in mediating cellular senescence

One prominent function of the CDKNZ2A locus is triggering cellular senescence, which is
often elicited by oncogenic signalling. In proliferating normal cells, the expression of
p16INK4a as well as p14ARF are kept at low levels, whereas distinct cellular stresses invoke
their expression leading to stable cell cycle arrest [114]. Intriguingly, the relative contribution
of p16INK4a and p14ARF to oncogene-induced senescence varies between different
species and cell types [reviewed in 115]. In vifro data revealed that p16INK4a plays a major
role in mediating cellular senescence and tumour suppression in human cells [116], whereas
p19ARF exerts a predominant role in the senescence program in mouse cells [112]. In
addition, murine cells can escape from culture-induced growth arrest by shutting down the
p19ARF-p53 axis [117]. Consistent with these findings, p79Arf-null mouse embryonic
fibroblasts (MEFs) are immortal, whereas p16I/nk4a-null MEFs are not [118]. It is generally
agreed that cellular senescence plays a pivotal role in tumour suppression by acting as a
barrier to cancer [reviewed in 119]. Thus evasion from replicative senescence combined with
an extended lifespan seems to be a prerequisite for malignant cell transformation, as it

greatly increases the susceptibility to acquire successive mutations.

1.3.4.2 The CDKNZ2A locus and its contribution to neoplastic transformation

As the CDKN2A locus exerts a crucial role in mediating cellular senescence, a barrier to
malignant transformation, it is not surprisingly, that this gene locus is frequently

homozygously deleted in a variety of human cancers [120,121]. In agreement with these
12
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observations, the CDKNZ2A locus is designated as the familial-melanoma locus, because
inherited germline mutations are associated with a high incidence of familial melanoma
[121,122]. However, the loss of CDKN2A gene function does not only predispose to the
development of melanoma, it is also fundamental in the development of pancreatic ductal
adenocarcinoma (PDAC) [123,124] and non-small-cell lung carcinoma (NSCLC) [125]. Apart
from homozygous deletions of the gene locus other molecular alterations, which target the
expression of either p16INK4a or p14ARF, are also common in human cancers. In this
respect, methylation of the P16/INK4A gene promoter is most frequently observed in primary
gastric carcinoma, esophageal adenocarcinoma and hepatocellular carcinoma [126-128]. In
contrast, P14ARF gene promoter methylation is preferentially detected in colorectal cancer
[129-131].

1.3.5 Oncogenic Myc

The discovery of the Myc proto-oncogene can be traced back to studies in the early 1960s,
when lvanov and co-worker reported, that the avian myelocytomatosis retrovirus (MC29) was
able to induce leukaemogenesis in chickens [132]. Molecular cloning and DNA sequence
analysis revealed, that MC29 was an acute transforming, replication defective virus, in which
most of the proviral sequences were replaced by the chicken-derived myc sequence coding
for a Gag-Myc fusion protein [133]. Genomic mapping proved, that the sustained Myc
expression was a consequence of retroviral promoter insertion adjacent to the chicken cMYC
gene [134-136]. Soon after this, molecular analysis of human Burkitt’'s lymphoma specimen
revealed, that in this human malignancy the cMYC gene is often placed under the control of
the immunoglobulin heavy chain enhancer through chromosomal translocation [137,138].
Besides in lymphoid tumours [139], the cMYC gene contributes to the genesis of many
human malignancies, predominantly through gene amplification [140].

The cMYC gene consists of three exons, an untranslated first exon and two translated ones.
The translated protein product functions as a DNA-binding transcription factor that regulates
cell growth and proliferation [141]. In normal cells, the expression of cMyc is under tight
control and its expression levels are virtually undetectable. Several reports have shown, that
the short-lived cMyc mRNA transcript is posttranscriptionally regulated by several
microRNAs [142-144] and the cMyc protein is usually degraded very rapidly with a half-life in
the order of 15-20 minutes [145]. However, upon mitogenic stimulation, expression levels of
cMyc increase and induce the expression of target genes required for protein biosynthesis,
DNA replication, cell growth and metabolism [reviewed in 146]. In contrast, cancer cells

express high levels of cMyc and as a consequence cellular proliferation is no longer
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dependent on growth factor stimulation [reviewed in 147]. This leads to uncontrolled cell

growth and proliferation, a hallmark of cellular transformation [49].

1.3.5.1 Transcriptional functions of cMyc

Myc is a nuclear phosphoprotein that functions as a sequence-specific DNA-binding
transcription factor. Genomic binding studies revealed that approximately 10-15% of all
genomic loci are bound by cMyc, indicating that Myc is a global transcriptional regulator [148-
151]. The cMyc oncoprotein belongs to the family of basic helix-loop-helix-leucine zippers
(HLH-Zip) and contains a N-terminal transcriptional transactivation/repression domain
followed by a nuclear localisation signal and a C-terminal HLH-Zip dimerisation domain [152-
154]. These two regulatory regions facilitate that cMyc can both activate and repress the
transcription of its target genes. By forming a heterodimer with its binding partner Max, c-Myc
acts as a transcriptional activator in vivo. After heterodimerisation this complex locks onto 5’-
CACA/GTG-3 DNA sequences termed E-boxes, which are located near core promoter
elements [154]. The DNA-bound Myc-Max dimer recruits and interacts with the adapter
protein transformation/transcription domain-associated protein (TRRAP), a core subunit of
the histone acetyltransferase (HAT) complex [155]. The activity of recruited HATs induces
the opening of chromatin and consequently transcription of Myc-bound target genes (Figure
7) [156-158].

Besides acting as a transcriptional activator, cMyc can also repress the transcription of its
target genes by interacting with the Myc-interacting zinc finger protein 1 (Miz1). In the
absence of Myc, Miz1 and its cofactors are attached to the transcriptional start site of several
Myc repressed genes, thereby stimulating their transcription [159]. For example, when bound
to the promoter of cell cycle inhibitors, such as CDKN1A (p21) and CDKN2B (p15IN4b), Miz1
drives the transcription of these negative cell cycle regulators. In contrast, binding of the
Myc-Max heterodimer to Miz1 disrupts the interaction between Miz1 with its cofactors. As a
consequence the transcription of these negative regulators of cell proliferation is repressed
[160,161]. The interaction of Myc-Max heterodimeres with Miz1 recruits histone deacetylase
3 (HDAC3) as well as DNA methyltransferase 3a (DNmt3a) that permit strict transcriptional
silencing of the bound gene promoters (Figure 7) [162,163].
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Figure 7: Transcriptional properties of Myc

Top: Transcriptional activation mediated by Myc; Myc attaches with its binding partner Max to E-box
elements. Binding of transformation/transcription domain-associated protein (TRRAP) and histone
acetyltransferases (HATSs) to the Myc-Max heterodimer results in open chromatin and subsequently in
gene transcription. Bottom: Transcriptional repression mediated by Myc; Myc represses Myc-
interacting zinc finger protein 1 (Miz1)-dependent transcriptional activation of its target genes.
Interaction of the Myc-Max heterodimere with Miz1 leads to the recruitment of histone deacetylase 3
(HDAC3) and DNA methyltransferase 3a (DNmt3a). These histone and DNA remodelling enzymes
cause the transcriptional repression of bound gene promoters. Abbreviations: Ac: acetylation, Mes:
methylation (Adapted from [164,165]).

1.3.5.2 Deregulated expression of oncogenic Myc and its contribution to cellular

transformation

Although chromosomal translocations of the MYC locus are found in almost all Burkitt's
lymphoma patients [166], such rearrangements are not common in other human cancer
types, where rather genomic amplifications of the MYC locus are prevalent [146]. Consistent
with these observations, analysis of more than 3000 cancer specimens revealed that the
MYC gene is one of the most frequently amplified oncogene among different human cancer
types [140] and genetic amplification of MYC results in constitutive and elevated expression
levels of this oncoprotein [49,147]. Due to its potent growth promoting properties, it is not
surprisingly, that cMyc plays a pivotal role in tumour initiation and maintenance [164].
However, deregulated expression of Myc alone fails to transform either rodent or human
cells. In fact, Myc requires the cooperation with another oncogene such as oncogenic Ras to
convert primary rat cells to a neoplastic phenotype [9]. Worth mentioning, Myc transgenic
mice develop tumours with relatively long latencies and most often, these established
tumours harbour additional genetic alterations [167,168]. Although transgenic mice with
inducible Myc expression developed tumours, these established tumours regressed after
MYC withdrawal [169,170]. Overall, these findings indicate that oncogenic Myc requires
additional mutagenic events to initiate tumour formation in vivo and moreover that

established tumours are addicted to deregulated Myc expression.
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1.3.6 The RAS gene family members

In 1983, the oncogenic potential of the three members of the RAS gene family (HRAS, KRAS
and NRAS) was reported, as mutated versions of these proto-oncogenes, isolated from
different human cancer specimen, caused the transformation of NIH3T3 cells in culture [171-
173]. These genes were shown to be homologs of the former described Harvey and Kirsten
murine sarcoma viruses [174,175]. Based on these findings the human RAS genes were
identified as the first isolated human oncogenes. Although oncogenic HRAS, KRAS and
NRAS mutations are found in a wide variety of human cancers, their incidence varies
considerably with particular tumour types. Quantitative analysis of human tumour specimen
revealed that each member of the RAS gene family, in its oncogenic version, preferentially
contributes to the tumorigenesis of particular human tumour types. For example, activating
KRAS mutations are frequently detected in three of the four most deadliest cancers, namely
NSCLC (15-20%) [176], colon cancer (40%) [177] and pancreatic cancer (95%) [178].
Whereas HRAS mutations contribute to the tumorigenesis of bladder cancer [179] and NRAS
mutations are frequently found in haematological malignancies [180]. According to the
COSMIC database (www.sanger.ac.uk/genetics/CGP/cosmic/) KRAS is the most frequently
mutated proto-oncogene in human neoplasms (25-30%) followed by NRAS (8%) and HRAS,
which is the least frequently mutated RAS gene in human cancers (3%). The high frequency
of activating KRAS mutations and the observation that they preferentially occur at early
stages of tumour progression, points to a causative role of mutant KRAS as a driver in

human tumorigenesis [181].

1.3.6.1 Gene structure and function of KRAS

The human KRAS gene is located on chromosome 12 and is composed of a 5’ noncoding
exon and four coding exons, which are translated into two highly related 21 kDa GTPase
protein isoforms of 189 amino acids (KRAS4A) and 188 amino acids (KRAS4B), respectively
[182]. These two isoforms, A and B, are products of the alternative splicing of exon 4 [183],
whereby transcript variant 4B is more abundantly expressed than variant 4A [172,184]. The
protein product encompasses of three domains. The N-terminal domain (85 amino acids) is
identical among all RAS gene family members and the second protein domain, consisting of
80 amino acids, covers 80% of sequence homology among the three RAS genes. These two
regions jointly form the effector domain (also known as G domain) including the GTP-binding
pocket that is important for the interaction with all downstream target molecules. In contrast,
the C-terminal domain (amino acids 165-188/189) comprises a hypervariable region, which
shows no sequence similarity among the ras proteins, except for the conserved CAXX motif

(C: cysteine, A: aliphatic amino acid, X: any amino acid) [185,186]. This C-terminal end
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directs posttranslational modifications and trafficking of the protein product to subcellular
membrane compartments [187]. The membrane-anchored Kras protein can cycle between
an active guanosine triphosphate (GTP)-bound and an inactive guanosine diphosphat
(GDP)-bound conformation [188]. The biological function of this low molecular GTPase is to
transmit extracellular mitogenic stimuli from membrane-associated receptor tyrosine kinases
to cytoplasmatic kinases. Binding of extracellular mitogens, like the epidermal growth factor
[189] or the platelet-derived growth factor [190], or the binding of cytokines such as
Interleukin-2 [191] to their respective receptors activates guanine nucleotide exchange
factors (GEFs). These GEFs cause the release of GDP from inactive Kras and permit the
binding of GTP [192].

In its active conformation, Ras stimulates a multitude of signalling pathways and cascades,
including the intracellular mitogen-activated protein kinase (MAPK) pathway, the
phosphoinositide 3- kinase (PI3K) cascade and other small GTPases such as RAL that
trigger proliferation, differentiation, cell survival and cytoskeletal dynamics [reviewed in 193].
The first identified interaction partner of Ras was the RAF serine/threonine kinase [194,195],
a member of the MAPK cascade. RAF mediates the activation of the MAP kinase kinase
(MEK) and the downstream extracellular signal-regulated kinase (ERK) [196,197], which
triggers cell proliferation. In addition, GTP-bound Ras interacts with PI3K, which
phosphorylates and activates the serine/threonine kinase AKT. Activation of the Ras-PI3K-
AKT pathway mediates anti-apoptotic signals, conferring cell survival [198]. As a third
effector of activated Ras the family of Ral proteins was identified, including the Ral guanine
nucleotide dissociation stimulator (RALGDS) [199]. Activation of the Ras-RALGDS pathway
is implicated in vesicle sorting, organisation of the actin cytoskeleton and the regulation of
gene expression [200]. After completed signal transduction, active, GTP-bound Ras proteins
become rapidly inactivated by GTPase-activating proteins (GAPs). These GAPs elicit an
increase of the intrinsic GTPase activity of Ras causing thereby the recurrence to its inactive,

GDP-bound conformation [201]. Figure 8 depicts the Ras signalling cascade.
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Figure 8: Ras signalling cascade

Binding of extracellular mitogens to their relative receptors activates guanine nucleotide exchange
factors (GEFs). These GEFs catalyse the replacement of bound guanosine diphosphat (GDP) with
guanosine triphosphate (GTP) resulting in active, GTP-bound Ras. In its active, GTP-bound state, Ras
interacts and stimulates the activity of several downstream effector proteins. Activation of the
Phosphoinositide 3- kinase (PI3K)-AKT pathway mediates cell survival. Activation of the RAF-ERK
signalling cascade regulates cell cycle progression and stimulation of the RALGDS pathway induces
vesicle transport and cytoskeleton organisation. Active, GTP-bound Ras is converted to its inactive,
GDP-bound state by GTPase-activating proteins (GAPs). Abbreviation: IL-2R: Interleukin-2 receptor,
EGFR: epidermal growth factor receptor, PDGFR: platelet-derived growth factor receptor, ERK:
extracellular signal-regulated kinase. (Adapted from [193]).

1.3.6.2 Oncogenic KRAS and its contribution to tumorigenesis

Numerous publications show that oncogenic KRAS contributes to the initiation and
progression of several human cancers including PDAC, colorectal cancer and NSCLC. The
oncogenic potential of mutant Kras proteins is most often a consequence of missense
mutations at one of the three hot spot codons 12, 13 or 61, which account for 97-99% of all
KRAS mutations in human malignancies. With G12 being the most frequently mutated
residue (www.sanger.ac.uk/genetics/CGP/cosmic/). This hot spot codon is located near the
GTP-binding site, which leads to a 10-fold impaired, intrinsic GTPase activity of the mutant
protein [202,203] and a diminished GAP-stimulated GTP hydrolysis [204]. Mutations at this
codon lead to the accumulation of constitutively active, GTP-bound Kras [205]. Constitutively
active Kras results in sustained proliferative signalling, independent of any growth factor
signals, a hallmark of caner [206]. Although Der at al. (1982) showed, that mutant Ras alone
was sufficient to convert immortalised NIH3T3 cells to a tumorigenic state [207], various
experimental approaches, trying to transform primary rodent cells by mutant Ras alone,
failed. Instead, Land et al. (1983) and Ruley et al. (1983) evidenced, that mutant Ras

requires a collaborating oncogene, like Myc, or the concomitant inactivation of a tumour
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suppressor gene to impart cellular transformation of primary rodent cells [9,10]. In agreement
with these in vitro findings, the requirement for a cooperating genetic event in the process of
Ras-mediated tumorigenesis was proven in genetically engineered mouse models (GEMM)
of pancreatic cancer. While the majority of transgenic mice, expressing merely mutant

Kras®'?

in the pancreatic epithelium developed only premalignant pancreatic intraepithelial
neoplasia (PanINs) [208], mice with the concomitant expression of mutant Trp53%""% or the
loss of either Ink4a/Arf or SMAD4, progressed to PDAC [209-211]. Consistent with these
observations in animal models, the initiation of human pancreatic cancer relies on the
expression of oncogenic KRAS, however additional genetic events have to occur to progress
to PDAC [212]. A similar picture is seen in the development of colorectal cancer (CRC),
where the expression of mutant KRAS is detected at an early stage of this disease, but
progression to malignant CRC requires further genetic alterations [213]. These data indicate
that oncogenic KRAS is a potent driver of various human malignancies, however additional

genetic events must occur to advance to full transformation.

1.4 Genetically engineered mouse models in cancer research

Overall, the design and validation of experimental human cancer models provided
considerable insights into the action and cooperation of individual oncogenes and tumour
suppressor genes on the initiation and progression of cellular transformation in vitro.
However these models completely disregard, that cancer is a complex disease with
extensive cell-cell interactions between cancerous cells and the surrounding tissue. In
particular, many facets of tumorigenesis, including angiogenesis, tissue invasion and
metastasis cannot be assessed in these models [reviewed in 214].

For this reason a new research area emerged, dedicated to generate and use genetically
engineered rodent models of human cancers. Until now, the laboratory mouse is the best-
studied model system for cancer biology mainly due to its small size, short gestation and
lifespan and its entirely sequenced genome [215]. In addition, the derivation of mouse
pluripotent embryonic stem (ES) cells [216] and the ease with which they can be genetically
modified through homologous recombination entailed the establishment of GEMMs [217].
Consequently, multiple germline mutant mice have been generated, in which the expression
of mutant oncogenes and tumour suppressor genes is driven from their native promoters.
This allowed studying the pathophysiological and molecular features of human hereditary
cancer syndromes [reviewed in 218,219]. However, as most cancers arise by somatic
mutations in proto-oncogenes and tumour suppressor genes in specific cells of a given
organ, more sophisticated endogenous GEMMs had to be established, that allowed the
modelling of sporadic cancers in mice. For this purpose, conditional activatable cancer-prone

GEMMs have been generated, in which the expression of mutant oncogenes and tumour
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suppressor genes can be controlled in a temporal- and tissue-specific manner [reviewed in
214]. In this context, the Cre-lox site-specific recombination system of the bacteriophage P1
is the most often applied site-specific recombination system in conditional GEMMs. Here, the
38 kDa site-specific Cre recombinase recognises 34 bp sites, called loxP sites, that consist
of an 8 bp nonpalindromic region flanked by two 13 bp inverted repeats [220]. Cre mediated
recombination between two directly repeated loxP sites catalyses the excision of the flanked,
intervening DNA sequence within the two loxP sites [221]. This Cre-loxP site-specific
recombination system has allowed the creation of several conditional activatable cancer-
prone GEMMs, as the targeted insertion of a floxed transcriptional and translational
termination (loxP-STOP-loxP, also called LSL) cassette between the promoter and the
coding sequence of the oncogenic allele blocks its expression [222]. In the presence of Cre
recombinase this LSL cassette is excised allowing expression of the mutant allele. To date,
numerous GEMMSs carrying conditional mutant oncogenes and tumour suppressor genes
have been created (eg. LSL-KrasG12D, LSL-Trp53R172H, LSL-BrafV600E) [80,223,224]. In
these mice the expression of the floxed mutant alleles can be activated in any given tissue by
crossing them with mice, in which the expression of the Cre recombinase is under the control
of a tissue-specific promoter. Overall, these spatial inducible mutant mice provided

invaluable tools for recapitulating several human cancer entities [209,223,225-228].

1.5 Limitations of mouse cancer models

Although mouse models are the most extensively used animal models for biomedical cancer
research and preclinical studies, their relative small size hampers their use for imaging and
radiation therapy studies. In addition, the high heartbeat rate of mice with about 600 beats
per minute leads to a faster clearance of most chemicals from their body compared to
humans. Thus this pharmacokinetic difference makes it difficult to translate the drug dosage
from mice to humans [reviewed in 229]. Moreover, discrepancies were reported between
mice and humans regarding drug metabolism [230] and immunology [231,232]. Apart from
these anatomical and physiological differences, there are also clear discrepancies regarding
tumour biology of these two species. For example, primary mouse cells are more easily
transformed than primary human cells. The perturbation of the p53 and Kras signalling
pathways alone are sufficient to induce cellular transformation of murine cells in vitro, while
human cells need the disruption of at least five pathways [233]. Although mice and humans
are pretty similar at the genomic level, subtle variations have to exist with respect to
physiological and biological properties, as similar germline mutations of known human
cancer-associated genes yield different tumour phenotypes in these two species [reviewed in
115]. For example, humans with germline or somatic RB1 gene loss develop retinoblastomas

and sarcomas [reviewed in 234]. In contrast, engineered mice with RB7 gene deletions fail to
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develop these tumours [235]. In addition, germline mutations of the tumour suppressor gene
adenomatous polyposis coli (APC) predispose patients to familial adenomatous polyposis
(FAP). Human FAP is characterized by dysplasia in the colon and rectum that develop to
adenomatous polyps and adenocarcinoma, whereas Apc-hetreozygous mice develop
polyposis of the small intestine [236,237]. These examples indicate, that albeit similar genetic
lesions murine cancer models do not always accurately recapitulate the human cancer
phenotype. However, these differences do not diminish the importance and usefulness of
GEMMSs as cancer models. Rather, they indicate that more reliable animal models are
needed that more closely resemble humans in body size, anatomy and physiology and most

importantly phenocopy human cancer pathophysiology [reviewed in 6,214].

1.6 Genetically modified pigs in biomedical and cancer research

Due to the limitations of rodent models, there is a significant need for relevant animal models
that more closely resemble humans. As such, pigs are increasingly recognised as favourable
animal models due to their shared anatomical and physiological characteristics with humans.
Pigs have been already widely used as biomedical models for studying cardiovascular
diseases, organ transplantation, developing medical devices and training surgical procedures
[reviewed in 238]. Given, the similarity of several porcine cytochrome P450 isoforms with
their human orthologous and their comparability in drug metabolism [239,240], minipigs are
widely recognised as experimental models for toxicity testing of pharmaceuticals [241,242].

The recently published high-quality draft pig genome sequence [243] and the high sequence
homology between pigs and humans [244] lending further support to the use of pigs as
relevant large animal models for human diseases. In addition, the development and
improvement of transgenesis techniques, such as gene targeting and synthetic
endonucleases (e.g. ZFN, TALENs and CRISPR/Cas9) [245-249] allow the introduction of
precise genetic modifications into the porcine genome. These techniques in combination with
the ability to clone pigs through somatic cell nuclear transfer (SCNT) [250] provide the
opportunity to generate tailored-made large animal models. Due to these technical
achievements, genetically modified pigs were created as biomedical models for diabetes
[251], cystic fibrosis [252] and muscular dystrophy [253]. Given, that these genetically
modified pigs closely resemble the human disease phenotype it was just a logical
consequence to derive porcine cancer models. In this regard, the first gene targeted porcine
cancer model was attempted by recombinant adeno-associated virus mediated breast cancer
associated gene 1 (BRCA1) knockout in Yucatan minipig fibroblasts. Unfortunately, all piglets
died within 18 days after birth [254]. In 2012, our group reported the first viable gene-targeted
porcine APC™'"" animal model (equivalent to human severe FAP mutation APC™%).

Examination of a one year old founder animal carrying the APC'*"" mutation revealed more
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than 60 polyps in the colon and rectum [255]. These findings indicate that pigs predisposed
to colorectal cancer reflect more closely the location and onset of human FAP than
genetically engineered mice do [236]. Moreover, in the same year we have reported the
generation of gene-targeted pigs carrying conditional Cre activatable oncogenic TP53%"%""
alleles (orthologous to human TP53%"7* and mouse Trp537"7?") [256]. Since genetic
alterations in a relative small set of genes such as APC, KRAS, TP53 are implicated in a
variety of human cancers [257], we also wish to derive pigs carrying latent oncogenic
KRAS®'?P alleles. Derivation of pigs carrying any combination of these aforementioned
mutant alleles and the possibility to induce their expression by Cre recombinase in any
chosen tissue will thus allow to replicate different cancer types.

However, to date little is known about the multi-step process of tumorigenesis in pigs and
there is only one report, which shows that primary porcine cells can be converted to a fully
transformed phenotype by the enforced expression of cyclin D1, CDK4"*¢ p53°°,
HRAS®'?Y, cMyc™® and hTERT [258]. It is worth to mention that this set of genetic
modifications is in full accordance with those necessary to transform human cells in vitro [25].
Although this experimental porcine transformation model provided useful insights into porcine
tumorigenesis, it falls short as a representative cancer model, as it relies on the ectopic
expression of oncogenes and dominant-negative tumour suppressors, which are driven by
viral promoters. For this reason, we aimed to model the process of neoplastic porcine cell
transformation by the expression of endogenous oncogenic TP53%6"H
R175H and mouse R172H) and KRAS®'?, respectively.

(orthologous to human

1.7 Objective

The objective of this work was to provide in vitro proof that oncogenic mutant porcine
TP53%"°™" (orthologous to human TP53%"7°" and mouse Trp537"7%") and KRAS®'?°

(homologous to human KRAS®'?® and mouse Kras®'?")

alleles are functionally equivalent to
their human and murine orthologous. In addition, it should be investigated if the expression of
mutant TP53%"°" and KRAS®'?” alleles is sufficient to convert primary porcine cells to a
transformed phenotype. For this purpose, a Cre recombinase activatable mutant KRAS®'20
allele had to be introduced by gene targeting into genetically modified pMSCs that carried

already a Cre inducible mutant TP537'¢7"

allele. Double gene-targeted pMSCs, expressing
mutant TP53%""" and KRAS®'?® from their endogenous gene loci, had to be characterised
and their tumorigenic potential assessed by several in vitro and in vivo assays.

Furthermore, TP53-5:F6" and KRAS-S-¢'?° double gene-targeted porcine mesenchymal

stem cells (PMSCs) had to be established that could be used as nuclear donors for SCNT.

22



2 Material and Methods

2.1 Materials

2.1.1 Equipment

+4°C fridge

-20°C freezer

-80°C ultra low temperature freezer
7500 Fast Real-Time PCR System
Analytic balance

AxioCAM MRc camera

Axiovert 40 CFL microscope

Bio Imaging System Gene Genius
Biophotometer

Centrifuge 1-15

Centrifuge 3-15

Centrifuge 4K15C

Centrifuge 5810

Centrifuge Minispin

Countess™ automated cell counter
Countess™ cell counting chamber
slides

Digital graphic printer UP-D895MD
Electrophoresis horizontal gel system
Electrophoresis Power Supply E-105
Electroporator Multiporator

Hybaid Shake ‘n’ Stack

Ice maker

Ika-Combimag

Improved Neubauer chamber
Incubator

Laminar Flow Hood HERAsafe Type
HSP

Microwave N-E202 W
Mini-PROTEAN 3 Cell
Mini-PROTEAN 3 System

Material and Methods

Beko Technologies, Dresden, GER
Siemens, Munich, GER

Thermo Electron GmbH, Dreieich, GER
Applied Biosystems, Warrington, UK
Denver Instrument GmbH, Géttingen, GER
Carl Zeiss Vision GmbH, Munich, GER
Carl Zeiss Vision GmbH, Munich, GER
Syngene, Cambridge, UK

Eppendorf, Hamburg, GER

Sigma, Osterode, GER

Sigma, Osterode, GER

Sigma, Osterode, GER

Eppendorf, Hamburg, GER

Eppendorf, Hamburg, GER

Invitrogen, Karlsruhe, GER

Invitrogen, Karlsruhe, GER

Syngene, Cambridge, UK

Peglab, Erlangen GER

Thermo Electron GmbH, Dreieich, GER
Eppendorf, Hamburg, GER

Thermo Electron GmbH, Dreieich, GER
Manitowoc Company Inc., Manitowoc, USA
IKA-Werke GmbH & Co. KG, Staufen, GER
Brand, Wertheim, GER

Binder GmbH, Tuttlingen, GER

Heraeus Instrumente, Minchen, GER

Panasonic, Hamburg, GER
BioRad, Munich, GER
BioRad, Munich, GER
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Mr.Frosty freezing device

Multiscan Spectrum

Orbitakl shaker

PCR-Cycler DYAD DNA Engine

pH meter Cyberscan 510

Pipette controller accu-jet® pro
Power Supply

Pure water system, micro Pure
RAININ Pipet-Lite (2,20,200,1000ul)
Repetitive pipette HandyStep® S
Rocker Shaker KH500

Scale 440-33N

Scale APX-1502

Steri-Cycle CO,-Incubator
Trans-Blot SD Semi-dry Transfer Cell
Tube block heater

Vortex Mixer

Waterbath

2.1.2 Consumable

0.5, 1.5, 2.0ml reaction tubes
1.0,2.0,5.0, 10.0, 25.0ml
disposable serological pipettes
14ml round-bottom tubes

15ml and 50ml conical bottom
centrifugation tubes

Disposable pipet tips

Cell culture dishes (10,15 cm)
Cell culture flasks (25,75,150 cm?)
Cell culture plates (6-,12-,24-,48-,
96-well)

Cell scraper

Cryo Tube TM vials 1.8ml
Econo-Pac® disposable
chromatography columns

Electroporation cuvettes (2, 4mm)

Material and Methods

Nalgene, Rochester, USA

Thermo LabSystem, Dreieich, GER
Thermo Electron GmbH, Dreieich, GER
MJ Resaerch, Watertown, USA
Thermo Scientific, Waltham, USA
Brand, Wertheim, GER

Amersham Bioscience, Freiburg, GER
Thermo Scientific, Waltham, USA
Mettler Toledo GmbH, Giessen, GER
Brand, Wertheim, GER

Noctua GmbH, Mdssingen, GER

Kern & Sohn GmbH, Balingen, GER
Denver Instrument GmbH, Géttingen, GER
Thermo Electron GmbH, Dereich, GER
BioRad, Munich,GER

Gefran, Seligenstadt, GER

VELP Scientifica, Usmate, ITA

Thermo Electron GmbH, Dereich, GER

Brand GmbH & Co. KG, Wertheim, GER
Corning Inc., New York, USA

BD, Baltimore, USA
Greiner Bio-One GmbH, Frickenhausen, GER

Brand GmbH & Co. KG, Wertheim, GER
Corning Inc., New York, USA
Corning Inc., New York, USA
Corning Inc., New York, USA

Faust Lab Science, Klettgau, GER
Nunc, Wiesbaden-Biebrich, GER
BioRad, Munich, GER

Peglab Biotechnologie GmbH, Erlangen, GER
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Glassware

HybondN+ positively charged nylon
transfer membrane

MicroAmp® fast optical 96-well
reaction plate with barcode, 0.1ml
MicroAmp® optical adhesive film
Petri dish (10cm)

RAININ pipette tipes (2,20,200,
1000pl) normal and filter tips
Roti® PVDF membrane, pore size
0.45um

Sterile filter 0.22um

Syringes

2.1.3 Chemicals

Acetic acid

Ammonium persulfate (APS)
Ampicillin

Bromophenol blue

Boric acid

Bovine Serum Albumin Fraction V
Crystal violet

Dithiothreitol (DTT)

Ethanol absolute

Ethidium bromide
Ethylenediaminetetraacetic acid
Formaldehyde

Glucose

Glycine

Glycerol

GenAgarose L.E.

HEPES

Hydrochloric acid

IGEPAL-630

Imidazole

Material and Methods

Paul Mirienfeld GmbH & Co KG, Lauda
Koénigshofen, GER

Amersham Bioscience, Freiburg, GER

Applied Biosystems, Warrington, UK

Applied Biosystems, Warrington, UK
Brand GmgH & Co. KG, Wertheim, GER
Mettler Toledo GmbH, Giessen, GER

Carl Roth GmbH, Karlsruhe, GER

Sartorius AG, Goéttingen, GER
BD, Baltimore, USA

Sigma-Aldrich GmbH, Steinheim, GER
Carl Roth GmbH, Karlsruhe, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
AppliCHEM GmbH, Darmstadt, GER
PAA, Laboratories GmbH, Pasching AUT
Sigma-Aldrich GmbH, Steinheim, GER
Omnilab, Bremen, GER

Riedel-de-Haen, Seelze, GER
Sigma-Aldrich GmbH, Steinheim, GER
AppliCHEM GmbH, Darmstadt, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Carl Roth GmbH, Karlsruhe, GER
AppliCHEM GmbH, Darmstadt, GER
Genaxxon Bioscience GmbH, Biberach, GER
Invitrogen, Karlsruhe, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Carl Roth GmbH, Karlsruhe, GER
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Isopropanol

Isopropyl B-D-thiogalactopyranosid
L-tartaric acid disodium salt
Maleic acid

Magnesium chlorid

Methanol

Milk powder

N-acetylcystein

Ni-NTA Agarose

Nonidet P-40

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

Potassium phosphate dibasic
Potassium chlorid

Potassium phosphate monobasic
Rothiphorese Gel 40

Sodium acetate

Sodium bicarbonate

Sodium chloride

Sodium citrate

Sodium dihydrogen phophate
Sodium dodecyl sulfate

Sodium hydroxide pellets
Sodium phosphate

Sodium thiosulfat

Sucrose
Tetramethylethylenediamine
(TEMED)

Trizma Base

Trizma hydrochloride
TRIzol®

Tween 20

Material and Methods

Carl Roth GmbH, Karlsruhe, GER
Omnilab, Bremen, GER

Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Carl Roth GmbH, Karlsruhe, GER

Carl Roth GmbH, Karlsruhe, GER
Sigma-Aldrich GmbH, Steinheim, GER
Life Technologies GmbH, Darmstadt, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER

AppliChem GmbH, Darmstadt, GER
Sigma-Aldrich GmbH, Steinheim, GER
AppliChem GmbH, Darmstadt, GER
Carl Roth GmbH, Karlsruhe, GER

Carl Roth GmbH, Karlsruhe, GER

Carl Roth GmbH, Karlsruhe, GER

Carl Roth GmbH, Karlsruhe, GER
Sigma-Aldrich GmbH, Steinheim, GER
Merck, Darmstadt, GER

Omnilab, Bremen, GER

Riedel-de Haen, Seelte, GER
Sigma-Aldrich GmbH, Steinheim, GER

Sigma-Aldrich GmbH, Steinheim, GER
Fluka, Seelze, GER
Carl Roth GmbH, Karlsruhe, GER

Sigma-Aldrich GmbH, Steinheim, GER
Sigma-Aldrich GmbH, Steinheim, GER
Life Technologies GmbH, Darmstadt, GER
Sigma-Aldrich GmbH, Steinheim, GER

26



2.1.4 Miscellaneous

Advanced Protein Assay Reagent
AGFA Cronex 5 X-Ray film

AGFA Developer G150 for X-Ray film
AGFA Fixier G 354 for X-Ray film
Anti-Digoxigenin-AP Fab fragment
Blocking Reagent

CDP-Star

Complete mini protease inhibitor

DIG Easy Hyb
Digoxigenin-11-2'-deoxy-uridine-5'-
triphosphate (dUTP)

DNA marker (100 bp, 1kb)

DNA marker VII, digoxigenin-labeled
dNTPs
Matrige

I™ Basement Membrane

Matrix, high concentrated

Noble Agar

PageBlue™ protein staining solution
Pierce™ ECL Western Blotting
substrate

Phosphatase inhibitor

Spectra™
Ladder

Broad Range

2.1.5 Bacterial media

Difco™ LB Agar, Miller
Difco™ Luria Broth Base, Miller
Tryptone

Yeast extract

Protein

Material and Methods

Cytoskeleton Inc., Denver, USA

Roéntgen Bender, Baden-Baden,GER
Roéntgen Bender, Baden-Baden,GER
Roéntgen Bender, Baden-Baden,GER
Roche Diagnostic GmbH, Mannheim, GER
Roche Diagnostic GmbH, Mannheim, GER
Roche Diagnostic GmbH, Mannheim, GER
Roche Diagnostic GmbH, Mannheim, GER
Roche Diagnostic, Mannheim, GER
Roche Diagnostic, Mannheim, GER

New England Biolabs GmbH, Frankfurt, GER
Roche Diagnostic GmbH, Mannheim, GER
Biomers.net GmbH, Ulm, GER

BD, Baltimore, USA

Sigma-Aldrich GmbH, Steinheim, GER
Fermentas GmbH, St. Leon-Rot, GER
Thermo Scientific, Waltham, USA

Roche Diagnostic, Mannheim, GER
Fermentas GmbH, St. Leon-Rot, GER

BD, Heidelberg, GER
BD, Heidelberg, GER
Fluka, Seelze, GER
Fluka, Seelze, GER

2.1.6 Tissue culture media, buffers and supplements

Advanced Dulbecco’s Modified

Gibco BRL, Paisley, UK
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Eagle's Medium (Advanced DMEM)
Accutase

Amphotericin B solution

Basic fibroblast growth factor,
(FGF-2)

Blasticidin S

Cell culture water, EP-grade
DMEM powder

Dimethylsulfoxide

Dulbecco’s PBS

Fetal Calf serum (FCS)
G418-Sulfate Solution

GlutaMAX

Hank’s Balanced Salt Solution
Heparin

Hypoosmolar Buffer

LSM 1077 Lymphocyte Separation
Medium

Non essential amino acids (NEAA)
Penicillin/Streptomycin

Trypan blue stain 0.4%

2.1.7 Kits

CloneJET PCR Cloning Kit
EpiTect Fast Bisulfite

Conversion Kit

Fast SYBR® Green PCR Master Mix

Plasmid DNA purification
NucleoBond® Xtra

Ras Activation Assay Kit
SuperScript® Ill First-Strand
Synthesis System

SurePrep™ RNA/DNA/Protein
Purification Kit

TURBO DNA-free™ Kit

Material and Methods

PAA Laboratories GmbH, Pasching, AUT
PAA Laboratories GmbH, Pasching, AUT
PromoKine, Heidelberg, GER

InvivoGen, San Diego, USA

PAA Laboratories GmbH, Pasching, AUT
Gibco BRL, Paisley,UK

AppliChem GmbH, Darmstadt, GER
PAA Laboratories GmbH, Pasching, AUT
PAA Laboratories GmbH, Pasching, AUT
PAA Laboratories GmbH, Pasching, AUT
Gibco BRL, Paisley,UK

Biochrom AG, Berlin, GER
Sigma-Aldrich GmbH, Steinheim, GER
Eppendorf AG, Hamburg, GER

PAA Laboratories GmbH, Pasching, AUT

PAA Laboratories GmbH, Pasching, AUT

PAA Laboratories GmbH, Pasching, AUT

Invitrogen, Karlsruhe, GER

Fisher Scientific, Schwerte, GER
Qiagen, Hilden, GER

Applied Biosystems, Warrington, UK
Macherey-Nagel GmbH&Co.KG, Diren, GER

Merck Millipore, Darmstadt, GER
Life Technologies GmbH, Darmstadt, GER

Fisher Scientific, Schwerte, GER

Ambion Inc., Austin, USA

Wizard® SV Gel and PCR Clean-up Promega, Mannheim, GER
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System

2.1.8 Enzymes and Buffers

5x Green® GoTaqg Reaction Buffer
5x Phire Reaction Buffer

10x PCR Extender Buffer
Benzonase

Collagenase type I-A

Collagenase type IV

Exonuclease |

GoTaq® Polymerase

Lysozyme

NEBuffer 1-4 10x

PCR Extender Polymerase Mix
Phire Hot Start 1| DNA polymerase
ProteinaseK

Purified BSA 100x

Restriction endonucleases

RNase A

Shrimp alkaline phosphatase

2.1.9 Competent bacterial strains

Material and Methods

Promega GmbH, Mannheim, GER

Fisher Scientific, Schwerte, GER

5 PRIME GmbH, Hilden, GER

Novagen, Darmstadt, GER

Sigma-Aldrich GmbH, Steinheim, GER
Worthington, New Jersey, USA

Fermentas GmbH, St. Leon-Rot, GER
Promega GmbH, Mannheim, GER
Sigma-Aldrich GmbH, Steinheim, GER

New England Biolabs GmbH, Frankfurt, GER
5 PRIME GmbH, Hilden, GER

Fisher Scientific, Schwerte, GER
Sigma-Aldrich GmbH, Steinheim, GER

New England Biolabs GmbH, Frankfurt, GER
New England Biolabs GmbH, Frankfurt, GER
Sigma-Aldrich GmbH, Steinheim, GER
Fermentas GmbH, St. Leon-Rot, GER

Bacterial strain

Genotype

F mcrA A(mrr-hsdRMS-mcrBC)
®80dlacZAM15 AlacX74 deoR recA1

DH108 araD139 A(ara, leu)7697 galU galK s mVitrogen, Karlsruhe, GER
endA1 nupG
Tuner™(DES3) F~ ompT hsdSg (rg"mg") gal dem
pLacl lacY1(DE3) pLacl (Cam®) Novagen, Darmstadt,GER

Supplier

2.1.10 Mammalian cell lines

Bone-marrow derived porcine
mesenchymal stem cells (090210)

neo14

Isolated by Marina Durkovic and Simon Leuchs,
TU Munich, GER
Isolated by Simon Leuchs, TU Munich, GER
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Bone-marrow derived porcine

mesenchymal stem cells (080812)

Adipose-tissue derived porcine

mesenchymal stem cells (080812)

2.1.11 Animals

Isolated during this work

Isolated during this work

Material and Methods

Mouse strain

NOD scid

gamma

Genotype

NOD.Cg-Prkdc*™ I12rg™""1SzJ

Supplier

Jackson Laboratory, Bar
Harbor, Maine, USA

2.1.12 Gene targeting constructs and plasmids

KRAS"S-C12P gene targeting

vector constructs

pPGK-pocMyc-IRES-BS-pA

pTriEX-HTNC
pJET1.2/blunt

2.1.13 Oligonucleotides

GER

M.Sc. Alexander Tschukes, TU Munich,

M.Sc. Lena Glashauser, TU Munich, GER

Addgene Inc., Cambrige, USA
Fermentas GmbH, St. Leon Rot, GER

Oligonucleotides were synthesized by Eurofins MWG GmbH, Ebersberg, Germany.

Anneal

Name Sequence (5’-3°) (C°] Size
KRAS®'® screenings
KRAStarg_F ACGCGGGGAATGAGGAAT 65 3.8 kb
KRAStarg R AGCCCTCCCACACATAACCA
KRAStarg_F ACGCGGGGAATGAGGAAT 58 3.4 kb
SA R GAAAGACCGCGAAGAGTTTG
KRAStarg_F ACGCGGGGAATGAGGAAT 58 3.3 kb
loxP Screen rev TGAGGAAAAGAACAGTGCAAA
KRAStargLA_F CCAGCCATCTGTTGTTTGCC 64 10.8 kb
KRAStargLA R GAAGAAGGGACTGGGGTGTG
Mut_F GAGCAACGGCTACAATCA 61 2.8 kb
Mut_R TGAAAAAGGACTGCACAGGA
KRASLoxP_F AAAGCGGTACTTGCCTTTAAT 57 Ilc;fll; ; ;051 kbpp
KRASLoxP_R TGAGGAAAAGAACAGTGCAAA WT'. 167 b
: p
KRASEx1_F CATTTCGGACTGGGAGCTA 58 536 bp
bs_ R GGCAGCAATTCACGAATC
KRASEx1_F CATTTCGGACTGGGAGCTA 58 646 bp
neo_R GCTCTTCGTCCAGATCATCC
KRASEx1_F CATTTCGGACTGGGAGCTA 58 145 bp
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KRASEx2_ R TGTCAAGGCACTCTTGCCTAC
KRASEx1_F CATTTCGGACTGGGAGCTA 65 492 bp
KRASEx4 R TCCTGAGCCTGTTTTGTGTC
KRASEx1_F CATTTCGGACTGGGAGCTA 65 522 bp
KRASEx5 R GCTGATGTTTCAATAAAAGG
bs-probe_F ATGGCCAAGCCTTTGTCTC 58 402 bp
bs-probe_R GATTTAGCCCTCCCACACAT
neo probe_F GCCACCATGATTGAACAAGA 58 784 bp
neo-probe_R AAGGCGATAGAAGGCGATG
TP53%'*™M screenings
TP53LoxP_F TGAGGAATTTGTATGCCAAGG 57 Ilc;fll’_-. ;53 kbbp
TP53LoxP_R TTCCACCAGTGAATCCACAA ;
WT: 198 bp
TP53Ex1_F GCAGGTAGCTGCTGGTCTC 58 630 bp
neo_R GCTCTTCGTCCAGATCATCC
TP53Ex1-F GCAGGTAGCTGCTGGTCTC 58 1.3 kb
TP53Ex11-R AGGGACTTCAAAAGGGGATG
RT-PCRs
po_TERT _for TGAACTTCCCTGTGGAGGAC 58 387 bp
po TERT rev GGAGGAAAAATGAGGGGTTC
p16_RT for AACGCACCGAACCGTTAC 61 176 bp
p16_RT rev AGGACCACCAAAGTGTCC
p14_Ex1_1_forw CGTGCTGTTGCTAGTGAGGA 61 361 bp
p16_Ex2 1 rev GCGGGATCTTCTCCAGAGTT
GAPDH_F TTCCACGGCACAGTCAAGGC 57-61 576 bp
GAPDH R GCAGGTCAGATCCACAACC
Quantitative real time RT-PCR
cMyc exon2F CCTCGGACTCTCTGCTCTCCT 369 bp
cMyc exon3R ATTTTCGGTTGTTGCTGATCTGT
p16_RT for AACGCACCGAACCGTTAC 176 bp
p16_RT rev AGGACCACCAAAGTGTCC
p14_Ex1_1_forw CGTGCTGTTGCTAGTGAGGA 234 bp
p16_Ex2 2 rev AGGCGTCTCGCACGTCTA
GAPDH_F TTCCACGGCACAGTCAAGGC 576 bp
GAPDH_R GCAGGTCAGATCCACAACC
Anayilsis of bisulfite converted genomic DNA
BSp16_F GGGGAGTAGTATGGAATTTT 51 266 bp
BSp16 R CAAAAAAAAAACTCCAACTC
pJet_forw CGACTCACTATAGGGAGAGCGGC 51 387 bp
pJet_rev AAGAACATCGATTTTCCATGGCAG
Investigation of pPGK-pocMyc-IRES-BS-pA integration
Kana_pUCori_for TGCTCCTGCCGAGAAAGTAT 58 1.7 kp
Kana pUCori rev CCTGACGAGCATCACAAAAA
IRES-BS-forw TGGCTCTCCTCAAGCGTATT 58 1.6 kb
BS-SV40pro_rev CGGGACTATGGTTGCTGACT
Copy number alteration
CNV_KRAS_forw AGAGGGCTTGATAGCGTTTG 61 251 bp
CNV_KRAS rev GCCTGCACAAGTCAATATGC
CNV_GAPDH_forw TAGGTTTGGGTTGGAACAGC 58 223 bp

CNV_GAPDH_rev

AACCCAGTCTTGGTCAGTGG
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2.1.14 Antibodies

Material and Methods

Antibody Catalogue number Company
Primary antibodies

DO-1 (Anti-p53) P6874 Sigma- Aldrich
N-262 (Anti-cMyc) sc-764 Santa Cruz Biotech

Akt (pan) (C67E7) 4691 Cell Signaling

Anti-GAPDH G8795 Sigma- Aldrich

Clone RAS10 05-516 Merck Millipore

Erk1/2 9102 Cell Signaling

Phospho-Akt (Ser473) 4060 Cell Signaling

Phospho-Akt (Thr308) 2965 Cell Signaling

Phospho-Erk1/2 9101 Cell Signaling

Secondary antibodies
Goat Anti-Rabbit IgG (HRP) A9169 Sigma- Aldrich
Rabbit Anti-Mouse IgG (HRP) ab6728 abcam

2.1.15 Computer Softwares

7500 Software v2.0.5

Axiovision 3.1

Basic local alignment serach tool
(BLAST)

BiSearch

everyVECTOR

GeneSnap 6.01

Microsoft Office: Mac 2011

Primer3

Quantification tool for Methylation
analysis (QUMA)

VectorNTI 10

Applied Biosystemes, Warrington, UK
Zeiss AG, Oberkochen, GER
http://blast.ncbi.nim.nih.gov/Blast.cgi

http://bisearch.enzim.hu
http://everyvector.com

Syngene, Cambridge;UK

Microsoft Deutschland GmbH,
Unterschleilheim, GER
http://bioinfo.ut.ee/primer3-0.4.0/
http://quma.cdb.riken.jp nvitrogen GmbH,
Darmstadt,GER

Invitrogen GmbH, Darmstadt,GER
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2.2 Methods

2.2.1 Microbiological methods

2.2.1.1 Bacterial culture

Escherichia coli (E.coli) DH10B cells and TUNER™(DE3)pLacl cells were grown either in LB-
medium in an orbital shaker at 230rpm or on agar plates in an incubator at 37°C O/N. LB-
medium and agar plates were supplemented with 100ug/ml of the appropriate antibiotic. For
liquid culture a single colony was picked with a sterile pipette tip, inoculated into 5 to 150mi

LB-medium supplemented with the appropriate antibiotic and incubated at 37°C O/N.

2.2.1.2 Bacterial Transformation

Recombinant DNA-molecules were introduced into electrocompetent DH10B cells or
TUNER™(DE3)pLacl cells by electroporation. For this purpose, 50ul of frozen bacterial cells
were thawed on ice and mixed with 2ul of recombinant DNA-molecules, transferred into a
2mm electroporation cuvette and pulsed at 2500V for 5ms in an Eppendorf Multiporator.
Afterwards 500ul of prewarmed LB-medium were added to the electroporated cell
suspension and incubated at 37°C for 30min in an orbital shaker. Subsequently, the bacterial
suspension was plated onto agar plates containing the appropriate antibiotic and incubated
at 37°C O/N.

2.2.1.3 Cryopreservation of bacterial cultures

For the long-term storage of bacteria, 500ul of an over-night culture were transferred to a 2ml
cryopreservation tube containing 500ul 99% (v/v) glycerol, mixed gently by inversion and
stored at —80°C.

2.2.1.4 Measurement of the optical density of bacterial suspensions

To monitor the growth of bacterial liquid cultures the optical density was determined at a
wavelength of 600nm (OD600) with the Eppendorf BioPhotometer according to the

manufacturer’s instructions.

2.2.1.5 Expression of recombinant Cre protein

To express recombinant His-TAT-NLS-tagged Cre (HTNCre) protein, the vector pTriEx-

HTNC (Addgene) was used. For the preparation of an over-night culture, LB-medium
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supplemented with 100ug/ml ampicillin and 1.0% (w/v) glucose was inoculated with pTriEx-
HTNC transformed TUNER™ (DE3)pLacl bacteria and incubated at 37°C O/N. The next day,
a bacterial expression culture was set up. For this purpose, TB-medium (1.2% peptone, 2.4%
yeast extract, 72mM K;HPO,4, 17mM KH,PO,4 and 0.4% (v/v) glycerol) supplemented with
0.5% (w/v) glucose was inoculated in a ratio 1:50 with the over-night culture and grown in an
orbital shaker at 37°C until an ODgy of 1.5. Subsequently, expression of recombinant
HTNCre protein was induced by adding 0.5mM isopropyl B-D-thiogalactopyranosid (IPTG)
and bacterial growth proceeded in an orbital shaker at 37°C for 4h. Thereafter bacterial cells
were collected by centrifugation at 5000rpm and 4°C for 10min and the bacterial cell pellet
was stored at -20°C O/N.

2.2.1.6 Extraction and purification of recombinant HTNCre protein from bacteria

Frozen bacterial cell pellets were resuspending in Lysis Buffer (50mM NaH,PO,, 5mM
Trizma Base, pH 7.8 supplemented with 1x complete mini protease inhibitor) at 10mli/L
expression culture and subsequently mechanically dissociated by mixing the suspension on
a magnetic stirrer for 15min at RT. While mixing, 2mg/ml lysozyme was added for 15min at
RT, followed by adding 25U/ml benzonase for 15min at RT. After sonification on ice for
1.5min with 0.5 pulses at 45% of power, 1ml ice-cold Tartaric Salt Buffer (TSB) (50mM
NaH,POQO,4, 5mM Trizma Base, pH 7.8, 2M L-tartaric acid disodium salt, 20mM imidazole) per
ml cell suspension was added and incubated while mixing for 5min at 4°C. Thereafter the
suspension was centrifuged at 30000xg for 25min at 4°C. Then the supernatant, which
contained the recombinant HTNCre protein was mixed with 2ml of 50% Ni-NTA slurry and
incubated for 1h at 4°C under agitation.

In addition, to enhance the recovery of recombinant HTNCre protein, the cell pellet was
additionally resuspended in 10ml Lysis Buffer and pressed ten times through a 18G needle.
Thereafter the bacterial suspension was processed as after sonification and mixed with 2ml
of 50% Ni-NTA slurry and incubated for 1h at 4°C under agitation. Prior to loading, EconoPac
columns were equilibrated with 10ml Lysis Buffer equilibrated. Unbound material was
removed from the columns by washing them twice with 5ml Washing Buffer (50mM
NaH,POQ,4, 5mM Trizma Base, pH 7.8, 500mM NaCl, 15mM imidazole). The HTNCre protein-
containing fraction was eluted with 3ml Elution Buffer (50mM NaH,PO,4, 5mM Trizma Base,
pH 7.8, 500mM NaCl, 250mM imidazole) and dialyzed against Salt Buffer (600mM NaCl,
20mM HEPES, pH 7.4). After 1h the buffer was exchanged and dialysis was performed O/N.
To allow further concentrating and stable storage of recombinant HTNCre protein, the protein
solution was dialyzed against Glycerol Buffer (50% (v/v) glycerol, 500mM NaCl, 20mM
HEPES, pH 7.4) for 5h, then the buffer was renewed and dialysis proceeded O/N. The

purified, recombinant HTNCre protein stock solution was aliquoted and stored at -20°C.
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2.2.2 Mammalian cell culture methods

2.2.2.1 Mammalian cell culture

Mammalian cell culture work was carried out in a sterile class Il laminar flow hood with sterile
or autoclaved material and pipette filter tips. Unsterile solutions and solvents were filter
sterilized through a 0.22um filter prior to use. All media and supplements were prewarmed in
37°C water bath prior to use. Mammalian cell culture medium was changed every second to
third day and at a confluence of 80-90% cells were passaged. For this purpose, old cell
culture medium was aspirated, cells rinsed with PBS and detached by the use of Accutase.
After incubation at 37°C and 5% CO,humidified atmosphere for 5min the action of Accutase
was stopped by resuspending detached cells with the appropriate culture medium containing
serum. Depending on the growth characteristics of the cells, cells were split in a ratio 1:2 to
1:10. All cells were cultivated at 37°C in a 5% CO,humidified atmosphere in a Steri-Cycle
CO; incubator. Cell morphology and the absence of bacterial infections were regularly
checked under an inverted microscope and photographs were taken with the AxioVision

System.

2.2.2.2 Isolation of primary porcine mesenchymal stem cells (pMSCs)

For the isolation of primary pMSCs, pigs in the age of 6 to 7 months were slaughtered. Neck
fat tissue, femur and tibia of the sacrificed pigs were sprayed with Barrycidal, placed in PBS
supplemented with 100U/ml Penicillin, 100ug/ml Streptomycin and 2.5ug/ml Amphotericin B
and transported to the laboratory in a thermo box at 37°C. Prior to isolation, all tissues and

equipment used were cleaned thoroughly with 80% ethanol.

2.2.2.3 Isolation of bone marrow-derived mesenchymal stem cells (pBM-MSCs)

For the isolation of pBM-MSCs the epiphysis of tibia and femur were sawed off and the bone
marrow was flushed out with prewarmed heparin solution (1000U heparin/ ml Hank’s Salt
Solution) using a 20G needle. The aspirated bone marrow was collected in a 150mm cell
culture dish and in each case 20ml of the aspirated marrow were loaded onto 25ml of
Lymphocyte Separation Medium and centrifuged at 1000xg for 20min with slow acceleration
and deceleration. Then 7ml of the gradient interphase, containing mononuclear cells, were
transferred to new 50ml falcon tube and washed with 35ml Hank’s Salt Solution. After
centrifugation at 600xg for 10min, the cell pellet was resuspended in pMSC culture medium
(Advanced DMEM, 2mM GlutaMax, 1x NEAA, 5ng/ml FGF-2, 10% FCS) supplemented with
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100U/ml Penicillin, 100ug/ml Streptomycin and 2.5ug/ml Amphotericin B, seeded onto one
T150 cell culture flask per bone and cultured. The next three days, primary cells were rinsed
twice with PBS and fresh culture medium was added. At the fourth day, cells were cultivated

in culture medium without any antibiotics and antimycotics.

2.2.2.4 Isolation of adipose tissue-derived mesenchymal stem cells (pAD-MSCs)

Fat tissue was placed in a 10mm petri dish containing 10ml Collagenase Type I-A solution
(0.01% (w/v) collagenase Type I-A in PBS) and finely minced with a scalpel. For proper
tissue degradation the in Collagenase Type I-A solution minced fat tissue was transferred
into a conical flask with a magnetic stir bar and incubated on a magnetic stirrer at 37°C for
20min. After enzymatic and mechanic tissue degradation, undigested tissue pieces were
removed by filtering the muddy cell suspension through a 100um cell strainer. The liquid was
collected in a 50ml falcon tube, mixed with an equal volume of pMSC culture medium and
centrifuged at 1000xg for 10min. The cell pellet was resuspended in pMSC culture medium

supplemented with antibiotics and antimycotics and cultivated as described in 2.2.2.3.

2.2.2.5 Cryopreservation and thawing of mammalian cell lines

For the long-term storage of mammalian cells, cells were cryopreserved and stored in liquid
nitrogen. For this purpose, cells were detached, resuspended in pMSC culture medium and
pelleted at 340xg for 5min. Afterwards the cell pellet was resuspended in freezing medium
(70% pMSC culture medium, 20% FCS, 10% DMSO), transferred to 2ml cryogenic vials,
which were conveyed to a Mr. Frosty box and stored at -80 °C. Two days later, the cryogenic
vials were transferred into liquid nitrogen.

To thaw porcine cells, a cryogenic vial of cryopreserved cells was prewarmed in a 37°C
water bath until the cell suspension liquefied. In the meanwhile a 15ml falcon tube was
prepared containing 10ml of pMSC cell culture medium. Then the liquefied cell suspension
was transferred into the 15ml falcon tube using a disposable pipette. After centrifugation at
340xg for 5min, the supernatant was aspirated, the cell pellet resuspended in 8 ml culture

medium, transferred to T25 cell culture flask and cultured.

2.2.2.6 Cell counting and determination of cell number

Using a Neubauer counting chamber 10yl of detached, resuspended single cell solution was
transferred to a hemocytometer and four squares were counted. Cell number per ml

suspension was calculated according to the following formula:
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number of cells perml =  number of cells in four squares  x 10*/ml
4

2.2.2.7 Cell preparation for somatic cell nuclear transfer (SCNT)

Two days prior to SCNT, primary pMSCs were induced to cell cycle synchronisation by
serum starvation. For this purpose, primary pMSCs were rinsed twice with PBS and
starvation medium (Advanced DMEM, 2mM GlutaMax, 1x NEAA, 0.5% FCS) was added.

2.2.2.8 Transfection of primary pMSCs by electroporation

To introduce recombinant plasmid DNA molecules into primary pMSCs, cells were
transfected by electroporation. For this purpose, 1x10° pMSCs were pelleted at 340xg for 5
min, the supernatant was discarded and the cell pellet was resuspended in 400ul
prewarmed, hypoosmolar buffer. Then 10ug of linearized plasmid DNA was added to the cell
suspension, mixed and incubated for 10min at RT. Afterwards the cell suspension was
transferred into a 4mm cuvette and pulsed at 1200V for 85us in an Eppendorf Multiporator.
After pulsing, the cell suspension was incubated for 10min at RT and electroporated cells

were seeded onto a T75 cell culture flask and cultured.

2.2.2.9 Selection of transfected pMSCs and derivation of single cell clones

48 hours after electroporation, pMSCs were split into selection medium (pMSCs culture
medium supplemented with either G418 or Blasticidin S) and plated onto 150mm cell culture
dishes. Culture proceeded in pMSCs selection medium until single cell colonies were visible.
For picking sufficiently large single cell colonies, dishes were rinsed with PBS and small
autoclaved in Accutase soaked filter papers were placed onto each colony and incubated for
3min at 37°C and 5% CO.in humidified atmosphere. Thereafter filter papers were transferred
to 24-well plates containing selection medium. Two days after single cell clone picking filter

papers were removed and culture continued.

2.2.2.10 HTNCre protein transduction into primary pMSCs

To investigate HTNCre mediated recombination, genetically modified pMSCs containing
floxed transcriptional stop cassettes were transduced with purified, recombinant Cre protein.

One day prior to protein transduction, 4x10* pMSCs were plated per well of a 12-well plate
and cultured. The next day, 5.0uM of recombinant HTNCre protein were diluted in pMSCs
starvation medium. After HTNCre containing medium was filter sterilized through a 0.22 ym

filter disk, the cells were rinsed with PBS and subsequently incubated with HTNCre
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containing medium at 37°C and 5% CO; in humidified atmosphere for 8h. After HTNCre
protein transduction, cells were rinsed twice with PBS and culture proceeded in standard

pMSC culture medium.

2.2.2.11 Derivation of single cell clones by limiting dilution cloning

72 hours after HTNCre protein transduction, pMSCs were subjected to limiting dilution
cloning. For this purpose, cells were detached, counted and a cell concentration of 2.5
cells/ml pMSC culture medium was adjusted by serial dilution. Subsequently, 200ul of the
cell suspension were transferred per well of a 96-well plate and cultured at 37°C and 5% CO,

in humidified atmosphere.

2.2.2.12 Assessment of cellular proliferation

For analysing the growth characteristics and population doubling time of primary and
genetically modified pMSCs 1x10* cells were seeded either per well of a 6-well plate or per
T25 cell culture flask. Over a time period of 72h, cell numbers were determined daily in
triplicates with the Countess® automated cell counter according to the manufacturer's
instructions.

Population doubling time (PDT) was calculated according to the following formula, whereby
At is the duration between two time points, N4 the determined cell number at time point 1 and

N, the determined cell number at time point 2:

PDT = log 2 x At
log N2 - log N

In addition, the proliferation capacity of primary and genetically modified pMSCs was
assessed by a colony formation assay. Therefore 1x10° cells were seeded onto a 100mm
cell culture dish and culture proceeded with regular medium change for three weeks.

For visualising formed colonies, they were stained with crystal violet. For this purpose, cells
were rinsed twice with PBS and 10ml crystal violet solution (0.5% crystal violet in 20%
methanol) were added to the cells and incubated for 10min at RT. Thereafter the crystal

violet solution was aspirated, cells were rinsed twice with PBS and photographs were taken.

2.2.2.13 In vitro cell transformation assays

To determine the transformation potential of primary and genetically modified pMSCs their
loss of contact inhibition and their anchorage-independent growth in soft agar were

investigated.
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To assess the growth characteristics of primary and genetically modified pMSCs at high cell
densities, cells were detached by using Accuatse, counted and 1x10° cells were plated per
100mm cell culture dish in triplicates. Mammalian cell culture proceeded with regular medium
change for four weeks. Thereafter photographs were taken with the AxioVision System.

Since anchorage-independent growth is considered as the most stringent in vitro assay for
proving cellular transformation, primary and genetically modified pMSCs were resuspended
and cultured in soft agar. For this purpose, 0.6% (v/v) bottom agar medium was prepared by
mixing 1.2% (w/v) Noble agar in a ratio 1:1 with 2x DMEM™ medium (2x DMEM, 2x NEAA,
4mM GlutaMax, 88mM NaHCO3;, 20% FCS, 200ug/ml Penicillin/Streptomycin). Thereafter 6-
well plates were coated with 0.6% (v/v) bottom agar medium and incubated at RT to allow
the agar to solidify. In the meanwhile, the 0.4% (v/v) top agar was prepared by mixing 0.8%
(w/v) Noble agar with 2x DMEM** medium. Then cells were detached, counted and 1x10°
cells were suspended in 0.4% top agar medium and plated on top of the solidified bottom
agar. Each cell clone was plated in triplicates. After solidification at RT, 6-well plates were
incubated at 37°C and 5% CO, in humidified atmosphere. The day after plating, standard
pMSC culture medium was added to the cells and culture proceeded for three weeks.
Colonies greater than 50um in diameter were considered as a colony, counted and

photographs were taken with the AxioVision System.

2.2.3 Isolation of nucleic acids

2.2.3.1 Isolation of plasmid DNA from bacterial cells

2.2.3.1.1 Miniprep

To isolate plasmid DNA in a small-scale from a 5ml over-night bacterial suspension culture
the alkaline lysis method was applied. Therefore 2ml of the bacterial suspension were
centrifuged and the pellet was resuspended in 100ul of Alkaline Lysis Solution | (5mM
sucrose, 10mM EDTA, 25mM Tris, pH 8.0) to ensure lysis of bacterial cells. Afterwards 200pl
of Alkaline Lysis Solution Il (0.2M NaOH, 1% (w/v) SDS) and subsequently 150ul of Alkaline
Lysis Solution 11l (3 M sodium acetate) were added and incubated on ice for 30min to allow
the precipitation of bacterial DNA and proteins. After centrifugation the supernatant was
transferred to a fresh 2ml reaction tube and 1ml of 95% (v/v) EtOH was added, mixed and
spun down. After removing the supernatant, the plasmid DNA pellet was washed with 80%
(v/v) EtOH and again with 95% (v/v) EtOH. Finally, the air-dried pellet was dissolved in 50yl
of ddH,0 supplemented with RNase.
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2.2.3.1.2 Midiprep

For the extraction of greater plasmid DNA amounts, plasmid DNA from an 150ml over-night
bacterial suspension culture was isolated with the NucleoBond Xtra Plasmid Purification Kit
according to the manufacturer’s instructions. After isolation, the air-dried pellet was dissolved
in 150pl low Tris-EDTA (10mM Trizma base, 0.1mM EDTA).

2.2.3.2 Genomic DNA isolation from gene targeted cell clones using Igepal-Lysis Buffer

For the screening of positive targeting events, single cell clones grown on 24-well plates
were detached with 100ul Trypsin. While half of the detached cell suspension was plated
onto 12-well plates, 50l of this cell suspension was stored at —20°C O/N. The next day, the
cell suspension was spun down at 7000xg for 5min and the cell pellet was resuspended in
50ul Igepal-Lysis Buffer (50mM KCI, 1.5mM MgCl,, 10mM TrizmaBase, pH 8.0, 0.5% (v/v)
NP40, 0.5% (v/v) Tween20, pH 8.0) supplemented with 100ug/ml ProteinaseK solution. After
incubation at 60°C for 1h the reaction was heat inactivated at 95°C for 15min and spun down
at 14000xg for 5min. The supernatant was transferred to a fresh reaction tube and 5pl of

isolated, genomic DNA was applied for PCR screenings.

2.2.3.3 Genomic DNA isolation by Phenol Chloroform Isoamyl alcohol extraction

To isolate genomic DNA from tissue samples or mammalian cells, phenol chloroform
isoamylalcohol extraction was performed. The material was mixed with 1ml of Lysis Buffer
(1M Tris-HCI pH 8.5, 0.5M EDTA, 20% (w/v) SDS, 5M NaCl) supplemented with 100ug/ml
ProteinaseK solution and incubated on a rocking platform at 55°C O/N. The next day, 20ug
of RNaseA solution was added to the samples and incubated for 5min at RT. Subsequently,
the lysed sample was transferred to a fresh 2ml reaction tube and an equal volume of phenol
chloroform isoamyl alcohol (25:24:1) solution was added, mixed gently and incubated for
10min at RT. To separate the aqueous phase from the organic phase, the sample was
centrifuged at 14000xg for 15min. Then, the aqueous phase containing genomic DNA was
transferred to a fresh 2ml reaction tube and an equal volume of chloroform was added,
vortexed and centrifuged at 14000xg for 10min. In order to precipitate genomic DNA, the
aqueous phase was transferred to a fresh reaction tube mixed with 0.7 volume of 100% (v/v)
isopropanol and spun down at 14000xg for 15min. Subsequently, the pellet was washed with
70% (v/v) EtOH and centrifuged at 14000xg for 15min. Thereafter the pellet was air-dried
and dissolved in low Tris-EDTA and stored at 4°C.
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2.2.3.4 Total RNA isolation using TRIzol

For microarray analysis RNA of primary and genetically modified porcine cells was isolated
using TRIzol. Therefore cells were cultured on T75 cell culture flasks and at a confluence of
80% 3ml of TRIzol were added and incubated for 5Smin at RT. After cell lysis, in each case
1ml of the cell suspension was transferred to a fresh 2ml reaction tube. Per 1ml of lysed cells
200yl chloroform were added, mixed for 15sec, then incubated for 3min at RT and
centrifuged at 12000xg for 15min at 4°C. Afterwards the transparent aqueous phase was
transferred to a fresh 1.5ml reaction tube and mixed with 500yl ice-cold isopropanol. After
incubation for 10min at RT, the mix was centrifuged at 12000xg for 10min at RT. Afterwards
the pellet was washed with 1ml 75% EtOH and vortexed. After centrifugation at 7500xg for
5min at 4°C and the pellet was air-dried and dissolved in 50ul ultra pure H,O, aliquoted and
stored at -80°C.

2.2.3.5 Isolation of total RNA and genomic DNA using the SurePrep* RNA/DNA/Protein

Purification Kit

The application of the SurePrep* RNA/DNA/Protein Purification Kit allowed the sequential
isolation and purification of total RNA and genomic DNA from a single sample. Here, total
RNA and genomic DNA from cultured porcine cells were isolated according to the

manufacturer’s instructions.

2.2.3.6 DNAse treatment of RNA preparations

To remove residual genomic DNA contaminations from isolated RNA preparations, the

TURBO DNA-free™ Kit was applied according to the manufacturer’s instructions.

2.2.3.7 Photometric determination of nucleic acid concentrations

Concentrations of nucleic acids were measured photometrically at a wavelength of 260nm

with the Eppendorf BioPhotometer according to the manufacturer’s instructions.

2.2.4 Molecular biological methods

2.2.4.1 Preparation of bisulfite converted DNA

To analyse the DNA methylation pattern of primary and genetically modified porcine cells,

500ng of genomic DNA were used for bisulfite conversion applying the EpiTect Fast Bisulfite
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Conversion Kit. Thermal cycling conditions for bisulfite conversion were: Denaturation 5min,
95°C; Incubation 20min, 60°C; Denaturation 5min, 95°C; Incubation 20min, 60°C.

Converted DNA was cleaned up and processed according to the manufacturer’s instructions.

2.2.4.2 Synthesis of complementary DNA (cDNA)

For expression analysis total RNA was reversed transcribed into cDNA by applying
SuperScript® lll Reverse Transcriptase (Invitrogen™). cDNA synthesis was performed with
700ng of total RNA and random hexamer primers according to the manufacturer’s

instructions.

2.2.4.3 Polymerase chain reaction (PCR)

For the amplification of specific DNA fragments from plasmid DNA, genomic DNA and cDNA
polymerase chain reactions (PCRs) were carried out. Depending on the amplification
purpose different DNA polymerases were applied according to the manufacturer's
instructions. Phire polymerase was used to detect positive KRAS targeting events and the
presence of the G12D mutation in exon 2 of the targeted allele. Whereas 5’PRIME DNA
polymerase was employed to perform a PCR over the long arm of the KRAS targeting
construct. For all other analytical PCRs GoTaq DNA polymerase was utilised. Table 2

summarises thermal cycling conditions for the different DNA polymerases used.
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DNA Step Temperature Time Cycles
polymerase
Initial 98C* 3min 1
denaturation
Denaturation 98C° 5sec
Phire Annealing 61C° - 65°C 5sec 40
Elongation 72C° 50sec - 1:45min
Final elongation 72C° 1min 1
Final hold 8°C 0
Initial 93cC° 3min 1
denaturation
Denaturation 93C° 15sec
Annealing 64°C 30sec 10
Elongation 68C° 10min
SPRIME Denaturation 93C° 15sec
Annealing 64°C 30sec
Elongation 68C° 10min with 20sec time
increment for each 17
elongation step
Final hold 8°C 0
Initial 95°C 5min 1
denaturation
Denaturation 95°C 30sec
GoTaq Annealing 57°C -61°C 30sec 30-40
Elongation 72°C 1:00min - 3:30min
Final elongation 72°C 5min 1
Final hold 8°C 0

Table 2: Polymerases used with the respective PCR programs

2.2.4.4 Subcloning of PCR products

Purified PCR products were subcloned into the pJet1.2 Blunt cloning vector of the CloneJET
PCR Cloning Kit. Blunting and ligation reactions were performed according to the
manufacturer’s instructions, with the modification that the ligation mix was incubated at 4°C
O/N.
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2.2.4.5 Colony PCR

As a fast and convenient method for screening of recombinant transformants colony PCR
was conducted. For colony PCR DNA was obtained directly from bacterial transformants and
primers were used, which flanked the cloning site of the pJet1.2 Blunt cloning vector. After
the PCR reaction was set up and aliquoted, single colonies were picked from antibiotic
containing plates with a sterile pipette tip, resuspended in the PCR reaction mix and streaked

onto LB agar plates supplemented with the appropriate antibiotic as a backup.

2.2.4.6 Quantitative real-time PCR (qRT-PCR)

For relative quantification of gene expression two-step qRT-PCR experiments were
performed using Fast SybrGreen PCR MasterMix and the 7500 Fast Real-Time PCR
System. Primer specificity, cDNA dilutions and PCR efficiencies were determined by melting
curve analysis. For relative quantification of gene expression levels 1ul of 1:5 diluted cDNA,
0.4uM forward primer, 0.4uM reverse primer and 1x Fast SybrGreen PCR MasterMix were
applied. The reaction was performed in a total volume of 10ul and each sample type was run
in triplicates. Thermal cycling conditions were 95°C, 10 min; 40 cycles of 95°C for 15 s, 60°C
for 1 min. The AACt method was used to calculate the fold-differences in expression levels

normalised to endogenous GAPDH expression.

2.2.4.7 Microarray analysis

In order to dissect the transcriptional changes, which arose along defined stages of
malignant porcine mesenchymal stem cell transformation microarray analysis was
performed. In the case of unmodified pMSC, unrecombined and recombined pMSCs total
RNA from three biological replicates was isolated using TRIzol. Whereas in the case of
stable selected Myc transfectants and porcine sarcoma derived tumour cells total RNA from
three technical replicates was prepared. Gene expression experiments were performed by
Morgane Ravon (Global NCS Molecular Pathology) at the F. Hoffmann-La Roche AG in

Basel.

2.2.4.8 Assessment of copy number alterations

To detect and quantify variations in copy number alterations quantitative PCR (QPCR) was
carried out using Fast SybrGreen PCR MasterMix. After optimisation of gPCR conditions,
relative quantification of copy number alterations were performed in a total volume of 10l
with 10ng of genomic DNA and 0.3uM primer stocks and 1x Fast SybrGreen PCR
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MasterMix. Thermal cycling conditions were 95°C, 10 min; 40 cycles of 95°C for 15 s, 60°C
for 1 min. Each sample was run in triplicates and data were normalised to GAPDH as a
reference gene. For the calculation of copy number alterations the AACt method was

applied.

2.2.4.9 Restriction endonuclease digestion

For DNA restriction enzyme digestion of plasmid DNA and genomic DNA 5 units (U) of
restriction endonuclease per yg DNA were used. Whereas restriction fragment length
polymorphism (RFLP) were detected by cleaving 20ul of un-purified PCR samples with 5U of
the respective restriction endonuclease. The reaction was performed according to the
manufacturer’s instructions and incubated for 2h at the temperature appropriate for the

endonuclease.

2.2.4.10 Electrophoretic separation of DNA fragments

Agarose gel electrophoresis was carried out for separating DNA fragments according to their
size. Thereby the concentration of the agarose gel was adjusted to the size of the expected
DNA fragments. For this purpose, 0.7% to 2.0% (w/v) low melting agarose powder was
dissolved in either TAE Buffer (40mM Trizma base, 20mM acetic acid, 1mM EDTA, pH 8.0)
or TBE Buffer (90mM Trizma base, 90mM boric acid, 2mM ETDA, pH 8.0) and heated.
Subsequently the cooled agarose gel was supplemented with 0.1ug/ml ethidium bromide and
poured into a cast with a comb. Prior to electrophoretic separation, DNA samples were mixed
with 5x DNA loading dye (50% (v/v) glycerol, 10mM EDTA, 0.1% (w/v) SDS and traces of
bromphenol blue) and loaded onto the solidified agarose gel together with 100 bp or 1 kb
DNA markers, that enabled the comparison of DNA fragment sizes. The gels were run at a
voltage of 80V to 120V for 90min and electrophoretically separated DNA fragments were

visualised under UV light (254 nm) using the Gene Genius Bioimaging System.

2.2.4.11 Isolation of DNA fragments from agarose gels

To isolate DNA fragments from agarose gels, the gels were put onto a UV table and the
desired DNA fragments were cut out with a clean scalpel and purified using the Wizard SV

Gel and PCR Clean-up system according to the manufacturer’s instructions.
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2.2.4.12 Sequencing of DNA fragments

DNA sequencing was performed by Eurofins Genomics GmbH (Ebersberg, GER). Prior to
shipping, PCR samples were cleaned up by applying either the Wizard SV Gel and PCR
Clean-up system or by shrimp alkaline phosphatase (SAP) and Exonuclease | (Exol)
treatment. In the latter case, 10ul of the PCR sample were mixed with 0.1U SAP and 6U
Exol and filled up with ddH,O to obtain a reaction volume of 12ul. The reaction was
incubated at 37°C for 30min and then heat inactivated at 80°C for 15min. Subsequently, the

purified PCR samples were sent for sequencing.

2.2.4.13 Plasmid DNA precipitation

For transfection experiments of mammalian cells sterile plasmid DNA was needed. For this
purpose, linearized plasmid DNA was mixed with 0.1 volumes of 3M NaCl and 2 volumes of
ice-cold 100% EtOH, vortexed and stored at -20°C O/N. The next day, the solution was
centrifuged at 14000xg for 10min and all subsequent steps were performed under sterile
conditions. Firstly, the supernatant was discarded, the pellet washed with 70% EtOH and
centrifuged at 14000xg for 20min. Thereafter the DNA pellet was air-dried and dissolved in
50ul low Tris-EDTA and stored at 4°C.

2.2.4.14 Southern Blot analysis

Southern blot hybridisation was carried out to confirm the integration of the KRAS targeting
construct at the endogenous KRAS gene locus in porcine cells. This analysis allowed

discriminating targeted cell clones from randomly integrated ones.

2.2.4.14.1 Preparation of DIG-labelled probe

Digoxigenin-11-2'-deoxy-uridine-5'-triphosphate (DIG) labelled probes were used to detect
single copy DNA sequences on a blot. Two internal DIG-labelled probes, a BS-probe and a
NEO-probe, were prepared by PCR labelling using GoTaq Polymerase and 10ng of the
relative targeting construct as DNA template according to the manufacturer’s instructions. To
evaluate the efficiency of DIG labelling, a PCR reaction without labelled-UTPs was set up to
compare the shift in molecular weight of labelled and unlabelled probe by gel

electrophoresis.
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2.2.4.14.2 Southern blot

Per sample 12.5ug of genomic DNA was cleaved with Scal-HF for 5h and loaded onto a 1%
TAE gel without ethidium bromide. For size control 4ul of DIG-labelled molecular weight
marker were used. The gel was run at 40V for 16h. To enhance transfer of genomic DNA
fragments larger than 5kb, the gel was submerged in Depurination Solution (250mM HCI) for
10min. Then, the gel was incubated twice with Denaturation Solution (0.5M NaOH, 1.5M
NaCl) for 15min and subsequently twice in Neutralisation Solution (0.5M Tris-HCI, pH 7.5,
1.5M NaCl) for 15min. Prior to blot transfer, the gel was equilibrated in 20x SSC Buffer (3M
NaCl, 300mM sodium citrate, pH 7.0) for 10min. Thereafter the capillary blot transfer device
was assembled and transfer proceeded O/N. After rinsing the membrane in 2xSSC Buffer
(0.3M NaCl, 30mM sodium citrate, pH 7.0) the membrane was baked at 120°C for 30min,
which allowed the fixation of the transferred genomic DNA to the membrane. Thereafter the
membrane was put in a roller bottle and incubated with 10ml of prewarmed Prehybridisation
Buffer (DIG Easy Hyb) at the appropriate temperature of the relative probe used (BS-probe:
45°C; NEO-probe: 47.5°C) for 3h with gentle rotation. After the prehybridisation step, the
Hybridisation Solution (3pl of denatured DIG-labelled probe per ml DIG Easy Hyb) was
prepared and added to the membrane. Probe hybridisation was carried out at the appropriate
temperature of the relative probe used O/N with gentle rotation. After the hybridisation
procedure, the membrane was washed twice in Low Stringency Buffer (2x SSC containing
0.1% (w/v) SDS) for 15min, then twice in 68°C preheated High Stringency Buffer (0.5x SSC
containing 0.1% (w/v) SDS) for 15min and finally in Washing Buffer (0.1M Maleic acid, 0.15M
NaCl, pH 7.5, 0.3% (v/v) Tween20) for 2min. All washing steps were performed on a rocking
platform with gentle agitation at RT. Then blocking was carried with 1x Blocking Solution
(Roche) for 1h at RT. For visualising probe-target hybrids the membrane was incubated with
an Anti-Digoxigenin-AP Fab fragment (diluted 1:10000 in 1x Blocking Solution) for 30min at
RT. Thereafter the membrane was rinsed twice in Washing Buffer for 15min and finally in
Detection Buffer (0.1M Tris-HCI, 0.1M NaCl, pH 9.5) for 3 min. After adding the
chemiluminescent substrate (CDP-Star diluted 1:100 in Detection Buffer) the membrane was

sealed in a plastic wrap and exposed to a X-ray film for 45min at 37°C.

2.2.5 Biochemical methods

2.2.5.1 Protein extraction from mammalian cells

For the isolation of proteins for conventional Western blotting procedures cells grown on

100mm cell culture dishes were rinsed twice with ice-cold PBS and dissociated mechanically
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with 250l ice-cold Lysis Buffer (50mM HEPES, 150mM NaCl, 1mM EDTA, 0.5% IGEPAL-
630, 10% (v/v) glycerol, pH 7.9 supplemented with 1x phosphatase inhibitor and 1x complete
mini protease inhibitor) using a cell scraper. After mechanic dissociation the cell suspension
was stored at -80°C for 30min to enhance cell lysis. Thereafter the cell suspension was spun
down at 16000xg for 30min at 4°C. The cleared lysate was aliquoted and stored at -80°C.

To prepare protein lysates for the Raf-GST Pull-Down Assay adherent cells grown on

150mm cell culture dishes were rinsed twice with ice-cold PBS and dissociated mechanically
with 1ml ice-cold 1x MLB Buffer (25mM HEPES, pH7.5, 150mM NaCl, 1% Igepal-CA630,
10mM MgClI2, 1mM EDTA, 10% (v/v) glycerol supplemented with 1x phosphatase inhibitor
and 1x complete mini protease inhibitor) using a cell scraper. After centrifugation at 14000xg
for 5min at 4°C the cleared lysate was snhap frozen in liquid nitrogen and extracts were stored
at -80°C.

2.2.5.2 Determination of protein concentrations

The concentration of protein lysates was measured by using the Advanced Protein Assay
Reagent. Samples were set up according to the manufacturer’s instructions and transferred
to a 96-well plate. Subsequently the absorbance at 590nm was measured with a Multiscan
Ex device and protein concentrations were calculated according to the following formula:

1.0 ODsgonm = 37.5ug protein per ml reagent per 0.8cm

2.2.5.3 Sodiumdodecylsulfate Polyacrylamide Gelelectrophoresis (SDS-PAGE)

Denaturing SDS-PAGE was applied to separate proteins according to their molecular mass.
Therefore 12% to 15% resolving gels and 5% stacking gels were prepared according to
Table 3.

Reagent 12% resolving gel 15% resolving gel 5% stacking gel

Polyacrylamide (40%) 900yl 1125pl 125pl
1M Tris (pH 8.8) 1125l 1125l
0.5M Tris (pH 6.8) 250ul
10% SDS 30ul 30ul 10l
10% APS 30ul 30ul 10l
TEMED 1.2l 1.2l 1ul

ddH,O 913.8ul 688.8ul 604ul

Table 3: Formulation of 12% and 15% resolving gels and 5% stacking gel for SDS-PAGE

Between 20ug to 40ug of total protein lysates were mixed with 4x Lammli Buffer (250mM
Trizma-HCI, pH 6.8, 1% (w/v) SDS, 1M sucrose, 24mM dithiothreitol (DTT) and a trace of
bromphenol blue), heated at 95°C for 5min and spun down. In the meanwhile, the Mini-

PROTEAN 3 Cell was assembled according to the manufacturer’s instructions and filled with
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1x Running Buffer (25mM Trizma base, 200mM glycine, 0.1% (w/v) SDS). After boiling, pre-
stained protein marker and samples were loaded onto the gel. For electrophoretic
separation, an electric field of 100V and 400mA was applied for 20min, followed by 200V and
400mA for at least 40min.

2.2.5.4 PageBlue staining of separated proteins after SDS-PAGE

For fast and sensitive staining of separated proteins after SDS-PAGE the gel was incubated

in PageBlue™ protein staining solution according to the manufacturer’s instructions.

2.2.5.5 Western blot analysis

Separated proteins were transferred from the polyacrylamide gel to a PVDF membrane
(Immobilon-P) by semidry blotting. For this purpose, filter papers, fibre pads and the
polyacrylamide gel were equilibrated in Semidry Blotting Buffer (25mM Trizma base, 192mM
glycine, 20% (v/v) methanol) for 5min under agitation. In the meanwhile the PVDF membrane
was activated in 100% methanol for 1min and subsequently soaked in Semidry Blotting
Buffer. The Trans-Blot SD Semi-dry Electrophoretic Transfer Cell was assembled according
to the manufacturer’s instructions and electro-blotting was performed at 10V and 400mA for
30min. After blotting, the PVDF membrane was incubated in Blocking Buffer (20mM Trizma
base, 140mM NacCl, 0.1/ (v/v) Tween20 and 5% (w/v) BSA (TBST-BSA)) on an orbital shaker
for 90min at RT. After blocking, the membrane was washed three times with Washing Buffer
(20mM Trizma base, 140mM NaCl, 0.1% (v/v) Tween20) on an orbital shaker for 15min.
Then the membrane was incubated with the primary antibody diluted in Blocking Buffer on an
orbital shaker at 4°C O/N (antibodies with the appropriate dilutions are listed in Table 4). The
day after, the membrane was again washed three times in Washing Buffer for 15min and
subsequently incubated with an appropriate peroxidase-labelled secondary antibody diluted
in Blocking Buffer on an orbital shaker for 1h at RT (antibodies with the appropriate dilutions
are listed in Table 4) After three additional washing steps the membrane was placed in a
plastic wrap and chemiluminescence detection was performed using the Pierce ECL Western
Blotting substrate according to the manufacturer's instructions. The sealed membrane was

exposed to X-ray films for 5 to 20min.

2.2.5.6 Ras Activation Assay

To investigate the abundance of GTP-bound Ras proteins, 1mg of protein extract was mixed
with 10ug of the Ras Assay Reagent (a GST fusion protein, corresponding to the Ras

binding domain of Raf-1, bound to glutathione agarose beads) and incubated for 3 hours at
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4°C with gentle agitation. Thereafter the agarose beads were pelleted at 14000xg for 50sec
at 4°C and washed for three times with 500pl of 1x MLB Buffer. After the last washing step,
the pellet was resuspended in 40ul of 4x Lammli Buffer and 2ul of 1M DTT were added,
which should improve the release of GTP-bound Ras proteins from agarose beads. Prior to
SDS-PAGE, samples were boiled for 5min at 95°C and spun down. 20ul of processed
samples were loaded per lane. And as a loading control 20ug of unprocessed total protein
extracts were loaded per lane. SDS-PAGE and blotting were conducted as described in
2.2.55.

After SDS-PAGE, the membrane was rinsed twice with ddH,O and incubated in Blocking
Solution (PBS containing 0.05% Tween-20 and 3% (w/v) dry milk powder (PBST-MLK)) for
2h at RT on an orbital shaker. Thereafter the primary anti-Ras antibody, clone RAS10,
diluted 1:2000 in PBST-MLK was added and the membrane was incubated at 4°C O/N on a
rocking platform. The next day, the membrane was washed twice with PBST for 10min with
constant agitation. Subsequently the secondary antibody diluted 1:6000 in PBST-MLK was
added to the membrane and incubated for 60min at RT with gentle agitation. Finally the
membrane was washed three times with PBST for 10min before chemiluminescent detection

was performed as described above.
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Antibody Antigene Source Dilution Blocking Buffer
DO-1 p53 Mouse 1:5000 TBST-BSA
N-262 c-Myc Rabbit 1:250 TBST-BSA

Anti-GAPDH Glyceraldehyde-3-phosphate Mouse 1:5000 TBST-BSA
dehydrognease

Akt (pan) Akt Rabbit 1:1000 TBST-BSA

Phospho-Akt Phospho-Akt (Ser473) Rabbit 1:1000 TBST-BSA

(Ser473)

Phospho-Akt Phospho-Akt (Thr4308) Rabbit 1:1000 TBST-BSA

(Thr308)

Erk1/2 p44/42 MAPK Rabbit 1:1000 TBST-BSA
Phospho-Erk1/2 Phospho-p44/42 MAPK Mouse 1:1000 TBST-MLK
Clone RAS10 Ras Mouse 1:2000 PBST-MLK
HRP-conjugated Goat 1:20000 TBST-BSA
anti rabbit IgG
HRP-conjugated Horse 1:6000 TBST-BSA
anti mouse IgG PBST-MLK

Table 4: Antibodies used with the respective dilutions

2.2.6 Animal experiments

To assess the tumorigenicity of genetically modified pMSCs, these cells were injected
subcutaneously into immunological nonresponsive as well as in immunological responsive

animals and their capability to give rise to tumours was monitored.

2.2.6.1 Assessing the tumorigenicity of genetically modified pMSCs in immune-deficient mice

2.2.6.1.1 Xenotransplantation

To examine the tumorigenicity of genetically modified pMSCs in immune-deficient mice,
1x10" porcine cells were pelleted and suspended in chilled advanced DMEM medium without
any additives. Subsequently the cell suspension was mixed 1:1 (v/v) with high concentrated
Matrigel™ Basement Membrane Matrix (BD Biosystems) and kept on ice until cells were
injected subcutaneously into the back of NOD scid gamma mice. Implantations of porcine
cells into NOD scid gamma mice were performed by Stefan Eser (Department of Medicine Il)

at the Klinikum rechts der Isar.
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2.2.6.1.2 Isolation of primary porcine tumour cells

In the case, that injected genetically modified pMSCs formed a tactile tumour in NOD scid
gamma mice a porcine tumour cell line was isolated by Stefan Eser (Department of Medicine
II) at the Klinikum rechts der Isar. For this purpose, the animal was sacrificed, the skin
opened and a piece of tumour was resected and placed into DMEM medium supplemented
with 100ug/ml Penicillin/Streptomycin. The tumour tissue was finely minced with a scalpel
and digested with 200U/ml Collagenase Type IV (Worthington, USA) in DMEM medium
supplemented with 100ug/ml Penicillin/Streptomycin at 37°C O/N. The next day digested
tissue was centrifuged at 100rpm for 5min. The cell pellet was resuspended in normal pMSC
medium supplemented with 100U/ml Penicillin/Streptomycin and cells were cultivated at
37°C in a 5% CO, humidified atmosphere.

2.2.6.1.3 Histological examination of resected tumours

Paraffin embedding and sectioning of porcine tumour samples were carried out by Vanessa
Klein (Department of Medicine Il) at the Klinikum rechts der lIsar. For histological
examination, the H&E stained tumour sections were analysed by Prof. Dr. Esposito (Institute

of Pathology) at the Klinikum rechts der Isar.

2.2.6.2 Assessing the tumorigenicity of genetically modified pMSCs in an isogenic immune-

competent pig

To assess the capability of genetically modified pMSCs to give rise to tumours in
immunological responsive large animals, the parental unmodified pMSCs were used to clone
isogenic host animals. For syngeneic cell transplantation 1x10® porcine cells were pelleted
and resuspended in chilled PBS and kept on ice until cell transplantation. In two experiments
cells were resuspended in chilled advanced DMEM medium without any additives and mixed

™
I

1:1 (v/v) with high concentrated Matrigel ™ Basement Membrane Matrix (BD Biosystems) and
kept on ice. Dr. Barbara Kessler (Molecular Animal Breeding and Biotechnology, LMU)

preformed all subcutaneous injections behind the ears of a syngeneic immune-competent

pig.
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3 Results

3.1 Introducing defined oncogenic mutations into porcine mesenchymal stem cells

Most of the established tumour progression models are based either on the expression of
viral oncogenes or on the ectopic expression of oncogenes and dominant-negative tumour
suppressors that are under the control of constitutively active promoters. Although these
experimental cancer models provided considerable insights into the action and cooperation
of individual oncogenes and tumour suppressor genes in the multi-step process of cellular
transformation in vitro, they fall short, as they rely on the ectopic overexpression of
introduced transgenes. In this regard, these experimental transformation models do not
accurately recapitulate the situation in vivo, where oncogenes and mutant tumour suppressor
genes are expressed at physiological expression levels, as they are transcribed from their
endogenous gene promoters. To mimic the multi-step process of porcine neoplastic cell
3R167H (

transformation we aimed in introducing latent oncogenic TP5

TP53%"7% and mouse Trp537"7%") and KRAS®'?® (homologous to human KRAS®'?’ and
G12D)

orthologous to human
mouse Kras alleles into the endogenous gene loci by homologous recombination. These
two potent drivers of cellular transformation were chosen, as they are sufficient to induce full
transformation of primary mouse cells in vitro [233] and cooperate in the multi-step process
of tumorigenesis in vivo [209,259,260]. To test if this is also the case for porcine
mesenchymal stem cells (pPMSCs) a Cre recombinase inducible latent mutant TP53-S-R767

allele had been introduced into the endogenous TP53 gene locus in pMSCs (Figure 9) [256].

Exons 1 2 3 4 5 67 89 10 1

s — M -

*
TP53LSL-R167H “ . l:|_/1/—

Figure 9: Schematic overview of the porcine wild-type and modified TP53 gene locus

Top: Porcine TP53 gene locus. Exon numbers are indicated, coding and non-coding regions are
marked as black and open boxes. Below: Porcine TP53-SLR167H gene locus. Black triangles mark loxP
sites that flox a transcriptional termination cassette in intron 1, an asterisk indicates the G to A
substitution in exon 5. Abbreviations: SA: splicing acceptor, neo: neomycin resistance gene, pA: poly
adenylation signal. (Adapted from [256])

PCR analysis and sequencing of the mutation site in exon 5 conducted by Simon Leuchs,
indicated the loss of the wild-type TP53 allele in one of the cell clones. This cell clone was
designated as neo14. However, at the beginning of my work it was uncertain if the loss of the

wild-type TP53 allele had been due to TP535-F"¢"" homo- or hemizygousity. Therefore, the
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genotype of clone neo14 was designated as TP53"S-R'""? This cell clone was subjected to

a second round of gene targeting to introduce a latent oncogenic KRAS":¢"? allele.

3.1.1 Design of the KRAS-5:°"?° gene targeting vector constructs

The KRAS promoter trap gene vector comprised a 3.090 kb 5 short arm of homology
corresponding to a region of KRAS intron 1. 996 bp 5 of exon 2 a 1.3 kb floxed
transcriptional termination cassette (LSL) was inserted. This contained either a blasticidin
resistance gene (bsr) or a neomycin resistance gene (nheo) as described previously [256].
The LSL cassette was followed by a 9.194 kb long arm of homology that also includes an
engineered G to A point mutation within exon 2 that results in an amino acid substitution from
glycine to aspartic acid at codon 12 (G12D) (Figure 10). The KRAS-BS and KRAS-NEO gene
targeting vectors were constructed by Alexander Tschukes at our lab.

Exons 1 2 S * 2

KRAS-BS [l /l/

KRAS-NEO SA-neo-pA |

Figure 10: Schematic overview of the porcine KRAS gene locus and design of the porcine
KRAS™S-¢1%P gene targeting vectors

Top: Porcine KRAS gene locus. Exons are numbered, coding and non-coding exons are marked in
black and open boxes. Below: KRAS-BS and KRAS-NEO gene targeting vectors, respectively.
Vectors present the regions of homology, black triangles indicate loxP sites that flox the transcriptional
termination cassette in intron 1, the A to G point mutation in exon 2 is indicated by an asterisk.
Abbreviations: SA: splicing acceptor, bsr: blasticidin resistance gene, neo: neomycin resistance gene,
pA: poly adenylation signal. (Adapted from [261])

3.1.2 Derivation of pMSCs carrying latent oncogenic KRAS"672P and TP53-SER17H glieles

To introduce a Cre recombinase activatable oncogenic KRAS=¢"?" allele into the pMSC
derived cell clone neo14, 1x10° cells at passage seven were electroporated with 10ug of
linearised KRAS-BS gene targeting vector. Figure 11 shows the schematic overview of the

KRAS"S5C"2P gene locus.
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Figure 11: Schematic overview of the modified KRAS"**°’?° gene locus

Exons are numbered, coding and non-coding exons are marked in black and open boxes. Black
triangles indicate loxP sites that flox the transcriptional termination cassette in intron 1, the Ato G
point mutation in exon 2 is indicated by an asterisk. PCR and RT-PCR primers that were used to
identify targeted cells clones are indicated. Scal restriction sites and the hybridisation probe used for
Southern analysis are also shown. Abbreviations: SA: splicing acceptor, bsr: blasticidin resistance
gene, pA: poly adenylation signal

BS-resistant single cell clones were screened for a KRAS targeting event by PCR using
primers designed to amplify a 3.8 kb DNA fragment across the 5’ junction of the short arm
(KRAStarg_F) to the bsr gene (KRAStarg_R). In total, 65 single cell clones (designated as
neo14/K- subclones) out of 119 were positive for the diagnostic 3.8 kb DNA fragment. This
corresponds to a relative KRAS"S-C'?P targeting efficiency of 54.6%. A representative
screening result is depicted in Figure 12.

neo14/K- neol14/K- neo14/K-

M 13 1415 16 17 18 19 21|M| 82 83 848586 M M 49 51 55 56 60 63 67 70 M H,O0 + M

Figure 12: 5’ targeting PCR of BS-resistant neo14/K- subclones

M: 1 kb DNA ladder; neo14/K- subclones 13, 14, 15, 16, 17, 18, 19, 21, 82, 83, 84, 85, 86, 49, 51, 55,
56, 60, 63, 67, 70, H,O: water control, +: positive control, KRAS®™? targeted cell clone

Eleven clones amplified the diagnostic 3.8 kb DNA fragment.

Figure 12 illustrates the KRAS targeting PCR over the short arm of 21 BS-resistant neo14/K-
subclones. Twelve subclones show the expected 3.8 kb PCR product. Subclones neo14/K39
(not shown in Figure 12), neo14/K67, neo14/K82, neo14/K83 and neo14/K84 were
characterised in more detail.

Next, a long range PCR was performed to confirm the integrity of the 3’ end of the targeted
KRAS gene locus. Primers were designed to amplify a 10.8 kb DNA fragment across the LSL
cassette (KRAStargLA_F) to the 3’ junction of the targeting site (KRAStargLA_R) spanning
the long arm of the KRAS-BS gene targeting vector (Figure 13).
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neo14/K-

M WT neo1439 67 82 83 84 H,O M

10 kb 10 kb

3 kb 3 kb

Figure 13: 3’ targeting PCR of BS-resistant neo14/K- subclones

M: 1 kb DNA ladder; WT: wild-type pMSCs; neo14: parental cell clone neo14; neo14/K subclones: 39,
67, 82, 83 and 84, H,O: water control. BS-resistant subclones neo14/K39, neo14/K67, neo14/K82 and
neo14/K84 amplified the diagnostic 10.8 kb DNA fragment.

PCR screening over the long arm of the KRAS-BS gene targeting vector revealed the
integrity of the 3' end of the targeted site in the subclones neo14/K39, neo14/K67,
neo14/K82 and neo14/K84.

Next, these four cell clones were analysed for the presence of the KRAS®'??

mutation in
exon 2. Since the G to A substitution in codon 12 results in gain of a Bccl restriction enzyme
recognition site, restriction fragment length polymorphism (RFLP) test was used to detect the
presence of the G12D mutation. PCR was performed with oligonucleotides binding in the bsr
gene (Mut_F) and 649 bp 3’ of the second exon (Mut_R). The 2.8 kb amplified DNA fragment
was subjected to Bccl digest. The Table in Figure 14A shows sizes of expected DNA
fragments after Bccl restriction enzyme digest for wild-type KRAS (KRAS") and mutant
KRAS (KRAS®'?) targeted alleles, respectively.
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m K39 K67 K82 K84 m

KRASWT KRAS®G12D
Bccl restriction 609, 520, 430, 609, 520, 430, 500 bp 500 bp
enzyme 391, 249, 190, 257, 249, 190,
fragmentation 189, 187, 37 189, 187, 134, 37 200 bp
pattern (bp) 200 bp

Figure 14: Bccl RFLP test of BS-resistant neo14/K- subclones

A: Becl restriction enzyme fragmentation pattern of wild-type KRAS"™" and mutant KRAS®'?” targeted
alleles. Bccl digest of the 2.8 kb KRAS"™ DNA fragment results in a diagnostic 391 bp DNA fragment
containing codon 12. The presence of the G to A mutation in exon 2 leads to an additional Becl/
restriction enzyme recognition site, whereby the 391 bp DNA fragment is cleaved into 257 bp and 134
bp DNA fragments. B: Bccl digest of the 2.8 kb amplified DNA fragment of BS-resistant neo14/K-
subclones. m: 100 bp DNA ladder; neo14/K- subclones 39, 67, 82, 84; Subclones neo14/K39,
neo14/K67 and neo14/K82 showed the dia7gnostic KRAS®"® restriction fragmentation pattern, while
subclone neo14/K84 harbours the KRAS" sequence.

Figure 14B illustrates the results of the RFLP test of cell clones neo14/K39, neo14/K67,
neo14/K82 and neo14/K84. Clones neo14/K39, neo14/K67 and neo14/K82 were verified for
the presence of the G712D mutation in exon 2, while clone neo14/K84 possess the wild-type
sequence at the targeted KRAS allele.

As PCR analysis and RFLP test evidenced positive KRAS"S-¢"?" targeting events for the
clones neo14/K39, neo14/K67 and neo14/K82, these clones were subjected to Southern blot
analysis to investigate the lack of any additional random integrations of the KRAS-BS
targeting construct in these cell clones. The used BS probe hybridizes to the bsr gene and
detects a 6.5 kb Scal fragment indicative for the integration of the LSL-BS cassette at the
endogenous KRAS gene locus. As negative controls wild-type pMSCs and the non-targeted
subclone neo14/K83 were included. As shown in Figure 15, the 6.5 kb DNA fragment,

SHSEET2D gllele, was present in the subclones neo14/K39,

indicative for a targeted KRA
neo14/K67 and neo14/K82 and absent in wild-type pMSCs and subclone neo14/K83.
Moreover, no additional random integration of the KRAS-BS targeting construct was

observed.
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M K39 K67 K82 K83 WT M

8.6 kb

8.6 kb

7.4 kb s - 7.4 kb

6.1 kb e ' 6.1kb

4.9 kb ! 4.9 kb

3.6 kb -. -G
& 23kb
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Figure 15: Southern blot analysis of BS-resistant neo14/K- subclones

M: Dig-UTP labelled marker; neo14/K- subclones 39, 67, 82, 83; WT: wild-type pMSCs. The applied
DIG-UTP labelled probe hybridizes to the bsr gene in the LSL-BS cassette. The diagnostic 6.5 kb Scal
fragment is indicative for the integration of the LSL-BS cassette at the endogenous KRAS gene locus.
The KRAS"*¢"® targeted subclones neo14/K39, neo14/K67 and neo14/K82 show the expected 6.5
kb Scal fragment, while it is absent in wild-type pMSCs and the subclone neo14/K83.

Next, RT-PCR analyses were carried out to assess the expression of wild-type KRAS mRNA
and truncated KRAS-BS mRNA transcripts. Therefore, primers designed to amplify a 492 bp
DNA fragment from exon 1 (KRASEx1_F) to exon 4 (KRASEx4_R) were used to detect
expression of wild-type KRAS mRNA. Whereas the expression of truncated KRAS-BS mRNA
was verified by the amplification of a 536 bp DNA fragment from exon 1 to the bsr selectable
marker gene (bs_R). As illustrated in Figure 16, wild-type pMSCs and the parental cell clone
neo14 expressed only wild-type KRAS mRNA, while KRAS":6"?° targeted cell clones
additionally expressed the truncated KRAS-BS mRNA species.

wild-type KRAS mRNA truncated KRAS-BS mRNA

m WT neo14 K39 K67 K82 H,0 m m WT neol14 K39 K67 K82 H,O m

1000 bp
500 bp

1000 bp
500 bp

Figure 16: RT-PCR analysis of BS-resistant neo14/K- subclones

m: 100 bp DNA ladder; WT: wild-type cpMSCsl; neo14: parental cell clone neo14; neo14/K-
subclones: 39, 67, 82, H,0O: water control; All assessed cell samples expressed the wild-type KRAS
mRNA transcript (492 bp). The expression of the truncated KRAS-BS mRNA transcript (536 bp) was
detected only in the KRASSH6120 targeted cell clones neo14/K39, neo14/K67 and neo14/K82.

In summary, PCR and RT-PCR analyses proved the integrity and the functionality of the
targeted KRAS"S2C"? allele in the subclones neo14/K39, neo14/K67 and neo14/K82. For

that reason, the genotypes of them are designated as TP53"S-R"67"?  KRASH-SHC12D*  The
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next step was to show that the latent oncogenic TP5355%"%"" and KRAS-¢"?° alleles can

be activated by Cre recombinase mediated cassette excision.

3.2 Activation of latent oncogenic TP53-55R"7H and KRAS-S-6"?P alleles

To induce the expression of the porcine TP53%"°"" and KRAS®'?® mutations in genetically
modified pMSCs, the cell clone neo14/K67 (TP53--R167H7- KRASHSL672D™y was subjected to
Cre recombinase mediated cassette excision and single cell clones were obtained by limiting
dilution of cells into 96-well dishes. Cre mediated recombination should lead to the excision
of the floxed transcriptional stop cassettes and the relative selectable marker genes at the

distinct targeted gene loci (Figure 17).

Exons 1 234 56789 10 M1 1 234 567 89 10 1
P53 ™ -EH--B TP53 H N-EH--B—T
TPS3EX1_F HTPmEm R Trsatoxe F > ETPEaLP R
TP53LSL-R767H <E;—R * TP53L‘R767H *
SA-neo-pA I - l/ > l]ll .I I II . D l’
TP53LoxP F* <EKLL\XF’ R Cre TP53LDXPT> ‘T%]LuxP R
——
Exons 1 2 34 5 1 2 34 5
kRAS [} B KRAS ) 1
KRASERTLF T N KRASEIR krastod FP $kRAsLoxP_R
bs R * *
KRASLSL-G12D < KRASL-G12D
] I | A
KRASLuxF? CRAsLoP_R ><R»‘\SLuxf:> W\smxp R

Figure 17: Schematic overview of the wild-type and gene targeted TP53 and KRAS gene loci
before and after Cre recombinase mediated cassette excision

Left: Porcine wild-type and gene targeted TP53 and KRAS gene loci before Cre recombinase
mediated cassette excision. Right: Porcine wild-type and gene targeted TP53 and KRAS gene loci
after Cre recombinase mediated cassette excision. Exons are numbered, coding and non-coding
exons are marked in black and open boxes. Black triangles indicate loxP sites that flox the
transcriptional termination cassettes in intron 1, introduced point mutations in exons are indicated by
an asterisk. PCR and RT-PCR primers that were used to identify the excision of the relative floxed
transcriptional termination cassettes are also shown. Abbreviations: SA: splicing acceptor, bsr:
blasticidin resistance gene, neo: neomycin resistance gene pA: poly adenylation signal.

To get a rough idea of the efficiency of Cre mediated cassette excision a functional screen
for loss of the respective floxed selection cassettes was conducted. In this regard, 22 single
cell clones were split into culture medium supplemented with either 8 ug/ml BS or 600 ug/mi
G418, while the rest of the cells was expanded in medium without any selection additives. As
illustrated in Figure 18 the floxed LSL-BS cassette at the endogenous mutant KRAS-S-672P
gene locus was excised in all analysed single cell clones (Blasticidin S selection). While six
out of the 22 single cell clones still harboured the floxed transcriptional stop cassette at the

3HSER1TH qene locus (G418 selection). Collectively, these data

endogenous mutant TPS
indicate that Cre mediated cassette excision was very efficient at the targeted KRAS gene

locus and less so at the targeted TP53 gene locus.
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Blasticidin S selection G418 selection

Figure 18: Functional screen for loss of floxed selection cassettes

A1-A4: cell clones neo14/K67/1.1-1.4; B1-B4: cell clones neo14/K67/1.5-1.8; C1-C4: cell clones
neo14/K67/1.9-1.12; D1-D4: cell clones neo14/K67/1.13-1.16; E1-E4: cell clones neo14/K67/1.17-
1.20; F1-F2: cell clones neo14/K67/1.21-1.22; F3: no cells; F4: un-induced cell clone neo14/K67.
None of the single cell clones (A1-F2) survived Blasticidin S selection, indicating the successful
excision of the floxed LSL-BS cassette at the targeted KRAS"-®"?? allele. As a control the parental,
un-induced cell clone neo14/K67 (F4) was cultured in parallel. This cell clone survived Blasticidin S
selection due to the non-excised floxed LSL-BS cassette. Like the parental clone neo14/K67, the
subclones neo14/K67/1.2 (A2), neo14/K67/1.5 (B1), neo14/K67/1.8 (B4), neo14/K67/1.17 (E1),
neo14/K67/1.19 (E3) and neo14/K67/1.21 (F2) survived G418 selection, indicating the presence of the
LSL-neo cassette at the targeted TP53">-"°"" allele.

After this functional screen, genomic DNA of the fully recombined cell clones neo14/K67/1.1,
neo14/K67/1.3, neo14/K67/1.4 and the partially recombined cell clone neo14/K67/1.8 was
isolated and PCR was performed to confirm the successful recombination of the floxed stop
cassettes. Excision of the LSL-BS cassette leaves a single 34 bp loxP site in the first intron
of the recombined KRAS"®'? allele. Excision of LSL-NEO cassette leaves a 34 bp loxP site
plus a 22 bp vector remnant in the first intron of the recombined TP53“""°"" allele. Using
primer pairs spanning the respective LSL integration sites allowed the discrimination of wild-
type, unrecombined and recombined mutant alleles. The KRAS PCR screen was designed to
amplify a diagnostic 167 bp fragment from the wild-type KRAS allele (KRAS-WT), a 1.486 kb
fragment from the unrecombined targeted KRAS"S-¢'?° allele (KRAS-LSL), and a 201 bp

fragment from the recombined mutant KRAS-¢'%°

allele (KRAS-IoxP), respectively. The
TP53 PCR screen was designed in a similar manner to amplify a diagnostic 198 bp fragment
from the wild-type TP53 allele (TP53-WT), a 1.929 kb fragment from the unrecombined
TP53-SLR167TH gllele (TP53-LSL), and a 254 bp fragment from the recombined TP53-R"57"

allele (TP53-loxP), respectively.
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As shown in Figure 19, in wild-type pMSCs only the 167 bp KRAS-WT fragment and the 198
bp TP53-WT fragment were detected. In the un-induced cell clone neo14/K67 (genotype:
TP53-SLRIETH? - KR AGHSL-G12D™) the 167 bp KRAS-WT as well as the 1.486 kb unrecombined
KRAS-LSL fragments and the 1.929 kb non-excised TP53-LSL fragment were amplified.
Demonstrating the lack of a functional wild-type TP53 allele in this cell clone. In Cre protein
transduced cell clones neo14/K67/1.1, neo14/K67/1.3, and neo14/K67/1.4 (genotype: TP53"
RI6TH?  KRASSC'?P*) the 167 bp KRAS-WT as well as the 201 bp KRAS-loxP remnant
fragments and the 254 bp TP53-loxP remnant fragment were detected. In contrast, in clone
neo14/K67/1.8, which survived G148 selection, additionally to the 254 bp TP53-loxP remnant
fragment the 1.929 kb unrecombined TP53-LSL fragment was amplified. This indicates that

LSL-R167H
3

cell clone neo14/K67/1.8 harbours an unrecombined TP5 allele and a recombined

TP53-R'™" allele, explaining the results of the functional selection screen. Furthermore,

these findings evidence that both TP53 alleles were targeted. In this regard, the partially

recombined cell clone neo14/K67/1.8 can be designated as TP53-RIE7HLSLRIETH — kpAgH-

G12D* '|n addition, based on these results it can be concluded, that the parental cell clone

LSL-R167H
3

neo14 was rather homozygous than hemizougous for a TP5 gene targeting and is

therefore designated as TP53-S-R167HLSL-RIGTH

KRAS TP53
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Figure 19: PCRs across the LSL integration sites before and after Cre protein transduction

m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone neo14/K67; 1.1: Cre
recombined cell clone neo14/K67/1.1; 1.3: Cre recombined cell clone neo14/K67/1.3; 1.4: Cre
recombined cell clone neo14/K67/1.4; 1.8: partially recombined cell clone neo14/K67/1.8; H,O: water
control; KRAS: Wild-type pMSCs amplified only the 167 bp KRAS-WT fragment. Clone neo14/K67
amplified the 167 bp KRAS-WT fragment as well as the 1.486 kb unrecombined KRAS-LSL fragment.
Cre recombined clones neo14/K67/1.1, neo14/K67/1.3, neo14/K67/1.4 and neo14/K67/1.8 amplified
besides the 167 bp KRAS-WT fragment the 201 bp recombined KRAS-loxP fragment. TP53: In wild-
type control cells only the 198 bp TP53-WT fragment was detected. The un-induced cell clone
neo14/K67 amplified only the 1.929 kb unrecombined TP53-LSL fragment. In contrast, Cre
recombinase transduced cell clones neo14/K67/1.1, neo14/K67/1.3 and neo14/K67/1.4 amplified only
the 254 bp TP53-loxP fragment. The cell clone neo14/K67/1.8, which survived G148 selection,
showed the amplification of the 1.929 kb unrecombined TP53-LSL fragment as well as the 254 bp
recombined TP53-loxP fragment.

Next, RT-PCRs were performed to confirm on the one hand the lack of truncated KRAS-BS
and TP53-NEO mRNA transcripts after Cre recombinase cassette exchange, and on the
other hand the release of the expression of mutant KRAS-G12D and TP53-R167H mRNA

species. As seen in Figure 20 un-induced neo14/K67 cells (TP53-SHRISTHLSLRIGTH - e p GESL-
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G12D%y expressed both the 492 bp truncated KRAS-BS mRNA (left) and the 630 bp truncated
TP53-NEO mRNA species (right). Cre transduced cell clones neo14/K67/1.1, neo14/K67/1.3
and neol14/K67/1.4 (TP53-R1STHLRISTH — KRASHG12D™) |acked the expression of these
truncated mRNA transcripts. And as expected, the partially recombined cell clone
neo14/K67/1.8 (TP53-SLRISTHL-RIGTH - ,pp GL-G12Dy il expressed the 630 bp truncated TP53-
NEO mRNA transcript.

truncated KRAS-BS mRNA truncated TP53-NEO mRNA

m WTK671.11314 18 - HOm m WTK67 111314 18 - H,Om

500 bp 1000 bp
500 bp

100 bp

Figure 20: RT-PCR of truncated KRAS-BS and TP53-NEO mRNA transcripts before and after
Cre protein transduction

m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone neo14/K67; 1.1: fully
recombined cell clone neo14/K67/1.1; 1.3: fully recombined cell clone neo14/K67/1.3; 1.4: fully
recombined cell clone neo14/K67/1.4; 1.8: partially recombined cell clone neo14/K67/1.8; H,O: water
control; Only the un-induced cell clone neo14/K67 expressed both the 492 bp truncated KRAS-BS and
the 630 bp TP53-NEO mRNA species. The lack of these transcript variants was detected in the Cre
protein transduced cell clones neo14/K67/1.1, neo14/K67/1.3 and neo14/K67/1.4. In contrast, the
partially recombined cell clone neo14/K67/1.8 still expressed the truncated TP53-NEO mRNA
transcript.

As the excision of the floxed transcriptional stop signals should lead to the expression of
mutant KRAS-G12D mRNA and mutant TP53-R167H mRNA transcripts, RT-PCR
amplification followed by RFLP analysis were carried out to verify the expression of the
distinct mutant mRNA species. To confirm the expression of mutant KRAS-G12D mRNA the
492 bp RT-PCR product from exon 1 to exon 4 was digested with Bccl restriction enzyme
that allowed the discrimination of wild-type KRAS from mutant KRAS-G12D transcripts. In
the case of wild-type KRAS expression the 492 bp fragment is cleaved into 261 bp and 231
bp, whereas the appearance of 261 bp, 126 bp and 105 bp Bccl fragments are consistent
with the expression of mutant KRAS-G12D mRNA species. Figure 21 depicts the restriction
fragmentation pattern of the 492 bp RT-PCR product after Becl RFLP test. Wild-type pMSCs
and the un-induced cell clone neo14/K67 transcribed only the wild-type KRAS alleles, as
indicated by the 261 bp and 231 bp DNA fragments after Bccel digest. The presence of 261
bp, 126 bp and 105 bp was only detected for the recombined cell clones neo14/K67/1.1, -1.3,
-1.4 and -1.8. These results prove that these clones expressed the mutant KRAS-G12D

MRNA transcript.
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Figure 21: Bccl RFLP test of KRAS mRNA species before and after Cre protein transduction
m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced clone neo14/K67; 1.1: fully
recombined cell clone neo14/K67/1.1; 1.3: fully recombined cell clone neo14/K67/1.3; 1.4: fully
recombined cell clone neo14/K67/1.4; 1.8: partially recombined cell clone neo14/K67/1.8; -: free lane;
H,O: water control; KRAS mRNA: Expression of a 492 bp RT-PCR product from exon 1 to exon 4 in
all analysed cell clones. Becl digest of KRAS mRNA: Wild-type control cells and the un-induced cell
clone neo14/K67 expressed only wild-type KRAS mRNA transcripts as indicated by the restriction
fragmentation pattern of 261 bp and 231 bp. In contrast, Cre recombined cell clones neo14/K67/1.1,
neo14/K67/1.3, neo14/K67/1.4 and neo14/K67/1.8 expressed both wild-type (261 bp, 231 bp) and
mutant KRAS-G12D (261bp, 126 bp and 105 bp) mRNA species.

The expression of mutant TP53-R167H mRNA species was detected in a similar manner.
Here, the 1.313 kb RT-PCR product from exon 1 to exon 11 was subjected to Haell digest.
The G to A substitution mutation in codon 167 results in loss of a restriction recognition site
for Haell allowing to distinguish wild-type from mutant TP53-R167H mRNA. Haell digest of
wild-type TP53 mRNA species generates DNA fragments with a size of 698 bp, 310 bp, 287
bp and 18 bp. Mutant TP53-R167H mRNA species is cleaved into 985 bp, 310 bp and 18 bp.
As illustrated in Figure 22, wild-type pMSCs transcribed only the wild-type TP53 alleles (698
bp, 310 bp and 287 bp), whereas no p53 expression was detected in the unrecombined cell
clone neo14/K67, consistent with a homozygous TP53-5:7"%"" targeting event. In contrast,
after Cre protein transduction all recombined cell clones expressed the mutant TP53-R167H
mMRNA transcript (985 bp and 310 bp).
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Figure 22: Haell RFLP test of TP53 mRNA species before and after Cre protein transduction

m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone neo14/K67; 1.1: fully
recombined cell clone neo14/K67/1.1; 1.3: fully recombined cell clone neo14/K67/1.3; 1.4: fully
recombined cell clone neo14/K67/1.4; 1.8: partially recombined cell clone neo14/K67/1.8; -: free lane;
H,O: water control; TP53 mRNA: Expression of the 1.313 kb RT-PCR product from exon 1 to exon 11
was detected in all analysed cell clones, except for the un-induced cell clone neo14/K67. Haell digest
of TP53 mRNA: Wild-type pMSCs expressed only wild-type TP53 mRNA transcripts, as indicated by
the restriction fragmentation pattern of 698 bp, 310 bp, 287 bp and 18 bp (the smallest fragment of 18
bp was not detectable). In the case of the un-induced cell clone neo14/K67 no p53 expression was
detected. After the excision of the LSL-NEO cassette, the expression of mutant TP53-R167H mRNA
species was induced in all analysed cell clones. In this case, Haell cleaves the 1.313 kb RT-PCR
product into 985 bp and 310 bp DNA fragments (again, the smallest fragment with 18 bp was not
detectable).

To summarise, all analysis performed on RNA level have proven that the excision of the
relative transcriptional stop cassettes leads to the expression of both mutant KRAS-G12D
and mutant TP53-R167H mRNA species in the Cre recombined cell clones. As predicted for
the un-induced cell clone neo14/K67, the expression of mutant mRNA transcripts is blocked
by the presence of the relative LSL cassettes.

Next, we were interested in investigating if the activated mutant KRAS*®'?? allele and TP53"
RIGTHL-R16TH glleles have similar biochemical functions and effects as their human and murine
orthologous. In humans, the missense R175H mutation in the TP53 gene leads to the
expression of stabilised p53 protein that has a prolonged half life compared to wild-type p53
protein [76]. The G12D mutation in the KRAS gene was shown to result in a permanently
GTP-bound Kras protein (Ras-GTP) that causes constitutive downstream signalling [262]. To
evaluate the expression and abundance of wild-type and mutant p53 proteins, Western blot
analysis was performed with wild-type pMSCs, the un-induced cell clone neo14/K67 and the
fully Cre recombined cell clone neo14/K67/1.1. In addition, the expression of constitutive

active GTP-bound Ras protein was assessed by a Ras Activation Assay (see Figure 23).
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Figure 23: p53 Western blot and Ras Activation Assay

Left: For p53 Western blot analysis wild-type pMSCs, neo14/K67 and neo14/K67/1.1 samples were
loaded. Recombined neo14/K67/1.1 cells show abundant p53 protein (46 kDa) levels compared to
wild-type control cells and un-induced neo14/K67 cells. As expected for un-induced neo14/K67 cells,
no p53 protein was detected. As loading control the expression of GAPDH (36 kDa) was investigated.
Right: Ras Activation Assay was performed with wild-type pMSCs, neo14/K67 and neo14/K67/1.1
samples. Expression of the KRAS"®"*? allele in fully recombined neo14/K67/1.1 cells cause an
increase in Ras-GTP (21 kDa) levels compared to wild-type pMSCs and un-induced neo14/K67 cells.
As loading control total Ras protein (21 kDa) levels were assessed.

As depicted in Figure 23, expression of mutant TP53-F767HL-RIETH

alleles in porcine
mesenchymal stem cells leads to the accumulation of stabilised p53-R167H protein. This
result is in full agreement with data gained from expression analysis of oncogenic human
p53-R175H and murine p53-R172H proteins, respectively. Moreover, the expression of the
mutant KRAS=®"?? allele causes elevated GTP-bound Ras levels in porcine cells, indicating
that the porcine KRAS®'?® mutation has similar effects as their human and murine
orthologous [226,263].

Collectively, all these data demonstrate that we were successful in deriving porcine
mesenchymal stem cells that express mutant TP53-R167H mRNA and oncogenic KRAS-
G12D mRNA transcripts from their endogenous gene loci. However, the most important
finding is, that both mutant p53-R167H and oncogenic Kras-G12D proteins show similar

effects as their human and murine counterparts.

3.3 Inducing a deregulated cMyc expression in mutant TP53%""" and KRAS®'?° pMSCs

It is well documented that expression of oncogenic RAS and dominant-negative TP53 genes
alone are sufficient to convert mouse cells, but not human cells, to a fully transformed
phenotype [233]. Since the MYC gene is the most frequently amplified oncogene in human
cancers [140] and plays a pivotal role in the transformation process of primary human cells
[25,264,265] we wanted to evaluate its contribution to porcine tumorigenesis.

To mimic amplification of the porcine cMYC gene in vitro 1.327 kb of porcine cMYC cDNA
(GenBank:NM_001005154.1) flanked by 158 bp and 41 bp fragments of 5 and 3
untranslated regions (UTRs), respectively, were expressed from a vector containing the
mouse phosphoglycerate kinase (PGK) promoter. As a selectable marker the bsr coding
sequence linked by an internal ribosome entry site (IRES) sequence was placed behind the

cMYC coding sequence. For cloning the cMyc expression vector, designated as pPGK-
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pocMyc-IRES-BS-pA, the mammalian expression vector pcDNA3 was used. Figure 24

illustrates the structure of the expression vector.

PGK cMYC-IRES-bsr-pA SV40 Kana/neo-pA ——

Figure 24: Schematic design of the pPGK-pocMyc-IRES-BS-pA expression vector

PGK: phosphoglycerate kinase promoter; cMyc: coding sequence of porcine cMYC; IRES: internal
ribosome entry site; bsr: blasticidin resistance gene, pA: poly adenylation signal; SV40: Simian virus
40 promoter; Kana/neo: neomycin restistance gene

The vector pPGK-pocMyc-IRES-BS-pA was used to induce a deregulated cMyc expression
in Cre recombined neo14/K67/1.1 cells. Before adding the vector to the cells, the plasmid-
DNA was subjected to Fsp/ digest generating a linearised plasmid at the neomycin
resistance gene. Transfected cells were split into Blasticidin S selection medium and RNA
was isolated from pooled stable selected transfectants designated as neo14/K67/1.1+cMyc
(genotype: TP53-R1ETHLRIGTH KA SHGI2D% - cMyc). Quantitative real-time PCR revealed that
transfected neo14/K67/1.1+cMyc cells showed an averaged 1.7 fold increase in cMyc mRNA
expression compared to the parental, untransfected cell clone neo14/K67/1.1 (Figure 25A).
Furthermore, these results were also confirmed on protein level by Western blot analysis
(Figure 25B).
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Figure 25: Investigating cMyc expression levels

A: Relative cMyc expression levels in the stepwise modified porcine cells compared to the distinct
parental cell clone. Depicted are fold-change values of the cell clones, normalised to GAPDH mRNA
expression. Transfected neo14/K67/1.1+cMyc cells show an averaged 1.7 fold increase in cMyc
mRNA expression compared to the parental, untransfected neo14/K67/1.1 cells. B: cMyc Western blot
analysis. Transfected neo14/K67/1.1+cMyc cells showed increased cMyc protein levels (50kDa)
compared to untransfected neo14/K67/1.1 cells. As loading control the expression of GAPDH (36 kDa)
was investigated.
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The results in Figure 25 demonstrate that stable selected cMyc transfectants show increased
cMyc mRNA and protein levels compared to parental, untransfected neo13/K67/1.1 cells.

These data indicate the functionality of the pPGK-pocMyc-IRES-BS-pA vector construct.

3.4 Investigating TERT expression in stepwise genetically modified pMSCs

Typically, primary porcine cells become rapidly senescent after gene targeting and single cell
cloning [266]. However, this was not the case with the cell clone neo14, which lacks p53
expression. Moreover, these cells showed considerably extended lifespan in culture [256]
that enabled a second round of gene targeting and repeated isolation of single cell clones
(neo14/K- and neo14/K67/- subclones). These unique growth characteristics led to the
assumption that neo14 cells and all subclones had bypassed replicative senescence and
have been immortalised. As mentioned before, unlimited replicative lifespan is an essential
prerequisite for neoplastic cell transformation [267]. In the majority of human cancers
telomere lengths are maintained by the reactivated expression of the telomerase reverse
transcriptase (TERT) [40]. To test if this was also the case for the stepwise genetically
modified pMSCs, RT-PCR was conducted to figure out if the expression of TERT was

reactivated in these cells (Figure 26).

TERT mRNA GAPDH mRNA

m WT K67 1.1 Myc piPSC H,O0 m

m WT K67 1.1 Myc piPSCH,0O m

100 bp 100 bp

Figure 26: RT-PCR to detect TERT reactivation

m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone neo14/K67, 1.1: Cre
recombined cell clone neo14/K67/1.1; Myc: cell pool neo14/K67/1.1+cMyc; piPSC: putative porcine
induced pluripotent stem cells, H,O: water control; The expression of TERT was detected only in
piPSC by a diagnostic 387 bp DNA fragment. GAPDH (567 bp) was run as loading control.

As shown in Figure 26 only putative porcine iPS cells, which were established by Xinxin Cui
in our lab, express TERT at detectable levels. These results demonstrate that the extended
lifespan of the genetically modified pMSCs was not a result of reactivated TERT expression.
Thus the observed unrestricted replicative capacity of the modified pMSCs must be a
consequence of a telomerase-independent mechanism. Consistent with this idea, several
studies have shown, that some cells can escape cellular senescence and extend their
replicative lifespan by the simultaneous inactivation of the potent tumour suppressors p53

and pRb [41,42]. Recent findings revealed that the CDKNZ2A locus and its gene products,
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which are pivotal regulators of the p53 and pRb pathways, mediate culture- and oncogene-
induced senescence [116,268,269]. In this regard, the concomitant inactivation of normal p53
and p16INK4a-Rb signalling cascade was shown to allow primary human cells to escape
replicative senescence [37,270,271]. For that reason the expression of the CDKN2A’s gene

products was investigated in more detail.

3.5 Investigating the CDKNZ2A gene locus in stepwise genetically modified pMSCs

The CDKNZ2A gene locus encodes two important tumour suppressors, p16INK4a and
p14ARF in overlapping but distinct reading frames. Both gene products play a potent role in
regulating either the p53 or the pRb pathway. While p14ARF is a critical component of the
p53 pathway by stabilising p53, p16INK4a is a crucial element of the pRb pathway by
regulating posttranslational modifications of pRb. Compelling evidences stated, that p14ARF
exerts a predominant role in coordinating senescence in murine cells, while the opposite is
seen for p16INK4a, which is the main senescence mediator in human cells. In accordance
with these findings, it was noted, that the loss of normal ARF function in murine embryonic
fibroblasts elicits immortalisation, whereas the loss of INK4a is required to immortalise
primary human cells [118,272]. Based on these findings RT-PCRs were conducted to
analyse the expression of the tumour suppressors p16Iink4a and p14ARF in the genetically
modified pMSCs (Figure 27).

p16INK4a mRNA p14ARF mRNA GAPDH mRNA

m WT K67 1.1 Myc H, O m m WT K67 1.1 MycH,O m m WTK671.1 Myc H,O m

500 bp 500 bp

100 bp 100 bp

Figure 27: RT-PCR analysis of p16INK4a and p14ARF expression levels

m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone neo14/K67; 1.1: Cre
recombined cell clone neo14/K67/1.1; Myc: cell pool neo14/K67/1.1+cMyc; H,O: water control;
p16INK4a mRNA: The expression of p16INK4a mRNA was detected by a diagnostic 176 bp
fragment. While the expression of p16INK4a is abundantly in wild-type pMSCs, it gradually decreases
in the stepwise modified pMSCs. p14ARF mRNA: The expression of p14ARF was detected in all
analysed cell isolates by a diagnostic 361 bp fragment. As a loading control the expression of GAPDH
(567 bp) was investigated.

As shown in Figure 27, un-induced neo14/K67 cells express less p16Iink4a than wild-type
control cells. Neo14/K67/1.1 cells and neo14/K67/1.1+cMyc expressing mutant TP537"¢7"
and KRAS®'? showed a further reduction in p16INK4a expression. In contrast, the
expression of p14ARF remains very similar in all analysed samples. Next, the relative gene

expression levels of p16INK4a and p14ARF were analysed by quantitative real-time RT-PCR
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As depicted in Figure 28A the expression of p16INK4a was greatly diminished in neo14/K67
cells lacking p53 (eleven fold down-regulation) and almost absent in neo14/K67/1.1 cells.
The same was seen in cells with a deregulated cMyc expression. Importantly, while mRNA
expression levels of p16INK4a decreased in the genetically modified pMSCs, p14ARF

MRNA expression increased (Figure 28B).
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Figure 28: Quantification of p16INK4o. and p14ARF expression levels

Depicted are fold-change values of the distinct cell clones relative to wild-type pMSCs. Values were
normalised to GAPDH mRNA expression. A: Relative expression levels of porcine p16INK4a. Gradual
down-regulation of p16INK4a mRNA expression in stepwise genetically modified pMSCs compared to
wild-type pMSCs. B: Relative expression levels of porcine p14ARF. Increased p14ARF mRNA
expression in the stepwise genetically modified pMSCs compared to wild-type pMSCs.

To investigate if the expression of p16INK4a was already downregulated in the parental cell
clone neo14 quantitative real-time RT-PCR was conducted. Surprisingly, the data revealed
that the expression of p16INK4a remained pretty similar in the parental cell clone neo14
compared to wild-type pMSCs (one fold down-regulation).

To summarize, genetically modified pMSCs (neo14/K67, neo14K67/1.1 and
neo14K67/1.1+cMyc) have downregulated the expression of p16INK4a, while the expression
of p14ARF increased. These expression data may indicate, that the downregulated
expression of p16INK4a in combination with loss of wild-type p53 function facilitated the
unrestricted proliferative capacity of the modified pMSCs.

Since the expression analyses demonstrated the repression of p16INK4a mRNA expression
in the stepwise modified pMSCs, we were interested in uncovering the underlying
mechanism. According to the results in Figure 28 it can be concluded that the impaired
p16INK4a expression is neither a consequence of homozygous deletion of the gene locus
nor of point mutations or small deletions of the second and third exons, as p16INK4a and
p14ARF are encoded in overlapping but distinct reading frames [273]. As p16INK4a and
p14ARF are transcribed from distinct independent promoters [107] it was more likely that the

underlying mechanism of p16INK4a mRNA silencing was a consequence of epigenetic
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modifications, such as gene methylation. Therefore, the methylation status of a 5’ region of
porcine P16INK4A comprising part of the first exon and first intron was investigated. Primers
used covered the ATG start codon and 131 bp 3’ of exon 1. PCR amplification of bisulfite-
converted gDNA resulted in a 266 bp fragment encompassing 21 CpGs. As depicted in
Figures 29A and 29B all 21 CpGs were non-methylated in wild-type pMSCs, while in
neo14/K67 cells 71.4% of all analysed CpGs were methylated. For neo/K67/1.1 cells,
expressing mutant p53-R167H and Kras-G12D proteins, 81.0% of CpGs showed a
methylation signature and in stable selected cMyc transfectants 90.5% of CpGs were

methylated.
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Figure 29: Methylation analysis of porcine P16INK4A gene region (-10 to +256)

Circles indicate CpG methylation sites; black circles represent methylated and open circles non-
methylated sites. A: CpG methylation sites and their methylation pattern in wild-type pMSCs (WT), un-
induced neo14/K67 cells (K67), Cre recombined neo14/K67/1.1 (1.1) cells, and cells with an
overexpression of cMyc, neo14/K67/1.1+cMyc (Myc). B: Quantitative comprehension of methylation
pattern sites in the distinct cells.

The results of the methylation analysis prove that the impaired p16INK4a expression in the
stepwise modified pMSCs is a consequence of gradual P16/INK4A hyper-methylation.

Summing up, we have generated pMSCs (neo14/K67/1.1) expressing mutant TP53%"¢"" and
mutant KRAS®'?® from their endogenous gene loci. These cells show features of unlimited

replicative capacity and lack detectable p16INK4a expression levels. Moreover, cells with
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similar characteristics were established with an additional deregulated cMyc expression
(neo14/K67/1.1+Myc).

3.6 In vitro characterisation of genetically modified pMSCs

Next, we were interested in analysing the in vitro growth characteristics of wild-type pMSCs
and stepwise modified pMSCs. Neoplastic cells can be distinguished from their normal
counterparts by their unique cellular growth characteristics, for example, unlimited replicative
capacity, loss of density-dependent growth inhibition and the ability to proliferate in semisolid
medium [274].

Since disruption of the p53 and pRb pathways results in diminished Gi-to-S phase
checkpoint control, that causes increased cell proliferation, DNA synthesis and cell growth
[reviewed in 275], we determined the population doubling time for all cell isolates. Figure
30A illustrates the growth curve of wild-type pMSCs and genetically modified pMSCs. Wild-
type pMSCs have an estimated population doubling time of 25.7h (+/- 2.6h), the un-induced

3R167H and

neo14/K67 cell clone is similar at 23.6h (+/- 0.4h). Expression of mutant TP5
KRAS®"?? markedly reduced population doubling time (15.4h +/- 1.7h) and deregulated cMyc
expression resulted in a slight further reduction 14.7h (+/- 0.8h). Colony formation assay
demonstrated that both neo14/67/1.1 cells and neo14/67/1.1+cMyc cells were able to form
large colonies when seeded at low cell densities (Figure 30B). This indicates that these cells

exhibit high plating efficiencies.
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Figure 30: Determining the population doubling time of genetically modified pMSCs

A: Growth curve of wild-type pMSCs, un-induced neo14/K67 cells, Cre recombined neo14/67/1.1 cells
and neo14/67/1.1+cMyc cells. Genetically modified porcine cells expressing mutant p53-R167H and
oncogenic Kras-G12D show increased cell proliferation compared to wild-type control cells. B: Colony
formation assay mirrors the increased platting efficiency of genetically modified pMSCs compared to
their wild-type counterparts.

Overall, these investigations show that cells expressing mutant TP53%"°" and KRAS®'?
proliferate almost twice as fast as wild-type control cells and un-induced neo14/K67 cells.
Moreover, these results prove that the perturbation of p53 and pRb pathways in combination

with expression of oncogenic KRAS®'?P

exert a considerable impact on the growth
characteristics of genetically modified pMSCs.

Another feature of transformed cells is that they do not respond to contact inhibition. Contact
inhibition is a process that results in arrested cell growth when cells reach confluence. As a
consequence, normal cells stop proliferation when grown to confluence, while cancer cells
continue to proliferate, piling up on top of each other and form multi-layered foci [276,277]. In
this regard, the morphological and phenotypic changes of the distinct cell clones were

assessed by the ability to form multi-layered foci when reaching confluence (Figure 31).
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Figure 31: Validating density-dependent growth inhibition

Only neo14/K67/1.1+cMyc cells expressing mutant TP537%"" and KRAS®'?° and deregulated cMyc
levels form obvious multi-layered foci when grown to higher densities. Bars indicate 400 um.

Figure 31 highlights the distinct growth characteristics of wild-type pMSCs and genetically
modified pMSCs when grown to confluence. Wild-type pMSCs and neo14/K67 cells grow as
dense monolayers, but arrest their growth when reaching confluence. In contrast, cells
expressing mutant TP53%"°"" and KRAS®'?® grow to higher cell density, indicating their
decreased density-dependent inhibition of growth. However, only neo14/K67/1.1+cMyc cells
form multi-layered foci, illustrating that these cells have lost contact inhibition.

Next, pMSCs were assessed for their anchorage-independent growth in soft agar. This assay
is considered as the most stringent in vitro test for evaluating cellular transformation. As seen
in Figure 32A, wild-type control pMSCs did not form colonies in soft agar, while cells lacking
p53 (neo14/K67) gave rise to 5 colonies. In contrast, cells expressing mutant p53-R167H
and Kras-G12D formed 54 colonies and the cMyc transfected cell pool neo14/K67/1.1+cMyc
24 colonies. Although stable selected cMyc transfectants formed fewer colonies in soft agar

than its parental cell clone neo14/K67/1.1, these colonies were much larger (Figure 32B).
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Figure 32: Anchorage-independent growth in soft agar

A: Colonies formed in semisolid medium, bars indicate 400 um B: Colonies formed in semisolid
medium, bars indicate 200 um. Wild-type pMSCs grow as single cells in semisolid medium, while cells
lacking p53 form three-dimensional colonies. This effect was even more pronounced in Cre
recombined cells (neo14/K67/1.1) expressing mutant TP53%'°" and KRAS®'" as well as in cells with
a deregulated cMyc expression (neo14/K67/1.1+cMyc).

Collectively, these findings indicate that neo14/K67/1.1 cells as well as neo14/K67/1.1+cMyc
cells have acquired a transformed phenotype, as these cells proliferate in semisolid medium.
However, only stable selected cMyc transfectants formed multi-layered foci when grown to
higher cell density, indicating that these cells have additionally lost contact inhibition.

Since there is a considerable correlation between the in vitro anchorage-independent growth
in soft agar and in vivo tumorigenicity [278], the tumorigenic potential of transformed pMSCs

was assessed in an in vivo xenotransplantation experiment.

3.7 Implantation of genetically modified pMSCs into immune-deficient mice

The most rigorous test for assessing tumorigenicity of neoplastic cells is their ability to form
tumours when injected into immune-deficient animals. To analyse the in vivo tumorigenic
potential of neo14/K67/1.1 cells and the cMyc transfected cell pool (neo14/K67/1.1+cMyc),

1x107 cells were mixed 1:1 (v/v) with Matrigel™

Basement Membrane Matrix and injected
subcutaneously into four sites at the back of an immune-deficient mouse. The tumour
engraftment was monitored over a time period of 45 days.

Neo14/K67/1.1 cells formed one small tumour nodule, as seen in Figure 33. Histological
examination however revealed, that this tumour was composed mainly of the coinjected

ITM

Matrigel'™ Basement Membrane Matrix and only of few atypical cells, which produced their

own matrix (black arrows).
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2.5x 20x 32x

Figure 33: Histology of the neo14/K67/1.1 cells derived tumour

Depicted are HE stained sections of the tumour, which originates from neo14/K67/1.1 cells. Given are
different magnifications (5x, 10x, 20x, 32x). Black arrows indicate atypical, transformed porcine cells
that produced their surrounding matrix.

In contrast, cells with a deregulated cMyc expression (neo14/K67/1.1+cMyc) gave rise to
three tumours within 45 days. Tumours were examined and classified as low-grade

myxoinflammatory fibroblastic sarcoma (MIFS) (Figure 34).

2.5x 10x 20x 32x

Figure 34: Histology of the neo14/K67/1.1+cMyc cells derived tumour
Depicted are HE stained sections of the low-grade myxoinflammatory fibroblastic sarcoma (MIFS) at
different magnifications (5x, 10x, 20x, 32x).

Since neo14/K67/1.1+cMyc cells gave rise to three tumours, two tumours were used to
derive a primary porcine tumour cell line (pPTC) and the third tumour was directly re-
implanted under the peritoneum of another immune-deficinet mouse. After 38 days the
tumour was recovered, examined and classified as a pleomorphic-undifferentiated sarcoma
(PUS) (Figure 35A). Interestingly, histological examination revealed that re-implanted porcine
tumour cells migrated to and invaded the murine pancreas (Figure 35B). Again, a porcine
sarcoma derived tumour cell line was established from the recovered, re-implanted tumour.

This cell line is designated as re-implanted porcine tumour cell line (rePTC).
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Figure 35: Histology of the re-implanted tumour

Depicted are HE stained sections at different magnifications (2.5x, 10x, 20x, 32x). A: HE stained
sections of the pleomorphic-undifferentiated sarcoma (PUS) B: Invasive re-implanted tumour cells
migrated to the murine pancreas

These findings show that genetic alterations in the TP53, KRAS and INK4A gene locus
combined with cellular immortalisation are sufficient to convert normal pMSCs to a
transformed phenotype in vitro. And an additional deregulated expression of cMyc prompted
in vivo tumorigenicity. Moreover, these results show that tumorigenic porcine mesenchymal
stem cells give rise to sarcomas in an immune-deficient host. The short time course of the
xenotransplantation experiment does however leave open the possibility of long latency

tumorigenesis from neo14/K67/1.1 cells.

3.8 In vitro growth characteristics and genetic signature of porcine sarcoma derived cell lines

Next, neo14/K67/1.1+cMyc derived tumour cell lines, pPTC and rePTC, were analysed in
more detail. At first the morphological and growth characteristics of these tumour cells were
investigated compared to those of the parental cell pool neo14/K67/1.1+Myc. As depicted in
Figure 36A the cell pool neo14/K67/1.1+cMyc exhibit a polygonal morphology with a stellate-
like shape. Cells of the pPTC line show similar morphological features. In contrast, re-
implanted tumour cells exhibit elongated and spindle-shape morphology and tend to grow on
top of each other. Another feature of these cells is that they attached just poorly to the culture
vessel surface and therefore most of the cells were floating in the media. The colony
formation assay confirms the poor adherence of the rePTC to plastic culture dishes (Figure
36B).
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neo14/K67/1.1+cMyc

Figure 36: Morphology and growth characteristics of porcine sarcoma derived cell lines
neo14/K67/1.1+Myc: stable selected cMyc transfectants, pPTC: primary porcine tumour cell line,
rePTC: re-implanted porcine tumour cell cline. A: Phase contrast images of the distinct porcine cells,
bars indicate 100um (top) and 50um (below). B: Colony formation assay of neo14/K67/1.1+cMyc
cells, pPTCs and rePTCs. rePTCs formed no visible colonies when plated at low densities onto plastic
culture dishes.

All these results indicate, that rePTCs exhibit markedly changed morphological and
proliferative characteristics compared to the cell pool neo14/K67/1.1+cMyc and pPTCs.

To assure that the sarcoma derived cell lines originated from the cMyc transfected cell pool,
two PCR reactions were conducted to detect the presence of the pPGK-pocMyc-IRES-BS-pA
expression vector in these cell lines. One primer pair was designed to amplify a 1628 bp
fragment from the IRES sequence to the SV40 promoter, while the other primer pair
amplified a 1652 bp fragment from the Kana/Neo resistance gene to the pUC ori sequence
(Figure 37A). Figure 37B shows that both tumours arose from neo14/K67/1.1+cMyc cells, as
both amplified the diagnostic DNA fragments.
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Figure 37: Verifying the cellular origin of porcine sarcoma derived cell lines

A: Design of the expression vector pPGK-pocMyc-IRES-BS-pA, Fspl indicates the recognition site for
the restriction enzyme Fspl, which was used to linearise the vector before transfection; black bars
indicate the relative amplified PCR products. B: PCR screenings to detect the presence of the pPGK-
pocMyc-IRES-BS-pA expression vector in the distinct cells. M: 1 kb DNA ladder; WT: wild-type
pMSCs; 1.1: Cre recombined cell clone neo14/K67/1.1; Myc: stable selected cMyc transfectants
neo14/K67/1.1+cMyc; pPTC: primary porcine tumour cells; rePTC: re-implanted porcine tumour cells;
+: plasmid-DNA pPGK-pocMyc-IRES-BS-pA; H,O: water control; IRES to SV40: In stable selected
cMyc transfectants (Myc) and the two porcine sarcoma derived tumour cell lines (pPTC and rePTC)
the diagnostic 1628 bp fragment was detcted. No PCR product was detected in wild-type pMSCs and
the untransfected neo14/K67/1.1 cells. Kana/Neo to pUC ori: Like the expression vector, cMyc
transfectants and the two porcine tumour cell lines (pPTC and rePTC) amplified the diagnostic 1652
bp fragment.

Next, PCRs across the LSL integration sites were performed with all established cell lines
(see Figure 38). As expected, in porcine sarcoma derived tumour cells the diagnostic
recombined TP53-loxP fragment and the 167 bp KRAS-WT fragment as well as the
diagnostic 201 bp KRAS-loxP fragment were detected.
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Figure 38: PCRs across the LSL integration sites before and after in vivo xenotransplantation
M: 1 kb DNA ladder; m: 100 bp DNA ladder; WT: wild-type pMSCs; K67: un-induced cell clone
neo14/K67; 1.1: Cre recombined cell clone neo14/K67/1.1; Myc: stable selected cMyc cell pool
neo14/K67/1.1+cMyc; pPTC: primary porcine tumour cells; rePTC: re-implanted porcine tumour cells;
H,O: water control; TP53: In wild-type pMSCs only the 198 bp fragment from the wild-type allele was
detected. For the un-induced cell clone neo14/K67 only the 1.929 kb TP53-LSL fragment was
detected. Cre recombined neo14/K67/1.1, neo14/K67/1.1+cMyc, primary porcine tumour and re-
implanted porcine tumour cells amplified only the recombined 254 bp TP53-loxP fragment. KRAS:
Wild-type pMSCs amplified only the 167 bp fragment from wild-type alleles, the clone neo14/K67
amplified the 167 bp fragment from the wild-type allele as well as the 1.486 kb KRAS-LSL fragment. In
Cre recombined neo14/K67/1.1 cells, neo14/K67/1.1+cMyc cells, primary porcine tumour and re-
implanted porcine tumour cells besides the 167 bp fragment from the wild-type allele the 201 bp
KRAS-loxP fragment were detected.

The intensities of the recombined KRAS-loxP fragment compared to the KRAS-WT fragment
in the porcine sarcoma derived cell lines (pPTC and rePTC) led to the assumption that the
recombined KRAS*®'? allele has been amplified in these cells. To test if this was the case,
quantitative PCR was carried out. For assessing KRAS copy number alterations a 251 bp
PCR product was amplified, covering the second exon of the KRAS gene. As an unrelated
reference sequence GAPDH was selected and a 233 bp genomic DNA PCR product was
amplified spanning exon 4. Quantitative PCR revealed the amplification of the KRAS gene in
the two porcine sarcoma derived tumour cell lines. Six copies of the second exon of the
KRAS gene were detected in the cell line pPTC and 9 copies in the re-implanted porcine
tumour cells, respectively. Sequence analysis of KRAS mRNA species comprising exon 1 to
exon 4, revealed higher expression of mutant KRAS-G12D mRNA (GAT) than wild-type
KRAS mRNA (GGT) (Figure 39). Collectively, these findings show that the increase in KRAS
copy numbers in the porcine sarcoma derived tumour cells was due to the amplification of

the recombined KRAS"C'?P allele.
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Figure 39: Chromatograms of KRAS mRNA transcripts
Red framings highlight the G12D mutation, which is the predominant species in primary porcine
tumour cells (pPTC) and re-implanted porcine tumour cells (rePTC).

All these findings indicate that the mutant KRAS“®'?® locus has been amplified in the
neo14/K67/1.1+cMyc derived tumours. As seen in Figure 40 these results were also affirmed

on protein level.

)
N &
O N N
K9 A é\\'\’ 6\\'\~
@
A SN '\"‘\\l‘ S o <& Q/\O
\‘;@ & & & N @
———. Ras-GTP
L e —— . c—— | —— total Ras
O
N N
S - .
e;oo {-6\ \l_é\ \ ,\\ O
B o 0 R O $© <
s%b & & & N @
 — | MM — — p53
| — —— | —— GAPDH

Figure 40: Ras Activation Assay and p53 Western blot analysis with lysates of cells before and
after in vivo xenotransplantation

A: Sarcoma derived tumour cell lines express higher levels of constitutive active GTP-bound Ras
proteins than the parental neo14/K67/1.1+cMyc cells. Total Ras (21 kDA) and GAPDH (36 kDA)
protein levels were investigated as loading controls. B: Before in vivo xenotransplantation
neo14/K67/1.1+cMyc cells express abundant levels of mutant p53-R167H (46 kDa), which is
diminished in the rePTCs. As loading control the expression of GAPDH (36 kDa) was assessed.

As displayed in Figure 40A pPTCs and rePTCs express high amounts of constitutive active
GTP-bound Ras proteins, whereas the expression of mutant p53-R167H proteins decreased
in the rePTCs compared to the parental neo14/K67/1.1+cMyc cells (Figure 40B).

Since the oncoprotein Kras-G12D controls multiple downstream signalling pathways such as
Raf, PI3-Kinase and the Ral guanine nucleotide exchange factors (Ral-GEFs) that are crucial
for cellular transformation [279] we investigated the activation of phosphorylated Akt and

ERK1/2. Figure 41 depicts the Western blot analysis.
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Figure 41: Western blot analysis of phosphorylated Akt and ERK1/2 proteins in pMSCs before
and after xenotransplantation

No increase of phosphorylated Akt and ERK1/2 protein levels were detected in Cre recombined
porcine cells as well as in the porcine sarcoma derived cell lines.

Unexpectedly, cells after Cre recombinase treatment as well as the porcine sarcoma derived
tumour cells showed similar or even decreased levels of phosphorylated Akt and

phopsphorylated ERK1/2, compared to wild-type pMSCs and un-induced neo14/K67 cells.

3.9 Expression profile of stepwise modified pMSCs and porcine sarcoma derived cell lines

The above-described findings show that genetic alterations of signalling molecules (KRAS),
core cell cycle regulators (p16INK4a) and transcription factors (p53 and cMyc) cause
neoplastic transformation of primary porcine cells. All the introduced genetic alterations drive
aberrant signal transduction pathways. In order to dissect the transcriptional changes that
occurred along defined stages of malignant porcine mesenchymal stem cell transformation,
microarray analyses were carried out. In the case of parental wild-type pMSCs, un-induced
pMSCs (neo14/K- subclones) and Cre recombined pMSCs (neo14/K67/- subclones) three
biological replicates were analysed. Whereas in the case of the cMyc transfected cell pool
and the porcine sarcoma derived cell lines three technical replicates were used.

Figure 42 illustrates the heatmaps with fold-changes in gene expression of the stepwise
genetically modified pMSCs compared to wild-type pMSCs. Heatmaps are grouped as five
categories: key genes of cellular transformation, ALT-associated genes, cell cycle regulatory

genes, p53 target genes and tissue invasion and metastatic marker genes.
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Figure 42: Expression profile of stepwise modified pMSCs and porcine sarcoma derived cell
lines

neo14/K-: un-induced cell clones, neo14/K67/-,: Cre recombined cell clones; neo14/K67/1.1+cMyc:
stable selected Myc transfectants; pPTC: primary porcine tumour cells; rePTC: re-implanted porcine
tumour cells. Heatmaps depict the fold-changes in gene expression levels of the distinct cell lines
relative to wild-type pMSCs. Fold-change values are represented as a gradient colour from blue
(down-regulation) to red (up-regulation). Abbreviations: CDK: cyclin-dependent kinases, CCN: cyclin

The heatmap “key genes” represents the expression levels of key genes that are known to
play a pivotal role in cellular transformation (Figure 42, top left). For KRAS, a gradual up-
regulation of its expression is detected along the stages of cellular transformation. In
particular, an up to 7-fold increase in expression is observed in the re-implanted porcine

tumour cells (rePTC). These results are in line with the finding, that porcine sarcoma derived

tumour cells have amplified the KRAS"®'? allele. Fold-changes in cMyc expression levels

are consistent with the data gained from quantitative real-time PCR analysis (for comparison
see Figure 25). Transfection of the pPGK-pocMyc-IRES-BS-pA expression vector induced a
marginal increase of cMyc expression in neo14/K67/1.1+cMyc cells compared to the
untransfected parental neo14/K67/- cell clones. No further increase of cMyc expression was
detected in the neo14/K67/1.1+cMyc derived tumour cell lines pPTC and rePTC. The
expression levels of ARF (p14ARF) vary along the defined stages of cellular transformation.

Again, these data are concordant with those of the quantitative real-time PCR analysis
82



Results

(Figure 28B). The same is seen for RB1 (pRb). The expression profile of TP53 reveals a
significant down-regulation of TP53 expression in the un-induced neo14/K- cell clones, which
is line with the blocked expression of the TP53-SLRI6THLSL-RIGTH gjigles in these cells. In
agreement to the results of the p53 western blot in Figure 40B, the transcription of TP53 is
downregulated in rePTCs. As depicted in the heatmap, genetically modified pMSCs as well
as porcine sarcoma derived tumour cells show no reactivated TERT expression. Again,
these findings indicate that the transformed pMSCs must have been immortalised by a
telomerase-independent mechanism.

As seen in the heatmap “ALT-associated gens” some of these genes were differentially
expressed in the stepwise modified pMSCs compared to wild-type pMSCs (Figure 42, top
middle). In particular, genes essential for the recombinational repair of broken replication
forks, such as FEN1 and FANCD2 were upregulated in the stepwise modified porcine cells.
Moreover, genes involved in the elongation and capping of telomeres, such as RAD51,
RAD54B and BRCA2 are also upregulated. The same is seen for the Bloom syndrome
helicase. This RecQ helicase is considered to play an important role in the ALT mechanism,
as its overexpression results in increased telomeric DNA synthesis [280]. Collectively, these
data indicate that the genetically modified pMSCs have activated the Alternative Lengthening
of Telomeres mechanism to prevent telomere attrition

The heatmap “cell cycle regulatory genes” shows the fold-changes in expression levels of
genes involved in the control of cell cycle progression (Figure 42, top right). The expression
of most of these cell cycle regulatory genes are upregulated in the in the MSC derivatives,
although RB1 expression remained at low baseline levels. Genes regulating the G4-to-S
phase progression, like Cyclin E and CDK2 were upregulated. The same is seen for B-type
cyclins and CDK1, which control the progression from G,- into M-phase. Also the expression
of Cyclin A that is involved in the G4-to-S and G,-to-M transitions was markedly increased.
These data indicate deregulated cell cycle control in the pMSC derivatives.

TP53 is known to exert its tumour suppressive function by acting as a sequence-specific
transcription factor [64]. The heatmap “p53 target genes” (Figure 42, bottom left) illustrates
that the expression of p53’s direct transcriptional target and negative regulator MDM2 is
downregulated in all analysed cell lines. Moreover, the expression of genes involved in
mediating p53-triggered cell cycle arrest, such as CDKN1A (also known as p21), CDKN1B
(also known as p27) and GADDA45 is also reduced in the pMSC derivatives. Collectively,
these data show that the expression of direct transcriptional targets of p53 is downregulated
in p53 deficient pMSCs (neo14/K-) as well as in pMSCs expressing mutant p53-R167H
(neo14/K67/-, neo14/K67/1.1+Myc, pPTC and rePTC). These results indicate that mutant
p53-R167H is defective in activating the transcription of its predominant negative regulator

MDM2 as well as in mediating cell cycle arrest.
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The heatmap “tissue invasion and metastatic marker genes” shows that the expression of
matrix-degrading extracellular proteases and protease inhibitors is markedly increased in the
invasive rePTCs. In particular, high expression of matrix metalloproteinases-3 and -10
(MMP-3 and MMP10) and the vascular endothelial growth factor a (VEGFa) are detected.
Moreover, the expression of thrombospondin 2 (THBS2), a potent inhibitor of tumour growth
and angiogenesis is notably downregulated in rePCTs. Collectively, these data affirm the
invasive and metastatic phenotype of the rePTCs, which was observed in the

xenotransplantation experiment.

3.10 Implantation of genetically modified pMSCs in an immune-competent isogenic pig

As the results from the murine xenotransplantation experiment showed that transformed
pMSCs can give rise to tumours in immune-deficient animals we were interested in, if these
cells could also form tumours in immune-competent isogenic pigs. Therefore the parental,
unmodified wild-type pMSCs were used to clone isogenic host animals by nuclear transfer.
Two piglets were born, of which only one survived. This animal was used as an immune-
competent isogenic host to assess the tumour growth of Cre recombined neo14/K67/1.1
cells, the Myc transfected cell pool (neo14/K67/1.1+cMyc) and the primary porcine tumour
cells. As a negative control unmodified wild-type pMSCs were implanted. In each case 1x108
cells were implanted subcutaneously into the tissue of both ears. In addition 1x10® cells of
the clone neo14/K67/1.1 and the cell pool neo14/K67/1.1+cMyc were mixed 1:1 (v/v) with

™
I

Matrigel'™ Basement Membrane Matrix and implanted into the subcutaneous tissue of each

ear. The tumour growth was monitored daily and at day 8 marked swellings appeared at all

I™ Basement Membrane Matrix. A

injections sites, where cells were coinjected with Matrige
small bulge was visible at the injection site of the neo14/K67/1.1+Myc cells. However, all of
them regressed at day 15 indicating that the swellings were most likely a consequence of an

I™ Basement Membrane Matrix or the

immune response against either the coinjected Matrige
selectable marker genes, which are encoded by the pPGK-pocMyc-IRES-BS-pA expression
vector. Furthermore, at day 15 a bulge was palpable at the injection site, where the pPTCs
were implanted, which also regressed few days later. Up to now, tumour growth monitoring is

ongoing.
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3.11 Conclusion

The expression of oncogenic TP53%"®"" and KRAS®'?” in combination with p16INK4a gene
silencing and deregulated cMyc expression resulted in immortalised, neoplastic porcine
MSCs. Implantation of these cells in immune-deficient mice resulted in tumour growth within
45 days. Isolation and propagation of porcine sarcoma derived cell lines enabled us to
analyse them in more detail (Figure 43). When implanted in an immune-competent isogenic
pig, transformed pMSCs failed to form tumours in this host. This was most likely due to an
immune response against the coinjected Matrigel™ Basement Membrane Matrix and/or the

selectable marker gene products, which are encoded by the cMyc expression vector.
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TP53R167H targeting

\ -
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Figure 43: Work flow for the generation of transformed pMSCs in vitro

Wild-type pMSCs were used to introduce a latent oncogenic TP53-SER19H gllele by gene targeting.
One cell clone was established that was homozygous for the TP53~"°™" mutation (clone neo14) [256].
This cell clone neo14 was subjected to a second round of gene targeting to introduce a latent
oncogenic KRAS™C"? allele. Cre protein transduction mediated the excision of the floxed
transcriptional stop cassettes and the expression of mutant p53-R167H and Kras-G12D proteins.
Moreover, Cre recombined cells were transfected with a cMyc encoding expression vector that
resulted in a deregulated cMyc expression. Stable selected cMyc transfectants and untransfected
neo14/K67/1.1 cells were injected subcutaneously in immune-deficient mice. Only stable selected
cMyc transfectants formed tumours in an immune-deficient host. Re-implantation of one of these
tumours in another immune-deficient mouse resulted in invasive tumour growth in this host. Primary
tumours and the re-implanted tumour were used to isolate and propagate porcine tumour cells.
Abbreviation: MIFS: myxoinflammatory fibroblastic sarcoma, PUS: pleomorphic-undifferentiated
sarcoma, G3: grading, pPTC: primary porcine tumour cells, rePTC: re-implanted porcine tumour cells.
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To sum up, we were successful in demonstrating that the perturbation of RAS, TP53 and the
pRb signalling pathways in combination with an immortalisation step and deregulation of
cMyc expression are sufficient to convert pMSCs to a fully transformed phenotype. This set
of genetic modifications is consistent with the set of genetic alterations that induce

tumorigenicity in primary human cells.

3.12 Derivation of pigs carrying latent oncogenic TP53-S-R"5"" and KRASS°"?P alleles

Since cancer is a leading cause of human death and morbidity worldwide, one of our
research interests is to provide a series of genetically defined pigs that model serious and
common human cancers. As shown in the section before, oncogenic mutations in porcine
KRAS and TP53 alleles exert similar functions and pathological effects as their human and
murine counterparts. As both oncogenic KRAS and TP53 contribute to the pathogenesis of
lung and pancreatic cancer [209,281], we decided to generate double gene-targeted pigs
carrying mutations in both KRAS (KRAS"S-¢'2°) and TP53 (TP53"5-"'%") genes that can be

activated by the action of Cre recombinase in a tissue-specific manner.

3.12.1 Introducing a latent oncogenic KRAS-S-¢"?P allele in TP53-S-R67H* gene-targeted

pMSCs

Although successful KRAS"S:®'?® gene targeting had been carried out in neo14 cells
(TP53-SHRISTHLSLRIGTHY these cells were not deemed to be suited for somatic cell nuclear
transfer (SCNT), since neo14 cells did not give rise to healthy piglets after SCNT as reported
by Leuchs et al. [256]. Therefore, to derive double gene-targeted pigs carrying latent
oncogenic KRASS-€'20 and TP53-5-R157H glleles bone marrow (BM-pMSCs) and adipose
tissue (AD-MSCs) derived mesenchymal stem cells were isolated from a male

heterozougous TP53"55R"®"" targeted piglet (genotype: TP53-S-R167H)

. Gene targeting
experiments were performed using the KRAS-NEO vector (see Figure 10), as isolated
TP53-SLR1STH targeted pMSCs contained already a bsr selectable marker gene. In each
case 10 ug of the KRAS-NEO vector was electroporated into 1x10° porcine MSCs. In the
case of transfected BM-MSCs 65 NEO-resistant single cell clones and 154 NEO-resistant
AD-MSC colonies were isolated and expanded for further analysis. Since most of the cell
clones ceased proliferation, only 32 adipose tissue derived and 17 bone marrow derived
single cell clones could have been analysed. Due to troubles with the screening PCR on
genomic DNA level, NEO-resistant clones had to be analysed on RNA level. To detect
correct KRAS targeting events RT-PCR was conducted using primers that amplified the 646
bp truncated KRAS-NEO mRNA transcript from exon 1 (KRASEX1_1) to the neo selectable

marker (neo_R). As a control the wild-type KRAS mRNA was amplified using primers that
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bind in exon 1 (KRASEx1_F) and exon 4 (KRASEx4_R). Figure 44 illustrates a

representative screening result.

AD-MSC clones BM-MSC clones

A

m12 345678 9101112131 2 3 4 56 6 7 H,O - +

500 bp

500 bp

Figure 44: RT-PCR screenings of G418-resistant cell clones

m: 100 bp DNA ladder; AD-MSC 1: clone 9; AD-MSC 2: clone 11; AD-MSC 3: clone 17; AD-MSC 4-
10: clones 36-42; AD-MSC 11: clone 44; AD-MSC 12-13: clones 46-47; BM-MSC 1: clone 6; BM-MSC
2-5: clones 8-11; BM-MSC 6-7: clones 14-15; H,O: water control, +: positive control; previously KRAS-
NEO targeted cell clone. A: RT-PCR of the truncated KRAS-NEO mRNA transcript. The AD-MSC
derived cell clones 7 and 11 (corresponding to clone AD-39 and AD-44) as well as the BM-MSC
derived cell clone 2 (corresponding to clone BM-8) express the 646 bp truncated KRAS-NEO mRNA
transcript. B: RT-PCR of the wild-type KRAS mRNA transcript. As a loading control RT-PCR was
performed with primers that amplified the wild-type KRAS transcript from exon 1 to exon 4. All
investigated cell clones amplified the 492 bp wild-type KRAS mRNA species.

Correct gene targeting was found for eight clones as judged by the amplification of the 646
bp KRAS-NEO mRNA transcript. This corresponds to a relative targeting efficiency of 12.5%
in the case of analysed AD-MSC cell clones (4 out of 32) and of 23.5% in the case of
investigated BM-MSC cell clones (4 out of 17). Unfortunately, three of the four retargeted
AD-MSC cell clones ceased proliferation, precluding further analysis of them. The remaining
five clones were used to isolate genomic DNA of better quality. That allowed us to
characterise them in more detail. Next, RFLP test was carried out to assess the presence of

the G12D mutation in the second exon of the targeted KRAS:S-672P

allele. Unfortunately,
only the cell clones AD-3 and BM-19 showed the expected restriction fragmentation pattern
specific for the mutant KRAS"S-¢"?? targeted allele.

Next, these two cell clones, AD-3 and BM-19, were subjected to further PCR screenings to

confirm the integrity of the 5" end as well as the 3’ end of the targeted KRAS-S-¢"%°

gene
locus (Figure 45A). To check the integrity of the 5’ end a PCR was performed using primers
designed to amplify a 3.4 kb DNA fragment across the 5 junction of the short arm

(KRAStarg_F) to the splicing acceptor (SA_R). In addition, an endogenous control PCR was
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conducted that amplified a 3.3 kb DNA fragment from the wild-type KRAS allele (Figure 45B,

left panel). The correctness of the 3’ end of the targeted KRAS-S-¢'P

gene locus was
examined using primers designed to amplify a 10.8 kb DNA fragment spanning the long arm

of the KRAS-NEO targeting vector (Figure 49B, right panel).
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Figure 45: 5’ and 3’ targeting PCRs of G418-resistant cell clones

M: 1 kb DNA ladder; HM: high range DNA ladder; WT: wild-type pMSCs; BM: bone marrow derived
wild-type pMSCs containing a TP53-5R17H gliele; AD: adipose tissue derived wild-type control cells
containing a TP53-SER167H allele; 3: cell clone AD-3, 19: cell clone BM-19, +: positive control,
previously KRAS-NEO targeted cell clone, H,O: water control. A: Schematic overview of the KRAS
G12L7gene locus. Exons are numbered, coding and non-coding exons are marked in black and open
boxes. Black triangles indicate loxP sites that flox the transcriptional termination cassette in intron 1,
the A to G point mutation in exon 2 is indicated by an asterisk. PCR and RT-PCR primers that were
used to identify targeted cells clones are indicated. Scal restriction sites and the hybridisation probe
used for Southern analysis are also shown. SA: splicing acceptor, neo: neomycon resistance gene,
pA: poly adenylation signal. (Adapted from 261) B: PCR screenings of KRAS-NEO retargeted porcine
TP53-SHR17ME M Cs. 5 targeting PCR and endogenous control PCR: both cell clones (AD-3 and
BM-19) amplified the diagnostic 3.4 kb DNA fragment indicating the correctness of the 5’ end of the
targeted site. 3’ targeting PCR: Only the cell clone AD-3 amplified the diagnostic 10.8 kb DNA
fragment.

LSL-

The results of the PCR screenings in Figure 45B confirm a correct targeting event for the
adipose tissue derived cell clone, AD-3, since all performed PCRs led to the amplification of
the expected DNA fragments. However, in the case of the bone marrow derived cell clone,
BM-19, only the PCR across the short arm amplified the expected DNA fragment. These

findings indicated the correctness of the 5" end of the targeted KRAS-S-¢72P

gene locus but
not of the 3’ end. Southern blot analysis revealed the integration of the LSL-NEO cassette at
the endogenous KRAS gene locus in both cell clones and no additional random integration

was observed. Figure 46 shows the Southern blot analysis.
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Figure 46: Southern blot analysis of putative KRAS-*-%"?° retargeted TP53"5-R"*""* pMsCs

M: Dig-UTP labelled marker; WT: wild-type pMSCs, AD-3; BM-19; /: free lane; +: positive control,
previously KRAS-NEO targeted cell clone. The applied DIG-UTP labelled probe hybridizes to the neo
gene of the LSL-NEO cassette. The diagnostic 6.9 kb Scal fragment is indicative for the integration of
the LSL-NEO cassette at the endogenous KRAS gene locus. Like the positive control, both cell
clones, AD-3 and BM-19, show the expected 6.9 kb Scal fragment.

As shown by Southern blot analysis the 6.9 kb DNA fragment indicative for a targeted
KRASS-¢"?P gllele was detected in both cell clones, AD-3 and BM-19. No additional DNA
fragment indicative for a random integration of the KRAS-NEO targeting construct was

detected. Thus, both cell clones and another KRAS"S-97%%*

targeted cell clone that was
established in a previous experiment were subjected to Cre recombinase mediated cassette
excision to verify the expression of mutant KRAS-G12D mRNA transcripts. RT-PCRs were
carried out to amplify the respective KRAS mRNA transcripts spanning exon 1 to exon 2,
exon 1 to exon 3 and exon 1 to exon 4, respectively. Subsequently, PCR products were sent
for sequencing. Figure 48 depicts the chromatograms of the particular cONA fragments. The
sequencing results in Figure 48 uncovered that only the positive control expresses the full-
length mutant KRAS-G12D mRNA transcript. Whereas in the retargeted cell clones AD-3 and
BM-19 the G to A substitution in codon 12 was only present in the mRNA transcript from

exon 1 to exon 2 and was absent in the longer mMRNA species.
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Figure 47: Chromatograms of RT-PCR products covering codon 12 of the relative KRAS mRNA
species

exon 1 to exon 2: mRNA species comprising exon 1 to exon 2; exon 1 to exon 3: mMRNA species
comprising exon 1 to exon 3; exon 1 to exon 4: mRNA species comprising exon 1 to exon 4, red
framing indicate the sequence of codon 12. Sequence analysis of cell clones AD-3 and BM-19
revealed the presence of the G12D mutation in the mRNA transcript spanning exon 1 to exon 2 (GAT)
and lacked in the longer transcripts from exon 1 to exon 3 and exon 4 (GGT), respectively. Only the
positive control expressed the full-length mutant KRAS-G12D mRNA species.

These results demonstrate, that none of the established cell clones harbours a correct

KRAS-6720 gene targeting event.

3.12.2 Conclusion

We were unable to derive cell clones carrying both latent oncogenic KRAS"*~¢"?? and
TP53-SLR167H targeted alleles, which could have been used for SCNT. The most surprising
finding is, that although all primary screenings on genomic DNA and RNA level indicated a
correct targeting event for the cell clone AD-3, Cre mediated cassette excision proved the
opposite. One possible explanation of these findings could be, that the KRAS-NEO targeting
vector might have acquired sequences of the 5’ end from the genomic KRAS locus and might
have integrated somewhere else in the genome. This phenomenon is also known as ectopic
gene targeting [282]. These findings advise caution regarding the screening of putative
KRAS-6"20 targeted cell clones in the future. Moreover, these results demonstrate that all
cell clones have to be verified for a correct KRAS-S-¢'?® gene targeting event by the
activation of the latent oncogenic KRAS"S-¢'?° allele in vitro, before cells will be used for
SCNT.
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4 Discussion

4.1 Modelling the muti-step process of porcine tumorigensis in vitro

Despite advanced insights into the molecular circuitry that underlies the initiation and
progression of human cancers, the diagnosis and treatment for this disease remain
inadequate. To this end, animal models represent important tools for the design and
evaluation of novel diagnostic and therapeutic anticancer drugs. In this respect, genetically
defined mice are currently the most commonly used animal model for biomedical cancer
research and preclinical studies [reviewed in 283]. However, mice differ clearly from humans
in terms of cancer biology, as murine cells are more easily transformed in vitro than human
cells. In particular, the perturbation of the p53 and Kras signalling pathways alone was
shown to be sufficient to induce a transformed phenotype in murine cells in vitro, while
human cells needed the disruption of the p53, Kras, pRb and Myc signalling pathways in
combination with an immortalisation step [233]. This indicates that profound differences exist
in the process of cellular transformation between mice and humans. Thus, there is a
considerable need for relevant animal models, in which the process of tumorigenesis is
analogous to humans. To date there has been only one report, which demonstrated the
derivation of fully transformed primary porcine cells in vitro through the enforced expression
of cyclin D1, CDK4"?*¢ p53°° HRAS®'?V, cMyc™®* and hTERT [258]. Worth mentioning, this
set of genetic alterations is in full agreement with those necessary to transform human cells
in vitro [25]. However, this experimental porcine tumour model falls short as a representative
cancer model, as it relies on the ectopic expression of oncogenes and dominant-negative
tumour suppressors, which are driven by viral promoters. In this regard, the expression of
introduced transgenes is driven in a non-physiological manner resembling rather gene
amplifications of oncogenes and mutant tumour suppressors than the occurrence of natural
mutations found in human cancers. Due to the limitations of this experimental porcine tumour
model, the objective of this study was to derive an experimental porcine mesenchymal stem
cell (pMSC) transformation model that recapitulates the situation in vivo more closely.
Therefore, the expression of oncogenic TP53%'™" (orthologous to human TP53%"°" and
mouse Trp53~"7%) and KRAS®'? (homologous to human KRAS®'?? and mouse Kras®'?")
should be driven from their endogenous gene promoters and their contribution to porcine

tumorigenesis should be investigated.

4.2 Generation of TP53-SER157H  KRASHSEC12D qouble-targeted pMSC clones

To mimic the multi-step process of porcine tumorigenesis in vitro latent oncogenic TP53--

R167H and KRAS-S-C'20 glleles should be introduced into the endogenous gene loci by
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homologous recombination. As target cells, the previously TP53"55%"%7" targeted cell clone
neo14, which lacked any detectable p53 expression [256], was subjected to a second round

of gene targeting to introduce a Cre activatable mutant KRAS"S-¢7?? gllele.

4.2.1 Design of the KRAS"®"?0 gene targeting constructs

Due to the commonly observed low frequency of targeted homologous recombination (HR) in
somatic cells, several experiments were designed by various laboratories, which aimed at
increasing the rate of targeted recombinants in somatic cells. These included positive-
negative selection, promoter and polyadenylation trap strategies, extension of the
homologous sequence arms of the targeting vector and introduction of double-strand breaks
at the targeted locus by rare-cutting endonucleases or chimeric nucleases, respectively [284-

290]. Some of these strategies were taken into account for the design of the KRAS--¢'?°

targeting vectors. To enrich correctly targeted KRAS®'??

cell clones the promoter trap gene
vectors comprise a 3.1kb 5’ short arm of homology, followed by a floxed transcriptional stop
cassette containing either a blasticidin resistance gene (bsr) (KRAS-BS) or a neomycin

resistance gene (neo) (KRAS-NEQ) and a 9.1kb 3’ long arm of homology.

4.2.2 |dentification of TP53-5:R17"  KRASMSL672P double-targeted pMSC clones

Neo14 cells were electroporated with the KRAS-BS promoter trap gene vector to introduce a

latent oncogenic KRAS®'?°

allele in these cells. Subsequent PCR-screenings of BS-resistant
single cell clones (designated as neo14/K- subclones) revealed that 54.6% of all analysed
subclones amplified the expected DNA fragment across the 5’ junction of the short arm to the
bsr gene. Next, the integrity of the 3’ end of the targeted KRAS gene locus was investigated
for five subclones (neo14/K39, neo14/K67, neo14/K82, neo14/K83 and neo14/K84). Long
range PCR across the LSL cassette to the 3’ junction of the long arm showed that four out of
the five analysed subclones amplified the expected DNA fragment. To detect the presence of
the G to A substitution in codon 12 (G12D), these four subclones (neo14/K39, neo14/K67,
neo14/K82 and neo14/K84) were subjected to restriction fragment length polymorphism
(RFLP) test, as the G12D mutation results in gain of a Bccl restriction enzyme recognition
site. RFLP test evidenced that three out of the four investigated subclones possess the

G12D mutation in exon 2.

4.2.3 Efficiency of KRAS"-C"?P gene targeting

The in this project achieved high targeting efficiency of 54.6% was quiet astounding, since
targeted HR in somatic porcine cells is usually relatively inefficient with reported targeting
efficiencies ranging from 2.1-9% [248,253,256,266]. With the exception of one report that
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showed that gene targeting into the permissive porcine ROSA26 gene locus resulted in
targeting efficiencies of 28%-48% [291]. However our obtained high targeting efficiency of
54.68% can neither be reasoned by the design of the targeting construct nor by the gene
locus or by the selection strategy applied. Thus it is more likely, that the high KRAS-BS
targeting efficiency was rather a consequence of p53 deficiency in the clone neo14. Beside
p53’s function in mediating cell cycle arrest and/or apoptosis in response to DNA damage,
p53 plays an essential role in maintaining genomic stability. In this respect, HR provides the
only pathway for accurate repairing of double-strand breaks [292] and several studies have
shown that p53 is directly involved in repressing the frequency of HR [293-296]. These initial
findings were in accordance with the observation of the unusual cytoplasmic localisation of
p53 in ES cells [297-300] reasoning their relatively high frequency of HR [301]. Although
these findings pointed to a direct role of p53 in HR, several other studies were not able to
show any effect of p53 on HR [302-304]. Because of these given discrepancies in the
literature, a more detailed in vitro study was conducted to figure out the role of p53 in
regulating HR. By applying different HR assays Yun et al. (2004) evidenced, that the
frequency of gene targeting was unaffected by p53 depletion, while in the same somatic
cells, the rate of intra- and extrachromosomal HR was elevated [305]. Based on their
findings, the group concluded that p53 can discriminate between genome-stabilising and
genome-destabilising HR [305].

In addition to p53, the RADS52 epistasis group comprises several genes (e.g. Rad51, Rad52
and Rad54), which are involved in the cell’s intrinsic recombination machinery and are
therefore crucial for double-strand break repair by HR [306]. Consistent with their role in HR,
these genes were shown to directly influence the efficacy of gene targeting, as their depletion
resulted in severely impaired targeting efficiencies [307-311]. For that reason, the transient
overexpression of these genes is considered as a valuable tool for improving gene targeting
efficiencies [312]. As experimentally demonstrated by microarray analysis BS-resistant
neo14/K- subclones showed an increased expression of Rad51 and Rad54B -a Rad54
paralog- [313,314]. Based on these findings it can be presumed that their expression was
already elevated in the parental cell clone neo14. Therefore, the lack of p53 expression and
the presumable elevated expression of Rad51 and Rad54B in the parental cell clone neo14

provide a good explanation for the relative high KRAS-BS targeting efficiency achieved.

4.3 Activation of latent oncogenic alleles by Cre protein transduction

To activate the introduced latent KRAS"S5®"?? and TP53"S-R'7H mutant alleles in the
subclone neo14/K67, cells were subjected to Cre recombinase mediated cassette excision.

Cre protein transduction was applied, as Peitz et al. (2002) showed that cell permeable,
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recombinant Cre protein is a very effective and safe tool for inducing recombination of lox-

modified alleles in primary cells [315].

4.3.1 Efficiency of Cre protein mediated cassette excision

TP53-SLR1TH  KRASHSI6T2D double-targeted porcine cells were transduced with recombinant
Cre protein. Excision of the floxed transcriptional stop cassettes should accomplish
expression of mutant mMRNA species and restoration of G418 and Blasticidin S sensitivity in
fully recombined cell clones, respectively. As a functional screen 22 Cre protein transduced
single cell clones (referred to as neo14/K67/- subclones) were spilt into culture medium
supplemented with either G418 or Blasticidin S and culture proceeded. While 6 out of 22
neo14/K67 subclones survived G418 selection, none of the neo14/K67/- subclones survived
Blasticidin S selection. These initial observations indicated, that the floxed transcriptional
stop (LSL) cassette at the targeted mutant TP53-S-R767H
72.7% (6/22) of all analysed neo14/K67/- subclones, while the LSL cassette at the targeted

mutant KRAS"¢"2° gene locus was excised in all analysed neo14/K67/- subclones (22/22).

gene locus was recombined in

This highly efficient Cre protein mediated recombination of latent oncogenic porcine alleles is
in accordance with data from Peitz and colleagues (2007), who reported a virtually 100%

efficiency of recombination in both primary mouse and ES cells [316].

4.3.2 TP53-SERISTHLSL-RIETH | amozygosity of the cell clone neo14

PCR screenings of the fully recombined subclones neo14/K67/1.1, neo14/K67/1.3,
neo14/K67/1.4 and the partially recombined subclone neo14/K67/1.8, which survived G418
selection, were carried out to prove the excision of the relative LSL cassettes on genomic
DNA level. To this end, PCRs across the LSL integration sites at the relative targeted gene
loci were performed. Consistent with the results obtained from the Blasticidin S selection test,
all subclones derived after Cre protein transduction, lacked the transcriptional stop cassette
at the targeted KRAS®'?® gene locus. PCR across the LSL integration site at the targeted
TP53%"°" gene locus revealed that the transduced subclones neo14/K67/1.1, neo14/K67/1.3

L-R167H
3

and neo14/K67/1.4 possess only the recombined TPS allele, while the partially

LSL-R167H
3

recombined subclone neo14/K67/1.8 has both a non-excised TP5 allele and a

recombined TP53""'"" allele. These findings showed that the parental cell clone neo14

harbours two gene-targeted TP53-5-F767"

alleles. However, these findings were astonishing,
since Simon Leuchs was able to amplify the wild-type TP53 allele in early-passage neo14
cells. In addition, he recognised that the clone neo14 ceased proliferation for a short period
of time after which fast growing cells arose, which had lost the wild-type TP53 allele
(personal communication). Overall, his observations pointed to a loss of heterozygosity

(LOH). Cre protein mediated recombination of lox-modified alleles revealed that the parental
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cell clone neo14 was homozygous than hemizygous for a TP53-5-R"67" gene targeting event.
One explanation for these findings can be provided by the observations that heterozygously
targeted mammalian cells can become homozygous either after culture in high
concentrations of G418 or spontaneously through mitotic recombination [317-319]. For that
reason, it is likely that the homozygosity of clone neo14 is a consequence of a HR-
dependent double-strand break repair mechanism. This assumption is strengthened by the
noticed elevated HR frequency of clone neo14 (as discussed before). In addition, it is most
likely that the homozygosity facilitated the clone neo14 to bypass growth arrest. This
assumption is consistent with the observation that loss of wild-type p53 function enables cells

to extend their replicative lifespan [320-322].

4.3.3 Functionality of Cre recombined TP53- """ KRAS-C'?P alleles

Besides the finding that the parental cell clone neo14 was homozygous for a latent TP537'67"

mutant allele, Cre protein transduction evidenced the functionality of the activated oncogenic
KRAS-€"?P and TP53“R'" alleles, as Cre transduced neo14/K67/- subclones expressed
both mutant KRAS-G12D and mutant TP53-R167H mRNA transcripts. Moreover, Western
blot and Ras Activation Assay proved that the porcine oncogenic KRAS=®"?? and TP53-"'¢7"
alleles have similar biochemical properties as their human and murine orthologous, namely
expression of constitutively GTP-bound Kras proteins and stabilised p53 proteins,
respectively [79,80,188,205,226,262,263,323].

4.4 Transcriptional silencing of p16INK4a

Although it was shown that the perturbation of p53 and Ras signalling pathways was
sufficient to convert murine cells to a transformed phenotype, human and porcine cells
required additional hits for neoplastic transformation. In particular, the abrogation of five
pathways -including pRb, p53, Ras, cMyc and hTERT- was necessary for full tumorigenic
transformation in vitro [233,258]. The perturbation of normal p53 and pRb function is
considered as an essential prerequisite for cellular transformation, as it leads to deregulated
cell cycle progression and to an extended lifespan of human cells in vitro [reviewed in 275].
Based on these findings and the observation that all established cell clones (neo14,
neo14/K- subclones and neo14/K67/- sublcones) showed no signs of replicative senescence
and instead exhibited an accelerated growth pointed to the idea that stepwise modified
pMSCs had lost normal pRb function. Inhibition of normal pRb function leads to loss of G4-to-
S phase checkpoint control, which in turn accomplishes uncontrolled cell cycle progression.
In this regard, the retinoblastoma protein is regarded as an important tumour suppressor
gene, because it acts as a transcriptional negative regulator of Gy phase progression. In its
hypo-phosphorylated active conformation, pRb blocks G4 phase progression resulting in cell
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cycle arrest and subsequent growth suppression. Upon hyper-phosphorylation by active
cyclin D1/CDK4 complexes pRb becomes inactive and G4-to-S phase transition proceeds
[reviewed in 83,324,325]. Due to its potent role in limiting uncontrolled cell growth the
abrogation of the p16INK4a/cyclinD1-CDK4/pRb signalling pathway was a basic prerequisite
for the tumorigenic conversion of primary human and porcine cells in vitro [25,233,258,326].
This pathway can be altered either through the inactivation of the two negative regulators of
cell proliferation, p16INK4a and pRb, or through the overexpression of the two inducers of
proliferation, cyclin D1 and CDK4 [327]. Consistent with these observations, several
experimental human cell transformation models have shown that an overexpression of cyclin
D1 and CDK4 or its mutant resistant to p16INK4a inhibition (CDK47%*°) are sufficient to
inactivate the pRb pathway [15,25,265,328]. These genetic modifications cause hyper-
phosphorylation an inactivation of pRb [329-331]. The same effect was observed in cells
lacking expression of the cell cycle inhibitor and modulator of senescence p16INK4a
[332,333]. A growing body of evidence indicates that the CDKN2A gene locus and its gene
products, p16INK4a and p14ARF, take a centre stage not only in controlling cell cycle
progression but also in replicative senescence. While p16INK4a plays a central role in
senescence and tumour suppression in human cells, p14ARF does so in murine cells by
inducing p53-dependent cell cycle arrest [reviewed in 108]. As both are considered as potent
mediators of cellular senescence, but in a species-specific manner and little is known about
the circumstances regarding the porcine senescence program, their expression levels were
investigated in more detail. As evidenced by RT-PCR and quantitative real-time RT-PCR, the
expression of p16INK4a was almost absent in the stepwise-modified pMSCs compared to
wild-type pMSCs, whereas the expression of p14ARF increased. These results suggest that
p16INK4a is the key governor of the senescence program in porcine cells, similar to its
function in mediating cellular senescence in human cells [116,271,272].

Based on the results of the expression analysis and the fact that p16INK4a and p14ARF are
encoded from the same gene locus but transcribed from distinct independent promoters
[107], it was assumed that the impaired p16INK4a expression had to be rather a
consequence of epigenetic modifications of the P16INK4A gene region than gene deletions.
Consistent with this idea aberrant DNA hyper-methylation is a common mean by which
tumour suppressor genes are inactivated during carcinogenesis [103,334]. Given that the
porcine P16/INK4A promoter sequence is not fully annotated yet, the methylation signature of
5" region of the P16INK4A gene locus covering most of the first exon (-10 to +256) was
investigated, as Brenet and colleagues showed, that DNA methylation surrounding the
transcriptional start site is tightly linked to transcriptional silencing [335]. Methylation analysis
revealed that this region is hyper-methylated in the genetically modified pMSCs. These

findings indicate that the transcriptional repression of the P16INK4A gene locus might be a
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consequence of gene methylation. These findings are in full agreement to those from Tsutsui
et al. (2002), who showed that spontaneously immortalised human cells lose p16INK4a
expression mainly due to gene methylation, which in turn causes hyper-phosphorylation and
inactivation of pRb [333]. Considering that neither the expression of cyclin D1 nor CDK4 was
highly upregulated in the genetically modified pMSCs compared to wild-type pMSCs as
evidenced by microarray analysis, it can be concluded that the transcriptional repression of
p16INK4a has to be the cause of the physiological inactivation of the pRb pathway.
Consistent with this idea, an altered expression of one component of the p16INK4a/cyclinD-
CDK4/pRb pathway was reported to be sufficient to trigger G4-to-S-phase transition and
thereby cell cycle progression [275,327].

4.5. Dereqgulated cell cycle control in stepwise geneticallly modified pMSCs

Microarray analysis showed an aberrant expression of other cyclin/CDK complexes involved
in cell cycle regulation. In particular, the expression of cyclin E and its interaction partner
CDK2 was significantly upregulated in the stepwise modified pMSCs compared to wild-type
pMSCs. In normal cells cyclin E and CDK2 accumulate near the G1-to-S phase transition,
where they control the entry into and progression through S phase [reviewed in 336]. An
aberrant expression of cyclin E throughout the cell cycle has been reported in a variety of
human cancers, suggesting a link between deregulated cyclin E expression and
tumorigenesis [337-339]. Moreover, early in vitro studies showed that an ectopic expression
of cyclin E accelerates entry into S phase [329,340] and cyclin E overexpression is also
associated with mitotic delay and genomic instability [341,342]. In addition, an aberrant
expression of cyclin A2 and its interacting cyclin dependent kinases CDK2 and CDK1 was
detected in the stepwise modified pMSCs. While cyclin A2 binds to and activates CDK2 in S
phase, it associates with either CDK1 or CDK2 at the G,-to-M phase transition [343,344].
Cyclin A/ICDK2 complexes control S phase progression, where they are implicated in DNA
replication [345]. In agreement to these findings, an ectopic overexpression of cyclin A2 was
shown to induce premature entry of G4 cells into S phase [346,347]. In late G, phase cyclin
A/CDK2 complexes localise to the centrosomes and coordinate the timing of entry into
mitosis [348]. Given that cyclin A2 is rapidly degraded during mitosis, usually before the
onset of anaphase, increased levels of cyclin A in mammalian cells delay chromosome
alignment and anaphase onset [349,350]. In line with these findings, aberrant expression of
cyclin A2 has been found in a variety of human cancers and deregulated cyclin A2
expression appears to be closely related to tumour cell proliferation [reviewed in 351].

Moreover, stepwise modified pMSCs showed elevated levels of B-type cyclins (B1, B2 and
B3) and CDK1, which regulate the progression from G, into M phase. In normal cells the

levels of cyclin B mRNA increase during G, phase and peak at the G,-to-M transition [352-
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354]. Transcription of CDK1 is initiated during G4-to-S-phase transition and peaks at early
mitosis [355]. As a consequence, inappropriate expression of Cyclin B1 and CDK1 cause
premature entry into mitosis and uncontrolled cell proliferation [356,357]. Consistent with
these observations, an accelerated expression of cyclin B1 and CDK1 was reported in a
broad spectrum of human malignancies [358-363], indicating their pivotal role in deregulating
cell cycle progression and promoting malignant transformation.

Since cell cycle progression is not only controlled by a diverse set of cyclin/CDK complexes
but also by p53, the expression levels of some p53 target genes were investigated.
Transcriptome analysis revealed that the expression of p53 and its two stress-induced
targeted genes, p21 and GADDA45, is diminished in p53-deficient neo14/K-subclones as well
as in cells expressing mutant p53-R167H protein (neo14/K67/-subclones and
neo14/K67/1.1+cMyc). After DNA-damage p53 inhibits G4-to-S transition by causing the
accumulation of p21[364,365]. P21 is the key regulator of G1 arrest, as it blocks the kinase
activity of cyclin-complexed CDK2, which in turn leads to hypo-phosphorylated pRb [366].
Besides its pivotal role in mediating G; arrest, p21 can also trigger G, phase arrest by
effectively inhibiting the kinase activity of CDK1 [367,368]. GADDA45 binds also to CDK1 and
disrupts its ability to complex with cyclin B, which is essential to enter mitosis [369,370].
These data imply, that loss of normal p53 function entails impaired DNA damage checkpoint
control in porcine cells, as seen in murine and human cells [371,372].

Collectively these data indicate, that the stepwise genetically modified pMSCs have lost
normal cell cycle control, mainly through the perturbation of both the pRb and p53 signal
transduction pathways. Moreover, based on the aberrant expression of genes involved in
sensing and repairing DNA damage or assuring correct chromosomal segregation during
mitosis it can be assumed that the genetically modified pMSCs possess a high degree of

genetic instability [49].

4.6 Acquired immortalisation of stepwise geneticallly modified pMSCs

Du to the “end replication problem” telomeres are progressively shortened with each cell
division [29,30] and upon a certain threshold length, cells enter an irreversible growth arrest
called replicative senescence [35,36]. For that reason, the restricted replicative lifespan of
somatic cells is regarded as a potent barrier of malignant cell transformation limiting the
growth potential of precancerous cells [38]. In contrast, unlimited replicative capability is a
hallmark of cancer [49]. In virtually all human tumours (90%) the telomeres are maintained by
an upregulated expression of telomerase, while the minority employs a telomerase-
independent mechanism, termed Alternative Lengthening of Telomeres (ALT) [40,44,46].
These observations indicate that telomere maintenance and the concomitant cellular

immortalisation are essential events in the multi-step process of malignant human cell

98



Discussion

transformation. Consistent with these observations, the ectopic expression of TERT was an
essential prerequisite for human cell transformation [25,233,264,326,373]. In contrast,
ectopic expression of TERT was dispensable to drive murine cells to a transformed
phenotype, as they readily undergo spontaneous immortalisation in vitro [233]. This
phenomenon may be due to the relatively long telomeres (250 kb) observed in laboratory
mice and their persistent expression of telomerase in somatic tissue [374-376]. Although
telomere biology in humans and pigs seems to be similar, as porcine telomeres (16-18 kb)
have a similar length as human ones [377,378] and several somatic porcine tissues lack
detectable telomerase expression [379,380], the cell pool neo14/K67/1.1+cMyc was
converted to a fully transformed phenotype without the ectopic expression of TERT. RT-PCR
and microarray analysis evidenced that neither wild-type pMSCs nor stepwise modified
pMSCs expressed detectable levels of this reverse transcriptase. These findings pointed to
the idea that the genetically modified pMSCs must have acquired a telomerase-independent
mechanism to become immortalised. As mentioned above the parental cell clone neo14
entered a growth-arrested state, after which fast growing, homozygously targeted TP53%'¢7"
cells emerged. Based on these observations it is quite likely that loss of wild-type p53
function facilitated the clone neo14 to extend its proliferative lifespan. In addition, the finding
that the KRAS-BS retargeted subclone neo14/K67 showed a markedly diminished p16INK4a
expression, which was almost absent in all subsequent subclones (neo14/K67/1.1 and
neo14/K67/1.1+cMyc), presumes that the abrogation of both pathways are essential for
porcine cells to escape replicative senescence. Consistent with these findings, several
reports have shown that in human cells replicative senescence is triggered by the p53 and
p16INK4a-pRb signalling cascade [116,268,381] and their combined inactivation entails
human cells to escape replicative senescence [37,270,271]. This is opposed to the relative
ease with which mouse cells become immortalised and to their senescence program. In
particular, in response to culture- or oncogene-induced senescence, wild-type MEFs express
increased levels of p53 and ARF, whereas human cells show elevated levels of p16 and pRb
[116,118,269,382]. Consistent with this, ARF- or p53-deficient murine cells escape
oncogene-induced senescence [118,383,384], while human cells have to abolish normal p53
and pRb function [270,385]. The fact that p53- and p16INK4a-deficient porcine cells showed
no signs of replicative senescence suggests that both signalling pathways are involved in the
porcine senescence program, consistent with that of human cells.

Although disruption of normal p53 and pRb function leads to an extended lifespan of human
cells, telomeres are still progressively shortened and upon a critical shortness cells enter a
second growth-arrest, called crisis [reviewed in 43]. To evade this second barrier to
immortalisation human cells have either to upregulate telomerase activity or ALT, which

prevents further telomere shortening [386]. In ALT-positive (ALT") cells the telomeres are
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maintained by a recombination-mediated DNA replication step, in which telomeric DNA from
an adjacent chromosomal telomere is synthesised and copied to another telomere [47]. As
the unlimited replicative capability of stepwise modified pMSCs was not a consequence of
upregulated TERT expression, we investigated the expression of some ALT-associated
genes. Transcriptome analysis of stepwise genetically modified pMSCs and the porcine
sarcoma derived cell lines revealed that a number of genes that are crucial for telomere
maintenance in ALT" cells were upregulated. Among them were genes required for telomere
elongation and capping, such as RAD51 and BRCAZ2 [387]. In addition, flap endonuclease 1
(FEN1), Fanconia anaemia group D2 (FANCD2) and Fanconi anaemia group A (FANCA)
were also upregulated. These proteins are essential for the recombinational repair of broken
replication forks in normal cells [388-390] and thus it is supposed, that these proteins are
required for telomere maintenance in ALT" cells [reviewed in 391]. Furthermore,
transcriptome analysis revealed that the expression of the Bloom syndrome helicase (BLM),
a RecQ helicase [392], was significantly upregulated. Studies conducted by Stavropoulos et
al. (2002) demonstrated, that the overexpression of BLM caused a rapid increase in
telomeric DNA synthesis in telomerase-deficient human cells, reasoning that BLM plays an
important role in the human ALT pathway [280]. In contrast, the expression of shelterin
proteins TERF2 and protection of telomeres 1 (POT1) that are implicated in the repression of
ALT were kept at low levels. Shelterin proteins bind to telomeric DNA and exert anti-
recombination properties, whereas reduced shelterin protein saturations at telomeres are
considered as the cause of ALT [reviewed in 391].

Summing up, data from the transcriptome analysis show that pMSCs, which were converted
to a transformed phenotype in vitro had upregulated the expression of genes that are
implicated in the Alternative Lengthening of Telomeres mechanism. These results are in high
accordance with human MSCs, which have a particular tendency to activate ALT [393]. It
should be noticed, that the overall prevalence of ALT in tumours is relatively low, but it is
observed more frequently in mesenchymal malignancies. In particular, 77% of pleomorphic-
undifferentiated sarcomas (PUS) are ALT positive [394]. Again, our results are in full
agreement with these data, as transformed pMSCs gave rise to sarcomas, which in humans

prevent telomere attrition by the ALT mechanism.

4.7 In vitro growth characteristics of stepwise geneticallly modified pMSCs

Since unlimited replicative capacity, loss of density-dependent growth inhibition and the
ability to proliferate in semi-solid medium are characteristics of neoplastic cells, several in
vitro assays were performed to analyse the transformation-related phenotypes of the
stepwise genetically modified pMSCs. Un-induced neo14/K67 cells did not proliferate
considerably faster than wild-type pMSCs (population doubling time (PDT) of 23.6 +/-0.4h vs.
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25.7h +/-2.6h), although an increased expression of several cyclin/CDK complexes and the
perturbation of the pRb pathway were detected in un-induced neo14/K67 cells. However,
these results are consistent to those from Resnitzky et al. (1994). The group reported that an
ectopic overexpression of cyclin B1, E and D1 does not change the mean cell cycle length of
rat fibroblasts relative to their non-induced counterparts. These findings were reasoned by
the observation, that the constitutive ectopic expression of these cyclins did not only
accelerate G;-to-S transition but also increase the length of S and G, phase [329]. As
opposed to this, cells expressing mutant TP537¢" and KRAS®'?’ (neo14/K67/1.1 and
neo14/K67/1.1+cMyc) showed an accelerated growth with a PDT of 15.4h +/- 1.7h and 14.7h
+/-0.8h, respectively. These results are in line to those from Lang et al. (2004). They showed
that MEFs homozygous for the Trp53%"7? mutation grew faster than p53” MEFs, supporting
the idea of a gain of function of mutant p53 [79]. In addition, Tuveson et al. (2004) reported

that the expression of endogenous mutant Kras®'?"

stimulates proliferation in MEFs [226].
Surprisingly, stable selected cMyc transfectants did not proliferate considerably faster than
the parental cell clone neo14/K67/1.1. However, deregulated expression of cMyc enabled
neo14/K67/1.1+cMyc cells to form multi-layered foci when reaching confluence. These
observations indicated that neo14/K67/1.1+cMyc cells had lost contact inhibition. Moreover,
when grown in soft agar, cells expressing mutant TP53%"°" and KRAS®'? gave rise to 54
colonies and the cMyc transfected cell pool to 24 colonies. Although the
neo14/K67/1.1+cMyc cell pool formed fewer colonies in semisolid medium than the parental
cell clone neo14/K67/1.1, these colonies were much larger. Collectively, the soft agar assay
evidenced that both cell populations had acquired in vitro growth properties associated with

neoplastic cell transformation [reviewed in 395].

4.8. In vivo tumorigenicity of stepwise geneticallly modified pMSCs

Since all in vitro assays indicated that the genetically modified pMSCs were converted to
transformed phenotype, these cells were implanted into immune-deficient mice, because the
most rigorous test for assessing tumorigenicity of transformed cells is their capability to form

tumours when injected immune-comprised animals.

4.8.1 Implantation of stepwise geneticallly modified pMSCs in immne-deficient mice

To test the tumorigenic potential of stepwise modified pMSCs in vivo, cells were mixed 1:1
(v/iv) with Matrigel™ Basement Membrane Matrix and injected subcutaneously in immune-
deficient mice. However, only stable selected cMyc transfectants gave rise to rapidly growing
tumours in the immune-deficient host (3/4), while the parental cell clone neo14/K67/1.1

formed only one small tumour nodule. These data show that although ALT-immortalised,
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p16INK4a-deficient pMSCs expressing endogenous mutant TP53%'"" and KRAS®'?
mimicked almost all features of neoplastic cell transformation in vitro, they failed to form
rapidly growing tumours in the short time course of the xenotransplantation experiment.
These observations indicate, that additional genetic alterations are indispensable to confer
complete transformation of pMSCs. In agreement with this idea, the additional deregulated
expression of cMyc promoted the in vivo tumorigenicity of genetically modified pMSCs in our
study. One explanation for Myc’'s crucial role in the process of neoplastic porcine cell
transformation can be provided by the observations of Lin et al. (2012) and Nie et al. (2012).
They reported that elevated cMyc levels cause the transcriptional amplification of the existing
gene expression program by binding to actively transcribed gene promoters [396,397].
Moreover, our results are in high agreement with those from Funes et al. (2007). They
reported that the concomitant expression of hTERT, E6 and E7 oncoproteins of the human
papillomavirus and HRAS"'? resulted in tumour growth in 2/10 injection sites with a latency of
69 days. In contrast, mice inoculated with telomerase-immortalised human MSCs transduced
with E6 and E7, SV40 ST and HRAS""?, which resulted in the perturbation of the p53, pRb,
Myc and Kras signalling pathways, developed tumours with a significantly shorter latency of
between 20-27 days [326]. These observations are in high accordance to an earlier study
conducted by Rangarajan et al. (2004). The group demonstrated that the perturbation of the
same signalling pathways is required for in vivo tumorigenicity of differentiated human cells
derived from various tissue compartments (foreskin fibroblasts, embryonic kidney fibroblasts
and mammary epithelial cells) [233]. And in 2007 Adam et al. showed that the perturbation
of the identical pathways is sufficient to confer neoplastic transformation of porcine dermal
fibroblasts, embryonic kidney fibroblasts, kidney epithelial cells and testis cells [258].
Collectively, our data and the previously reported one by Adam et al. (2007) show, that
multipotent and differentiated porcine cells require the same genetic alterations as their
human counterparts to be converted to a fully transformed phenotype. This conflicts with the

ease how murine MSCs and differentiated cells became tumorigenic [233,398,399].

4.8.2 Isolation and culture of porcine sarcoma derived tumour cells

One of the neo14/K67/1.1+cMyc derived tumours was histological examined and classified
as a low-grade myxoinflammatory fibroblastic sarcoma (MIFS). Re-implantation of one
neo14/K67/1.1+cMyc derived tumour into another immune-deficient mouse resulted in the
formation of a pleomorphic-undifferentiated sarcoma (PUS). These results are in line with the
role of experimentally transformed murine and human MSCs in sarcomagenesis [reviewed in
400]. In addition the neo14/K67/1.1+cMyc derived MIFS and PUS were used to derive a
porcine primary tumour cell line (pPTC) and a re-implanted porcine tumour cell line (rePTC),

respectively. Unfortunately, rePTC adhered very poorly to plastic culture dishes and
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frequently detached during standard tissue culture procedure. This feature contrasts to the
tight plastic adherence of genetically modified pMSCs and pPTC. These observations
assumed that the re-implanted porcine tumour cells might express another set of genes
involved in adhesion and extracellular matrix pathways compared to the genetically modified
pMSCs and the primary porcine tumour cells. This assumption was moreover underpinned
by the finding that tumour cells of the re-implanted tumour invaded the pancreas of the
immune-deficient mouse. In addition, transcriptome analysis showed that the malignant
rePTCs express elevated levels of extracellular matrix (ECM) degrading and remodelling
proteases, such as MMP-1, MMP-3, MMP-10 and MMP-11 and vascular endothelial growth
factor a, an inducer of the “angiogenic switch” [49]. These findings confirm the invasive and
migratory properties of these re-implanted porcine sarcoma derived cells. In this regard, our
results are consistent to numerous studies that reported that cellular migration and invasion
are governed by an altered expression of integrins and secreted proteases [reviewed in
401,402]. Collectively, these findings suggest that the modified affinity for basement
membrane substrates observed in the malignant rePTCs might be most likely due to a

different expression and distribution of integrins.

12D
SG

4.8.3 Amplification of oncogenic KRA in porcine sarcoma derived tumour cells

Microarray analysis uncovered that both porcine sarcoma derived cell lines expressed
elevated levels of KRAS mRNA. Molecular investigations brought to light that the elevated
KRAS mRNA levels in both cell lines correlated with increased KRAS copy numbers. Six
copies of the second exon of the KRAS gene were identified in the primary PTC line and nine
copies in the re-implanted PTC line. Sequencing of KRAS mRNA transcripts revealed that
the mutant KRAS-G12D mRNA species is the predominant one in the two porcine sarcoma
derived tumour cell lines. In agreement with these findings, pPTC and rePTC expressed
elevated levels of constitutively active GTP-bound Ras proteins compared to the genetically
modified pMSCs. Taken together, these results indicate that the increased expression of
active Ras-GTP in the porcine sarcoma derived cell lines is primarily due to genomic

amplification of the mutant KRAS~¢"%"

allele, a phenomenon that has been observed in some
human tumour entities [403-405].
Since all investigations showed that the transcription of mutant Kras-G12D mRNA results in

an increased expression of oncogenic Kras®'?

protein we assessed the levels of
phosphorylated ERK1/2 and Akt. These are two well-defined indicators of the activation of
the RaffMEK/ERK and the PI3K/Akt pathway, respectively [reviewed in 406]. Unexpectedly,
wild-type control pMSCs and un-induced neo14/K67 cells displayed elevated basal levels of
both, pERK1/2 and pAkt, but no further increase was detected in Cre recombined pMSCs

before (neo14/K67/1.1 and neo14/K67/1.1+cMyc) as well as after xenotransplantation (pPTC
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and rePTC). These results were very wondrous, since these two pathways are supposed to
become activated by constitutively GTP-bound Kras [reviewed in 279]. One possible
explanation for this finding can be provided by study designed by Tuveson et al. (2004). The
group reported that Kras“®'?® MEFs had equal or even decreased levels of pERK and pAkt
compared to wild-type MEFs and unrecombined Kras"*~¢'?® MEFs, while MEFs ectopically
expressing super-physiological levels of oncogenic HRAS®'? contained elevated levels of
pERK and pAkt. In their study the underlying mechanism of Ras effector pathway attenuation

G12D

in primary cells expressing endogenous oncognic Kras remained also elusive [226].

Braun et al. (2004) reported similar results. They established an IFN-inducible genetically

LSL-G12D)

engineered mouse model (Mx1-Cre; Kras in which recombination of the LSL cassette

was directed to the bone marrow. Although Ras-GTP levels were elevated in isolated bone

marrow cells of mutant Kras-¢"%P

mice, the group did not detect elevated levels of pMEK and
pAkt [407]. Based on their and our findings it can be presumed that primary cells of
mesenchymal origin may require the activation of the Ral-GEFs or other downstream
signalling pathways, which were not investigated in our study. Collectively, our results are in
agreement with the findings of these two experimental studies, in which the expression of
endogenous oncogenic Kras®'?° does not entail an activation of either ERK or Akt in primary

cells in vitro.

4.8.4 Implantation of stepwise modified pMSCs in an immune-competent isogenic pig

In a final attempt, we wanted to evaluate the tumorigenic potential of genetically modified
porcine cells in an immune-competent large animal. The parental, unmodified wild-type
pMSCs were used to clone a syngeneic recipient animal. Subcutaneous implantation of
transformed pMSCs into the cloned, syngeneic pig should not result in an immune response
and cell rejection. Since the xenotransplantation experiment showed, that transformed
pMSCs co-injected with Matrigel™ Basement Membrane Matrix can give rise to tumours in
immune-deficient mice, it was decided to co-inject two cell preparations with Matrigel™
Basement Membrane Matrix. Few days after implantation a swelling and redness at the

I™ were visible. However,

injections sites, where cells had been co-injected with Matrige
these regressed again, indicating that the pig has evoked a potent immune response against
the xenoantigenes presented by the Matrigel™ Basement Membrane Matrix, as this
basement membrane had been extracted from an Engelbreth-Holm-Swarm mouse sarcoma
[408,409]. The same phenomenon was observed at the injection sites, where stable selected
cMyc transfectants (neo14/K67/1.1+cMyc) and primary porcine tumour cells (pPTCs) had
been injected. In contrast, no obvious immune response was detected at the injections sites
of wild-type and Cre recombined pMSCs (neo14/K67/1.1), respectively. These findings

suggest that the syngeneic pig developed an immune response against the products of the
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selectable marker genes bsr and neoR, which are encoded by the cMyc expression vector.
Consistent with this idea, several studies have reported that the infusion of cells expressing
xenogeneic reporter or selectable marker genes, such as the enhanced green fluoresecent
protein and the hygromycin phosphotransferase and herpes simplex thymidine kinase fusion
protein induced a potent immune response in human and animal recipients even after
nonmyeloablative conditioning regime [410-413]. Collectively, these data indicate that a
preceding immune suppression of the syngeneic recipient would be an essential prerequisite
to allow the tumour growth of implanted genetically modified porcine cells. A similar
experiment was performed by Adam et al. (2007). Here, they had to apply an immune
suppressive regime to the isogenic pig prior to cell implantation to allow tumour growth, as
they used a combination of human and murine transgenes to convert porcine cells to a

tumorigenic state [258].

4.9 Derivation of pigs carrying latent oncogenic TP53-S-R"6"H and KRAS"S:¢"?P alleles

One of our research interests is to model serious and common human cancers in genetically
defined pigs. Inspired by the fact, that concomitant oncogenic mutations of KRAS and TP53
are frequently found in the most deadliest human cancer types [414-416], we aim in deriving
genetically modified pMSCs that carry both latent oncogenic TP53-S-R"7" and KRAS-S-6720
alleles. Correctly double-targeted cell clones should then be used as nuclear donors for
somatic cell nuclear transfer. Bone-marrow (BM) and adipose-tissue (AD) derived MSCs
were isolated from a transgenic TP53"S-R""" piglet. Both cell preparations were transfected
with the KRAS-NEO gene targeting vector construct. Primary targeting screenings revealed a
relative targeting efficiency of 12.5% (4 out of 32) in the case of analysed AD-MSC cell
clones and of 23.5% (4 out of 17) in the case of investigated BM-MSC cell clones,
respectively. However, further molecular analysis showed that only two clones (BM-19 and
AD-3) were correctly targeted. These results are consistent with the overall extremely low
efficiency of targeted integrations compared to the relatively high frequency of random, non-
homologous integrations observed after gene targeting in mammalian cells [reviewed in 312].
Although all investigations pointed to a correct KRAS"-¢"?° gene targeting event in the cell
clones BM-19 and AD-3, Cre recombinase cassette excision proved the opposite. While the
G12D mutation in exon 2 was present in the RT-PCR product covering exon1 to exon 2, it
was not detectable when amplifying exon1 to exon 3 or exon 1 to exon 4. These results were
surprising, as no such problem occurred when targeting KRAS in the clone neo14. Having a
closer look at the literature the term “ectopic gene targeting” attracted my attention. Ectopic
gene targeting is described as a phenomenon, in which a transfected targeting construct can
elongate its homology arms by acquiring DNA sequences from the genomic target locus and
subsequently this elongated targeting construct integrates somewhere else in the genome
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[282,417]. In this regard, ectopic gene targeting provides a good explanation for my results,
because all performed experiments point to the assumption that the KRAS-NEO gene
targeting construct has extended its 5’ end with genomic sequences comprising the first exon
of the KRAS gene locus. Otherwise there is no logical explanation, why the established cell
clones express a “short” mutant KRAS-G12D transcript (exon 1 to exon 2), but not the longer
ones (exon 1 to exon 3 and exon 1 to exon 4).

Summing up, in the course of this project no TP53-5:R"%7H and KRAS-S-¢"?° double-targeted

cell clones could be derived that could have been used for somatic cell nuclear transfer.
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5 Concluding remarks and outlook

In this project, the neoplastic transformation of stepwise genetically modified porcine
mesenchymal stem cells (pMSCs) has been achieved. In vitro assays and an in vivo
xenotransplantation experiment proved that the perturbation of normal p53, Kras, pRb and
cMyc signalling in combination with an immortalisation step entails the neoplastic
transformation of pMSCs. This set of genetic alterations accords with those necessary to
convert human MSCs to a transformed phenotype.

This study provides the first porcine experimental cell transformation model that is mainly
driven by endogenous genetic alterations (expression of endogenous mutant TP53%"°" and
KRAS®'®® P16INK4a gene methylation and activation of the Alternative Lengthening of
Telomeres). However, implantation of genetically modified pMSCs into immune-deficient
mice revealed that a deregulated cMyc expression is an essential prerequisite to prompt the
in vivo tumorigenicity of pMSC. Thus to provide a more elegant porcine experimental
mesenchymal stem cell transformation model a conditional cMyc'™®* knock-in gene targeting
vector should be constructed and used for gene targeting, as mutant cMyc™®* has been
reported to exert an enhanced transforming activity [24]. After Cre recombination this
approach will allow the derivation of a porcine experimental mesenchymal stem cell
transformation model that is driven only by the expression of endogenous mutant oncogenes
and tumour suppressor genes. ldeally, these genetically modified pMSCs should not evoke
an immune response when implanted in an immune-competent isogenic pig. If these cells
will form tumours in syngeneic pigs they can be grown to very large size allowing the testing

and validation of hyperthermia an radiation therapy.

Motivated by the findings of the experimental porcine transformation model, we aim in

3LSL-R167H and

generating double-targeted pigs carrying both Cre activatable oncogenic TP5
KRAS™S-C12P glleles. Crossing these pigs with transgenic pigs expressing Cre recombinase
in different tissues will allow replicating various human cancer types. Unfortunately, in the
course of this project we were unable to generate correctly double gene-targeted pMSCs that
could have been used for somatic cell nuclear transfer. This has to be repeated. An

LSL-G12D
SSG

alternative approach would be to generate only KRA gene targeted pMSCs.

Correctly targeted and SCNT-derived founder animals can then be crossed with our TP53-5-

R167H gene targeted pigs and subsequently with transgenic pigs expressing Cre recombinase
in a tissue-specific manner. We are confident that these multi-transgenic oncopigs will
provide powerful insights into the initiation, progression and pathogenesis of several human

cancer types.
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6 Abbreviations

%: Percent

°C: Degree celsius

Mg: Microgram

l: Microliter

MM: Micromolar

pm: Micrometer

Ac: Acetylation

AD: Adipose tissue

ALT: Alternative Lengthening of Telomeres
AKT: Protein kinase B

APC: Adenomatous polyposis coli

ARF: Alternative reading frame

ATM: Ataxia telangiectasia mutated

BAX: BCL2- associated X protein

BLM: Bloom syndrome helicase

BM: Bone marrow

bp: Basepair

BRCAT1: Breast cancer 1, early onset

bsr: Blasticidin resistance

cDNA: Complementary deoxyribonucleic acid
CDK: Cyclin-dependent kinase

CDKN1A: Cyclin-dependent kinase inhibitor 1A
CDKN2A: Cyclin-dependent kinase inhibitor 2A
COq: Carbon dioxide

CRC: Colorectal cancer

CRISPR: Clustered regulatory interspaced short palindromic repeats
DIG: Digoxigenin-11-2'-deoxy-uridine-5'-triphosphate
DMEM: Dulbecco’s Modified Eagle’s Medium
DMSO: Dimethylsulfoxide

DNA: Deoxyribonucleic acid

DNmt3a: DNA methyltransferase 3a

dNTP: Deoxyribonucleotide triphosphate
DTT: Dithiothreitol

dUTP: Digoxigenin-11-2'-deoxy-uridine-5'-triphosphate
E1A: Adenovirus early region 1A

Abbreviations
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ECM:
EDTA:
EGFR:
ERK:
ES cell:
etal.:
FANCA:

FANCD2:

FAP:
FCS:
FEN1:
FGF:
LFS:
LOH:
LSL:
LT:
g

g
gDNA:

GADDA45:

GAP:
GAPDH:
GDP:
GEF:
GEMM:
GTP:

h:

H,0:
HAT:
HDAC:
HDM2:
HEK:
HMEC:
HR:
HRP:
HLH-Zip:
HRAS:

Extracellular Matrix
Ethylenediaminetetraacetic acid
Epidermal growth factor receptor
Extracellular signal-regulated kinase
Embryonic stem cells

et alii

Fanconi anemia group A
Fanconi anemia group D2
Familial adenomatous polyposis
Fetal calf serum

Flap endonuclease 1

Fibroblast growth factor
Li-Fraumeni syndrome

Loss of heterozygosity

Transcriptional termination

Large T antigen of the simian virus 40 early region

gram
Gravitational acceleration

genomic deoxyribonucleic acid

Growth arrest and DNA damage-inducible protein 45

GTPase-activating protein

Glyceralaldehyde-3-phophate dehydrogenase

Guanosine diphosphat

Guanine nucleotide exchange factor
Genetically engineered mouse models
Guanosine triphosphate

hour

Water

Histone acetyltransferase

Histone deacetylase

Human double minute 2 homolog
Human embryonic kidney

Human mammary epithelial cells
Homologous recombination
Horseradish peroxidase
Helix-loop-helix-leucine zippers

Harvey rat sarcoma viral oncogene homolog

Abbreviations
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HPV:
HTNC:
IL-2R:
IPTG:
IRES:
kb:
kDa:
KRAS:

loxP:

M1:
M2:
mA:
Mej:
MAPK:
MDM2:
MEF:
MEK:
MIFS:
min:
Miz1:
ml:
mM:
MMP:
MRNA:
ms:
MSC:
MSZ:
MYC:
NEAA:
neoR:
nm:
NOXA:
NRAS:

NSCLC:

OD:
O/N:

Human papillomavirus

His Tag-TAT-NLS-Cre, recombinant Cre recombinase
Interleukin 2 receptor

isopropyl B-D-thiogalactopyranosid

Internal ribosomal entry site

Kilo basepair

Kilo Dalton

Kirsten rat sarcoma viral oncogene homolog
Locus of crossing over, bacteriophage P1
Marker

Mortality stage 1

Mortality stage 2

Milliampere

Methylation

Mitogen-activated protein kinase

Mouse double minute 2 homolog

Mouse embryonic fibroblast

MAP kinase kinase

Myxoinflammatory fibroblastic sarcoma
Minute

Myc-interacting zinc finger protein 1

Milliliter

Millimolar

Matrix Metalloproteinase

Messenger ribonucleic acid

Milliseconds

Mesenchymal stem cell

Mesenchymale Stammzelle

v-myc avian myelocytomatosis viral oncogene homolog
Non essential amino acids

Neomycin resistance

Nanometer
Phorbol-12-myristate-13-acetate-induced protein 1
Neuroblastoma RAS viral oncogene homolog
Non-small-cell lung carcinoma

Optical density

Over night

Abbreviations
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P:

p21:

pA:
PanIN:
PBS:
PCR:
PDAC:
PDT:
PDGFR:
PGK:
pH:
PI3K:
pIPSC:
pMSC:
POT1:
pPTC:
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10 Appendix

The tables show the fold-change values and the associated p-values for a series of cancer-related genes differentially expressed in stepwise
genetically modified porcine MSC derivatives (neo14/K-, neo14/K67/-, neo14K67/1.1+cMyc) and porcine sarcoma derived tumour cells (pPTC,
rePTC) compared to wild-type pMSCs. Tables were grouped as five categories: key genes of cellular transformation, ALT-associated genes, cell

cycle regulatory genes, p53 target genes and tissue invasion and metastatic marker genes.

neo14/K- neo14/K67/- neo14/K67/1.1+cMyc pPTC rePTC
SYMBOL DESCRIPTION p-value Fold-Change| p-value Fold-Change| p-value Fold-Change| p-value Fold-Change| p-value Fold-Change
TP53 tumour protein p53 (TP53) 2.82E-08  -6.33E+00 | 1.10E-03  2.27E+00 | 2.31E-03  1.95E+00 1.62E-05 2.64E+00 1.98E-02 1.51E+00
KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 1.52E-01 1.69E+00 | 4.95E-01 1.31E+00 | 1.01E-01  1.83E+00 1.08E-03 3.31E+00 7.83E-06 7.00E+00
APC adenomatous polyposis coli (APC) 3.86E-03 1.45E+00 3.23E-01 1.13E+00 | 1.53E-02  1.35E+00 1.72E-01 1.15E+00 5.12E-03 -1.37E+00
ARF p14ARF protein (P14ARF) 5.70E-02 1.74E+00 1.50E-03  3.16E+00 | 3.85E-02  1.84E+00 3.09E-04 2.91E+00 7.65E-04 2.63E+00
RB1 retinoblastoma 1 4.63E-01 1.24E+00 | 9.82E-02 -1.75E+00 | 8.88E-01  1.04E+00 8.55E-01 -1.05E+00 1.75E-04 -3.30E+00
TERT telomerase reverse transcriptase 8.13E-01 1.03E+00 5.36E-01 -1.10E+00 | 2.13E-02 -1.40E+00 5.30E-02 -1.27E+00 3.40E-02 -1.30E+00
cMyc v-myc myelocytomatosis viral oncogene homolog (avian) 2.18E-03 1.27E+00 2.12E-01 1.10E+00 | 1.45E-07  1.80E+00 1.78E-09 2.01E+00 8.91E-08 1.70E+00

Table 5: Fold-change values and associated p-values for a series of key genes of cellular transformation
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neo14/K- neo14/K67/- neo14/K67/1.1+cMyc | pPTC rePTC

SYMBOL DESCRIPTION p-value Fold-Change p-value Fold-Change| p-value Fold-Change p-value Fold-Change p-value Fold-Change
TERT telomerase reverse transcriptase 8.13E-01 1.03E+00 5.36E-01 -1.10E+00 2.13E-02 -1.40E+00 5.30E-02 -1.27E+00 3.40E-02 -1.30E+00
FEN1 flap structure-specific endonuclease 1 2.59E-10 1.43E+01 1.67E-09 1.38E+01 7.34E-11 1.81E+01 9.20E-11 1.18E+01 5.42E-11 1.29+01
FANCD2 Fanconi anemia, complementation group D2 6.53E-10 1.20E+01 1.57E-08 9.30E+00 3.91E-09 9.02E+00 3.90E-10 9.31E+00 2.97E-09 6.97E+00
FANCA Fanconi anemia, complementation group A (FANCA) 1.79E-03 1.94E+00 1.17E-04 2.73E+00 4.00E-05 2.71E+00 4.36E-06 2.84E+00 1.57E-04 2.13E+00
RAD51 RAD51 homolog (S. cerevisiae) 2.18E-12 5.87E+00 1.78E-10 4.39E+00 3.21E-12 5.61E+00 1.69E-12 4.75E+00 8.69E-12 4.05E+00
RAD51D RADS51 homolog D (S. cerevisiae) 2.56E-03 1.27E+00 3.34E-04 1.41E+00 8.98E-07 1.68E+00 3.24E-06 1.50E+00 2.40E-04 1.32E+00
RAD52 RADS52 homolog (S. cerevisiae) (RAD52) 5.34E-01 -1.06E+00 2.19E-01 1.15E+00 7.34E-01 -1.03E+00 1.60E-03 1.38E+00 9.39E-01 1.01E+00
RADS54B RAD54 homolog B (S. cerevisiae) 6.34E-08 7.59E+00 4.89E-06 5.05E+00 3.88E-08 8.18E+00 4.55E-08 6.04E+00 3.18E-07 4.75E+00
BRCA2 breast cancer type 2 susceptibility protein-like (LOC100153762), partial mRNA. 2.39E-07 3.66E+00 8.44E-05 2.43E+00 1.71E-07 3.78E+00 2.29E-08 3.80E+00 4.92E-01 1.10E+00
MRE11A MRE11 meiotic recombination 11 homolog A (S. cerevisiae) 7.71E-06 2.16E+00 1.02E-03 1.70E+00 1.88E-05 2.04E+00 2.76E-06 2.06E+00 6.34E-01 -1.05E+00
BLM Bloom syndrome, RecQ helicase-like (BLM) 6.55E-14 2.19E+01 7.81E-12 1.26E+01 3.27E-14 2.52E+01 1.36E-14 1.92E+01 1.81E-14 1.82E+01
WRN Werner syndrome, RecQ helicase-like 3.02E-04 3.31E+00 5.53E-02 1.83E+00 3.27E-04 3.27E+00 1.40E-04 3.07E+00 6.15E-03 2.04E+00
POT1 protection of telomeres 1 homolog (S. pombe) 5.93E-03 2.19E+00 3.92E-01 1.28E+00 2.00E-02 1.89E+00 7.99E-03 1.91E+00 2.05E-01 -1.33E+00
TERF1 telomeric repeat binding factor (NIMA-interacting) 1 1.59E-03 2.43E+00 9.82E-01 1.01E+00 1.44E-01 1.43E+00 4.51E-02 1.55E+00 1.29E-01 1.38E+00
TERF2 telomeric repeat binding factor 2 3.34E-05 1.18E+00 2.57E-02 1.08E+00 6.12E-06 1.21E+00 5.09E-07 1.22E+00 2.03E-08 1.29E+00

Table 6: Fold-change values and associated p-values of ALT-associated genes
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neo14/K- neo14/K67/- neo14/K67/1.1+cMyc pPTC rePTC
SYMBOL DESCRIPTION p-value _Fold-Change p-value Fold-Change | p-value Fold-Change p-value Fold-Change p-value Fold-Change
RB1 retinoblastoma 1 4.63E-01 1.24E+00 9.82E-02 -1.75E+00 | 8.88E-01 1.04E+00 8.55E-01 -1.05E+00 1.75E-04 -3.30E+00
E2F3 transcription factor E2F3-like (LOC100154407) 1.03E-06 2.56E+00 341E-01 1.14E+00 1.67E-07  2.94E+00 7.69E-06 1.99E+00 2.88E-07 2.45E+00
CDK1 cyclin-dependent kinase 1 2.15E-08 1.73E+01 9.00E-07 1.12E+01 2.55E-08 1.67E+01 7.90E-09 1.42E+01 1.05E-08 1.34E+01
CDK2 cyclin-dependent kinase-2 alpha, transcript variant 2 (LOC100154715) 6.24E-12 5.88E+00 7.09E-10 4.24E+00 | 6.54E-12 5.85E+00 2.25E-11 4.09E+00 3.06E-12 4.99E+00
CDK4 cyclin-dependent kinase 4 (CDK4) 6.16E-08 1.54E+00 3.04E-06 1.43E+00 | 2.00E-07 1.48E+00 1.00E-07 1.43E+00 5.01E-08 1.46E+00
CDKé cyclin-dependent kinase 6 1.49E-08 2.06E+00 8.09E-06 1.64E+00 | 2.83E-07 1.79E+00 2.04E-09 2.05E+00 6.99E-06 1.48E+00
CCNA1 cyclin-A1-like (LOC100627814), partial mRNA. 7.18E-01 -1.05E+00 3.11E-02 1.43E+00 |6.41E-01 -1.07E+00 5.04E-01 1.08E+00 1.11E-01 1.22E+00
CCNA2 cyclin A2 2.52E-11 3.87E+01 6.82E-10 2.65E+01 4.15E-11 3.43E+01 1.81E-10 1.61E+01 1.03E-09 1.18E+01
CCNB1 cyclin B1 (CCNB1) 8.13E-10 5.27E+01 1.26E-08 3.90E+01 1.27E-09  4.68E+01 2.08E-10 4.32E+01 1.34E-10 4.83E+01
CCNB2 cyclin B2 7.30E-14 7.25E+01 1.87E-12 4.86E+01 2.64E-13 5.16E+01 8.03E-14 3.99e+01 4.06E-14 4.71E+01
CCNB3 cyclin B3 7.34E-16 4.13E+01 2.41E-14 2.80E+01 1.62E-15 3.44E+01 4.31E-16 2.80E+01 2.13E-16 3.26E+01
CCND1 cyclin D1 4.00E-06 1.98E+00 3.98E-05 1.87E+00 | 9.57E-05 1.67E+00 1.65E-04 1.52E+00 1.88E-06 1.87E+00
CCND2 cyclin D2 (CCND2) 1.41E-02 1.26E+00 1.58E-01 1.15E+00 | 8.58E-05 1.54E+00 9.63E-02 1.14E+00 4.39E-07 1.80E+00
CCND3 cyclin D3 3.83E-01 -1.22E+00 3.84E-01 -1.25E+00 | 6.63E-01 1.10E+00 4.20E-01 1.17E+00 1.62E-02 -1.67E+00
CCNE1 cyclin E1 8.63E-08 2.20E+00 3.23E-04 1.55E+00 | 9.36E-08  2.19E+00 3.08E-05 1.53E+00 2.49E-05 1.54E+00
CCNE2 cyclin E2 4.48E-11 8.18E+00 1.03E-07 3.95E+00 2.90E-11 8.70E+00 1.06E-10 5.58E+00 4.45E-07 2.59E+00
Table 7: Fold-change values and associated p-values of cell cycle regulatory genes
neo14/K- neo14/K67/- neo14/K67/1.1+cMyc pPTC rePTC
SYMBOL DESCRIPTION p-value _ Fold-Change p-value Fold-Change | p-value Fold-Change | p-value Fold-Change p-value Fold-Change
TP53 tumour protein p53 (TP53) 2.82E-08 -6.33E+00 1.10E-03 2.27E+00 2.31E-03 1.95E+00 1.62E-05 2.64E+00 1.98E-02 1.51E+00
MDM2 Mdm2 p53 binding protein homolog (mouse) 4.92E-06 -3.10E+00 2.11E-07 -5.05E+00 3.08E-05 -2.62E+00 1.84E-06 -2.89E+00 1.50E-02 -1.49E+00
TP63 tumor protein p63, transcript variant 1 (TP63) 1.64E-01 1.52E+00 9.27E-02 1.77E+00 7.19€E-01 1.11E+00 1.57E-02 1.95E+00 7.85E-03 2.12E+00
CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1) 5.17E-13 -5.98E+00 4.03E-12 -5.75E+00 3.93E-13 -6.17E+00 5.14E-13 -4.71E+00 1.84E-06 -1.72E+00
CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) (CDKN1B) 4.59E-01 -1.12E+00 1.78E-01 -1.27E+00 1.82E-02 -1.49E+00 5.99E-02 -1.31E+00 6.38E-06 -2.38E+00
GADD45A growth arrest and DNA-damage-inducible, alpha (GADD45A) 4.57E-06 -1.60E+00 3.49E-06 -1.72E+00 8.05E-07 -1.72E+00 1.33E-02 -1.18E+00 4.89E-01 -1.04E+00
CCNG1 cyclin G1 3.13E-07 -2.28E+00 1.37E-06 -2.27E+00 1.70E-08 -2.77E+00 6.25E-06 -1.75E+00 8.27E-05 -1.56E+00

Table 8: Fold-change values and associated p-values of some p53 target genes



neo14/K- neo14/K67/- neo14/K67/1.1+cMyc pPTC rePTC
SYMBOL DESCRIPTION p-value Fold-Change p-value Fold-Change p-value Fold-Change p-value Fold-Change | p-value Fold-Change

TIMP1 TIMP metallopeptidase inhibitor 1 2.26E-04  -1.29E+00 2.04E-04 -1.33E+00 1.97E-02 -1.15E+00 2.41E-10 -1.91E+00 2.83E-01 1.05E+00
TIMP2 TIMP metallopeptidase inhibitor 2 1.69E-06  -1.33E+00 7.53E-07 -1.40E+00 8.39E-08 -1.43E+00 7.51E-09 -1.44E+00 1.31E-09 -1.51E+00
TIMP3 TIMP metallopeptidase inhibitor 3 1.49E-03  -1.17E+00 6.72E-02 -1.10E+00 1.32E-05 -1.30E+00 1.97E-06 -1.30E+00 1.78E-14 -2.57E+00
TIMP4 TIMP metallopeptidase inhibitor 4 1.58E-01 -1.28E+00 1.51E-02 -1.66E+00 1.02E-01 -1.34E+00 3.34E-02 -1.40E+00 3.09E-02 -1.41E+00
MMP1 matrix metallopeptidase 1 (interstitial collagenase) 2.70E-01 -2.40E+00 1.09E-01 -4.29E+00 9.15E-01 1.09E+00 6.59E-01 1.35E+00 1.45E-03 1.28E+01

MMP3 matrix metallopeptidase 3 (stromelysin 1, progelatinase) 5.75E-01 1.07E+00 6.45E-01 1.07E+00 4.85E-10 5.09E+00 5.10E-11 5.15E+00 2.28E-16 3.75E+01

MMP10 matrix metallopeptidase 10 (stromelysin 2) 5.18E-01 1.11E+00 1.17E-01 1.34E+00 1.60E-08 5.22E+00 4.30E-09 4.80E+00 1.65E-14 3.57E+01

MMP12 matrix metallopeptidase 12 (macrophage elastase) 8.13E-03 1.47E+00 6.83E-01 1.06E+00 1.65E-03 1.62E+00 2.89E-01 1.13E+00 1.97E-11 6.17E+00
VEGFA vascular endothelial growth factor A 4.00E-03 1.61E+00 1.71E-01 1.26E+00 2.02E-01 1.21E+00 5.12E-02 1.30E+00 9.25E-09 3.80E+00
THBS1 thrombospondin 1 1.74E-03 1.29E+00 7.08E-01 1.03E+00 7.69E-02 1.14E+00 1.56E-07 1.67E+00 2.14E-03 -1.24E+00
THBS2 thrombospondin-2-like (LOC100153940) 5.15E-10  -1.81E+01 2.45E-10 -3.01E+01 6.56E-10 -1.73E+01 3.18E-05 -2.97E+00 7.50E-13 -4.76E+01
THBS3 thrombospondin 3 9.21E-09  -3.83E+00 2.72E-08 -4.02E+00 3.88E-07 -2.78E+00 6.51E-04 1.58E+00 3.28E-03 1.45E+00

Table 9: Fold-change values and associated p-values of some tissue invasion and metastatic marker genes
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