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Abstract

Colorectal cancer (CRC) is the fourth most common cancer worldwide in both sexes and as it is often
diagnosed late it has a high mortality. CRC is a very heterogeneous group of malignancies where a
multitude of molecular changes such as chromosomal instability, microsatellite instability, mutations,
deletions of chromosomal regions, aberrant epigenetic modifications and dysregulated microRNAs
(miRNAs) disrupt the signalling pathways WNT, Ras/ MAPK, PI3K, TGFB/SMAD and p53. Animal models
for CRC are essential to better understand the diseases and to identify novel treatment opportunities.
Although mice are frequently used to model human disease, they do not replicate key aspects of
human CRC pathology. The chair of livestock biotechnology at the University of Munich has generated
pigs that carry a translational stop signal at codon 1311 in porcine APC that is orthologous to the human
APC13% mutation that is most frequently diagnosed in both CRC and familial adenomatous polyposis
(FAP) a hereditary autosomal dominant disorder causing development of multiple polyps during
puberty, resulting in a strong CRC risk. APC*3% germline mutation in human FAP is associated with very
severe polyposis. The APC?3!? pigs replicate hallmarks of human FAP and CRC including adenomatous
polyps in the colorectum with loss of APC heterozygosity, B-catenin accumulation, upregulation of c-
MYC, MAPK pathway activation and progression to carcinoma in situ and phenotypic variation in
polyposis severity ranging from 2100 (high polyp animals (HP)) to only 1-10 polyps (low polyp animals

(LP)) in the distal colorectum (last 40 cm).

The aim of this project was to identify elements in the genetic background such as modifier genes,
single-nucleotide polymorphisms, gene sets and miRNAs that may contribute to severe polyposis using
next generation mRNA and miRNA sequencing. The gene CYP7A1, miRNAs miR-215 and 194b-5p and
gene sets associated with oestrogen response were found to be highly expressed and targeted by
miRNAs differentially expressed in animals with severe polyposis (HP). Cis-regulation of CYP7A1 was
analysed for CpG island methylation and SNPs in promoter region (>5000 bp prior to the ATG). One
CpG site that is included in the binding sequence of STAT3, a known tumour-promoting factor, was
significantly lower methylated in HP animals, likely allowing better binding of STAT3. Increased CYP7A1

expression could be traced to stromal cells of the normal mucosa rather than crypt cells.

Analysis of tumour progression from low grade (LG) to high grade (HG) intraepithelial neoplasia (IEN)
revealed an increase in the expression of immune associated genes originating from HG tumour
stroma, the genes PLXND1 and GBP6 in laser microdissected HG-IEN and miRNAs let-7e, miR-146a-5p,
146b, 183, 196a in HG-IEN bulk samples. High expression of these genes and miRNAs has been

associated with tumour-promoting capacities in humans. Gene set enrichment showed gene sets such




as MYC targets and cell cycle related gene sets enriched that were also found enriched in human CRC,

replicating broad molecular pathways of human CRC in the APC*3?! pig model.

CRCinthe APC™ pigs progressed very slowly, just like in humans. Acceleration and increase of tumour
progression of the model was aimed by introduction of oncogenic mutations. Therefore, the
generation of APC*3!! pigs with ubiquitous Cas9 expression in the ROSA26 locus was aimed to allow
local genome editing with high efficiency of introducing sequential oncogenic mutations by in vivo
administration of guide RNAs (gRNAs) via in vivo electroporation or adeno-associated viral vectors.
Primary cells from APC®! pigs were Cas9 (isolated from Streptococcus pyogenes) targeted into the
porcine ROSA26 locus via homologous recombination using promoter trap strategy. Correctly targeted
clones were analysed on genomic, RNA and protein level, validating correct targeting, expression and
functional nuclease activity. However, the cells failed to generate viable offspring when used as nuclear

donors for somatic cell nuclear transfer.




Zusammenfassung

Kolorektaler Krebs ist die vierthaufigste Krebserkrankung weltweit und weist aufgrund spater
Diagnosen eine hohe Sterblichkeitsrate auf. Die Betrachtung der molekularen Karzinogenese
kolorektalen Krebses zeigt, dass es sich um eine sehr heterogene Gruppe von Krebserkrankungen
handelt. Verschiedenste molekulare  Verdnderungen wie chromosomale Instabilitat,
Mikrosatelliteninstabilitdit, Mutationen, Deletionen chromosomaler Abschnitte, anormale
epigenetische Modifikationen und dysregulierte microRNAs (miRNAs) storen die Signalwege WNT,
Ras/MAPK, PI3K, TGFB/SMAD und p53. Tiermodelle fiir kolorektalen Krebs sind essenziell um die
Erkrankung besser zu verstehen und neue Behandlungsmoglichkeiten identifizieren zu kénnen.
Obwohl hierbei sehr hdufig auf Mause zuriickgegriffen wird, um humane Erkrankungen zu modellieren,
kénnen sie Schliisselaspekte humaner kolorektaler Krebspathologie nicht replizieren. Der Lehrstuhl fir
Biotechnologie der Nutztiere an der Technischen Universitat Miinchen hat Schweine mit einem
translationalen Stopsignal an Kodon 1311 des porzinen APC gens generiert, welches ortholog zur
humanen APC% Mutation ist. APC3% jst die am haufigsten diagnostizierte Mutation in sporadischem
kolorektalen Krebs sowie der erblich autosomal dominanten Erkrankung familidre adenomatose
Polypose (FAP) bei welcher sich unzahlige Polypen bereits wahrend der Pubertat im Darm entwickeln
und so ein enormes Krebsrisiko darstellen. Die Keimbahnmutation APC% ist zudem mit einer sehr
schweren Polypose der FAP Patienten assoziiert. Die APC*!? Schweine replizieren Schliisselaspekte
humaner FAP und kolorektalen Krebs wie adenomatdse Polypen im Kolorektum mit Verlust des APC
wildtyp Alleles, B-catenin Akkumulierung, Hochregulierung von c-MYC, MAPK Signalwegaktivierung
sowie die Progression zum Carcinoma in situ und phentopische Variation der Polypose von 2100
Polypen (high polyp animals (HP)) zu 1-10 Polypen (low polyp animals (LP)) im distalen Kolrektum

(letzten 40 cm).

Ziel dieses Projektes war die Identifizierung von Elementen im genetischen Hintergrund wie Modifier
Gene, einzelner Nukleotidpolymorphismen (SNPs), Gen-Sets und miRNAs, welche zur Empfanglichkeit
einer schwerwiegenden Polypose beitragen, mittels “next generation” RNA und miRNA
Sequenzierung. Das Gen CYP7A1, miRNAs miR-215 und 194b-5p sowie Gen-Sets assoziiert mit
Ostrogen-Antwort wurden hoch exprimiert oder von dysregulierten miRNAs anvisiert in Tieren mit
einer sehr schwerwiegenden Polypose (HP) nachgewiesen. Cis-Regulation von CYP7A1 wurde mittels
CpG-Insel Methylierungsevaluation und SNP Detektion >5000 bp vor dem ATG analysiert. Eine CpG
Position welche sich in der Bindungssequenz von STAT3, ein bekannter tumorférdernder Faktor,

befindet, war signifikant weniger methyliert in HP Tieren, welches eine mogliche STAT3 Bindung




beglinstigen kann. Dariliber hinaus konnte die erhéhte CYP7A1 Expression Stromazellen der normalen

Mukosa statt Kryptzellen zugeordnet werden.

Analysen der Tumorprogression von niedriggradigen intraepithelialen Neoplasien (LG-IEN) zu
hochgradigen intraepithelialen Neoplasien (HG-IEN) offenbarten eine erhdhte Expression
immunassoziierter Gene, welche dem Tumorstroma zugeordnet werden konnten, sowie der Gene
PLXND1 und GBP6 in laser mikrodissektiertem intraepithelialen Neoplasien und miRNAs let-7e, miR-
146a-5p, 146b, 183, 196a in Bulkproben. Im Menschen wurden hohe Expressionen dieser Gene und
miRNAs tumorfordernden Fahigkeiten zugeordnet. “Gene set enrichment” Analysen zeigten
Anreicherungen von MYC-Zielgenen und Zellzyklus assoziierte Gen-Sets, wie sie auch bei humanen
kolorektalem Krebs gefunden wurden. Somit repliziert das Schweinemodell wesentlich molekulare

Signalwege humanen kolorektalen Krebses.

Die Progression zu kolorektalem Krebs in den APC*3?! Schweinen verlief, wie auch im Menschen, sehr
langsam. Um eine Tumorbildung zu beschleunigen, sollte durch das Einfligen weiterer onkogener
Mutationen erzielt werden. Hierfiir, sollte die Generation eines APC*3!! Schweins mit ubiquitirer Cas9
Expression im ROSA26 Lokus generiert werden. In Vivo Verabreichung von guide RNAs (gRNA) mittels
in vivo Elektroporation oder adeno-assoziierter viraler Vektoren sollte hierbei das sequentielle
Einfligen onkogener Mutationen ermdglichen. Cas9 (isoliert aus Streptococcus pyogenes) wurde in den
porzinen ROSA26 Lokus primérer Nierenzellen eines APCH' Schweins mittels homologer
Rekombination und ,promoter trap” Strategie eingebracht. Die korrekte Position der Cas9 Insertion
sowie Expression und Nukleaseaktivitat wurden auf genomischer, RNA- und Protein-Ebene erfolgreich
transfizierter Klone validiert. Als Nukleus-Donator fiir Kerntransfer somatischer Zellen konnten die

Zellklone jedoch keine lebenden Nachkommen generieren.
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Introduction

1. Introduction

1.1 Colorectal cancer

Cancers are the second leading cause of death worldwide, with more than 14 million new cases and 8

million mortalities in 2012 (Ferlay et al, 2015).

Colorectal cancer (CRC) is the fourth most common cancer in both sexes worldwide with 1.36 million
cases and 51 % mortalities in 2012 (Ferlay et al, 2015). Despite increasing efforts in research and
healthcare to counter act cancer, the number of CRC cases is estimated to grow over time (Ferlay et
al, 2010; Ferlay et al, 2015). The increasing number of CRC cases is associated with the increased age
of people (World Health Statistics 2017: Monitoring health for the SDGs) but also with the expansion
of western lifestyle and diet. This was evidenced by 51,508 more CRC incidents in first-world regions
compared to those in developing areas in 2012 (Ferlay et al, 2015). High risk factors for CRC are high
consumption of red meat, alcohol and tobacco, obesity and a lack of exercise which represent aspects

of a western lifestyle (Jemal et al, 2011).

70-80 % of all CRC cases are sporadic while 20-30 % are caused by hereditary mutations (Whiffin et al,
2014). Both sporadic and hereditary CRC arise from mutations causing histological changes of the
colorectal epithelium. Through early mutations of tumour suppressor genes, the stem cells or
progenitor cells in the colorectal crypts give rise to aberrant crypt foci that progress to conventional
adenomatous or serrated adenomas in colon and rectum. Only 10-15 % of conventional adenomas will
develop over a span of a decade to CRC (Fearon, 2011; Yang et al, 2004). No matter how slow this
process is, CRC accounted for 8 % of all cancer deaths worldwide in 2012, making it the fourth most
deathly cancer (Ferlay et al, 2015). This is in large part due to late diagnosis of the disease as early

stage CRC is often asymptomatic.

The survival rate of CRC is strongly dependent on the stage of the disease at the time of diagnosis
(Tomlinson et al, 2012). According to the American cancer society CRC diagnosed in stage 1 has a 5-
year survival rate of 89.9 % while later stages, with or without lymph node metastasis, range from 71.3
% to 13.9 % respectively (US national cancer institute). However, only about 12 % of all CRC cases are
diagnosed in stage 1 (Guinney et al, 2015). This emphasises the importance of early diagnostic methods

and better implementation of screening methods.
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1.2 Molecular pathology of colorectal cancer

The more research efforts were addressed to CRC, the more complex pathological pathways were
uncovered, identifying CRC as a heterogeneous group of malignancies. The two best characterised CRC
carcinogenesis pathways are the classic adenoma-carcinoma sequence (Fearon & Vogelstein, 1990)
and the microsatellite instability (MSI) pathway. The prognosis and strategies for treating CRC are

dependent on the molecular mechanisms underlying the disease (Huth et al, 2014).

Genomic instability is a crucial feature of many cancer types. In CRC at least three main mechanisms
are well known that cause genomic instability. One mechanism is microsatellite instability (MSI), which
is the driving force of the MSI pathway. The second mechanism , aberrant DNA methylation is also
strongly associated with the MSI pathway (Guinney et al, 2015; Hinoue et al, 2012). The third
mechanism, chromosomal instability, is the driving force of the classic adenoma-carcinoma sequence.
So far the MSI pathway and adenoma-carcinoma-sequence have been mainly characterised by the
acquisition of specific mutations modulating the signalling pathways WNT, Ras/MAPK, PI3K,
TGFB/SMAD and TP53. Integrative analysis revealed that 94 % of all CRC carry an alteration (including
mutations, amplification and deletions) in the WNT, 61 % in the MAPK, 50 % in the PI3K, 36 % in the
TGFB and 60 % in the p53 signalling pathways (Guinney et al, 2015). However, the improved insight
into epigenetic modifications with their genomic instability promoting capacity, microRNA (miRNA)
interference and their influence on gene expression will lead to an increase of these numbers and

expansion of the CRC carcinogenesis pathways.

1.2.1 Epigenetic modifications in cancer

The field of epigenetics is concerned with the study of the regulation of DNA-templated processes
(transcription, repair and replication of DNA) by chromatin based events without changes to the DNA

sequence (Dawson & Kouzarides, 2012).

Chromatin is composed of nucleosomes that consist of an octamer containing two of each H2A, H2B,
H3 and H4 histones with 147 bp DNA wrapped around (Luger et al, 1997). Tightly packed chromatin,
rendering the DNA inaccessible for transcription factors (TFs), is termed heterochromatin and mainly
contains inactive genes. Euchromatin on the other hand, is packed very loosely allowing the TFs to
access the DNA and thus contains most of the active genes. The chromatin conformation can be
modulated by two different mechanisms, DNA and histone modifications. So far, four different types
of DNA and 14 different classes of histone modifications have been identified (Bannister & Kouzarides,

2011; Dawson & Kouzarides, 2012; Pfaffeneder et al, 2011; Tahiliani et al, 2009; Tan et al, 2011).
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Methylation and acetylation at lysine and arginine residues of histones 3 and 4 are the best understood
histone modifications. Histone acetylation neutralises the positive charge of the bound lysine residue
at the amino terminal of the histone tail, reducing the affinity between negatively charged DNA and
the histone complex (Luger et al, 1997). This results in accessible euchromatin upon acetylation by
histone acetyltransferases (HATs). Histone deacetylases (HDACs) remove the acetyl groups from lysine
residues of the histones, rendering the histone tail positively charged with higher affinity towards the

negatively charged DNA, resulting in heterochromatin.

Histone methylation is more complex. Methylation occurs on both arginine and lysine residues
governed by methyltransferases and demethylases. Methylation of arginine can be asymmetrical or
symmetrical with one or two methyl groups (Blanc & Richard, 2017). Methylation of lysine residues
with one, two or three methyl groups can have repressing or enhancing effects on gene expression
depending on the position of the lysine residue, the histone and the amount of methyl groups added.
Even though the system is bivalent, active euchromatin is associated with H3K9me, H3K27me,
H4K20me H3K4me/2/3, H3K36me/3 and H3K79me/2/3. While heterochromatin is associated with
H3K9me2/3, H3K27me2/3, H3K4me3 and H4K20me3 (Black et al, 2012).

DNA methylation was the first modification discovered and is therefore the best characterised. In
higher eukaryotes, three types of DNA methyl transferases (DNMTs) target the DNA directly and
catalyse the conjugation of a methyl group to the 5C position of a CpG dinucleotide, generating a 5-
methylcytosine. DNMT1 is a maintenance methyltransferase catalysing the methylation of hemi
methylated DNA after replication by copying the methylation patterns from the parental to the newly
synthesised DNA strand (Li et al, 1992). De novo methylation during embryogenesis, for instance, is

performed by de novo methyltransferases DNMT3a and DNMT3b (Okano et al, 1999).

Aberrant DNA methylation in the shape of global hypomethylation and local hypermethylation has
been consistently found in all cancers including CRC (Feinberg & Vogelstein, 1983a; Gama-Sosa et al,
1983). Global hypomethylation can be caused by loss of function of the maintenance
methyltransferase DNMT1 or by the TET mediated oxidation of the 5-methylcytosine and subsequent
base excision repair (Cortellino et al, 2011; Karpf & Matsui, 2005; Li et al, 1992; Tahiliani et al, 2009).
Global hypomethylation leads to loss of methylation of repetitive sequences that are mainly composed
of transposable elements (TE) that make up about 50 % of the human genome (Estecio et al, 2007;
Szpakowski et al, 2009). The group of TEs contains long terminal repeats (LTRs), long interspersed
nuclear elements (LINEs) and short interspersed nuclear elements (SINEs) including Alu sequences
(Anwar et al, 2017) (Kapitonov & Jurka, 2008). In normal cells TEs are silenced by DNA methylation and
histone modifications. By DNA hypomethylation, TEs are activated and can translocate within the

genome, rendering them highly mutagenic (Criscione et al, 2014; Lee et al, 2012). This causes genomic
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instability, gene disruption of tumour suppressor genes such as APC, oncogenic activation and even
chromosomal breakage (Daskalos et al, 2009; Feinberg & Vogelstein, 1983b; Hur et al, 2014; Lee et al,
2012; Liu et al, 1997; Miki et al, 1992; Wolff et al, 2010).

Local hypermethylation of CpG islands (CGI) in promoter regions termed the CGl methylator
phenotype (CIMP) is closely associated with the silencing of tumour suppressor genes (Esteller et al,
2000; Herman et al, 1998; Tse et al, 2017). The silencing can be caused by steric blockage of the binding
of TFs when the consensus sequence of a TF is methylated (Klose & Bird, 2006) or by methylation-
mediated recruitment of methyl-CpG-binding proteins (MBPs) which attract corepressor molecules to
silence the expression and modulate chromatin conformations (Deaton & Bird, 2011). DNA
methylation-mediated silencing in CRC of genes from all five crucial signalling pathways WNT, MAPK,

p53, PI3K and TGFB/SMAD have been reported.

1.2.2 MicroRNAs in cancer

The human haploid genome of the size of ~3 x 10° bp contains about 21 000 protein-coding genes that
make up only 1.5 % of our entire genome. However, almost the entire genome is transcribed, leaving
a vast amount of RNA that is not translated. These non-coding RNAs (ncRNAs) are subdivided into small
ncRNAs, below 200 bp in size, and long ncRNAs. MicroRNAs (miRNA) are part of the small ncRNAs
(Dawson & Kouzarides, 2012) and are evolutionarily highly conserved 21-25 bp RNA sequences. 25 %
of all miRNA genes do not have their own regulatory elements including a promoter but are positioned
in the intron region of other genes, dependent on host gene expression (Lin et al, 2006; Wu et al, 2011).
MiRNA genes transcribed (Hayes et al, 2014) (pre-miRNAs) (Shirafkan et al, 2018) into ~22 nucleotide
long mature miRNAs (Ha & Kim, 2014). With assembly of the RNA-induced silencing complex (RISC) the
mature miRNA binds to complementary sequences mainly of the 3’ untranslated region (UTR) of its
MRNA targets (Easow et al, 2007; Fabian et al, 2010; Orom et al, 2008; Shirafkan et al, 2018). This will
induce translational repression reducing protein numbers or mRNA degradation reducing both mRNA
and subsequently protein numbers (Shirafkan et al, 2018). Although mRNA degradation is believed to
mainly contribute to reduced protein expression (75-84%) (Guo et al, 2010; Hendrickson et al, 2009).
Just like genes, mi-RNAs have been found dysregulated in cancer with oncogenic (onco-miR) or tumour

suppressive (ts-miRs) effects and in some cases even both.

The reasons for miRNA dysregulation are still poorly understood but more than 50 % of miRNAs are
localised in so called fragile regions of the genome, where genomic instability will lead to loss or
amplification of miRNAs (Calin et al, 2004). Aberrant epigenetic modifications including DNA

methylation of the genome also influence the expression of miRNA genes, resulting in aberrant miRNA




Introduction

expression (Bandres et al, 2009; Toyota et al, 2008; Vogt et al, 2011). Therefore, dysregulated miRNA
regulation can be observed in both the MSI and the classic adenoma carcinoma pathway modulating

all 5 pathways WNT, MAPK, p53, PI3K and TGFB/SMAD (see 1.2.3 and 1.2.4).

1.2.3 Microsatellite instability pathway

The MSI pathway is responsible for about 13-16 % of all human sporadic CRCs and mostly associated
with lesions in the right colon (Bettington et al, 2013; Guinney et al, 2015). It is characterised by a
defective DNA mismatch repair (MMR) system frequently caused by promotor methylation-mediated
silencing or mutations of the gene MLH1 (Deng et al, 1999; Herman et al, 1998; Kane et al, 1997; Veigl
et al, 1998). However, there are also MSI CRC cases, where other members of the MMR system, such
as MSH2, MSH6, MGMT and MBD4 (Esteller et al, 1999; Lahtz & Pfeifer, 2011) are aberrantly
methylated and silenced, or downregulated by overexpressed miR-155 and miR-21 that target MLH1,
MSH2 and MSH6 (Valeri et al, 2010; Volinia et al, 2006). The defective MMR system is incapable of
repairing errors made during DNA replication leading to the accumulation of insertions, deletions and
substitutions in stretches of short tandem repeats. These 1-6 bp repeats, called microsatellites, can be
found throughout the entire genome of most mammals in both coding and non-coding regions (de la
Chapelle & Hampel, 2010). Therefore, microsatellite mutations can affect gene functions. Mutations
of other MMR-related genes MSH3 and MSH6 (Duval & Hamelin, 2002; Malkhosyan et al, 1996), the
genes APC (Guinney et al, 2015), AXIN2 (Liu et al, 2000; Shimizu et al, 2002), BRAF'6°% (oncogenic
mutation) (Guinney et al, 2015), PTEN (Guanti et al, 2000), TGFBR2 (Markowitz et al, 1995), ACVR2
(Jung et al, 2004) and proapoptotic factors BCL10 (Yamamoto et al, 2000) and BAX (Rampino et al,
1997) are also often diagnosed in MSI tumours, activating proliferation via the WNT and MAPK
pathways and inactivating the growth inhibition via TGFB signalling and blocking apoptosis.
Additionally, aberrant miRNA expression of miR-31, 223 and 26b was detected (Earle et al, 2010). MiR-
31 has been shown to target AXIN1, activating the WNT pathway (Slaby et al, 2007). The functions of
miR-223 and 26b have not specifically been determined in the MSI pathway, but miR-223 has been
associated with an oncogenic effect on the RAS pathways by targeting RASA1 (Sun et al, 2015). MiR-
26b has been associated with oncogenic effects on metastasis targeting both PTEN and WNT5A (Fan
et al, 2018).

As the MSI pathway is highly associated with CIMP high phenotype (Guinney et al, 2015; Hinoue et al,
2012), methylation-mediated silencing of WNT pathway components such as APC (Esteller et al, 2000;
Segditsas et al, 2008), negative regulators SFRP1, 2, 4 and 5 (Suzuki et al, 2004), APCDD1, DKK1, AXIN2
(de Sousa et al, 2011),WNT targets LGR5 and ASCL2 and RAS/MAPK components RASSF1 and 2 (80%
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of CRC) (Akino et al, 2005; Fernandes et al, 2013; Harada et al, 2007), PI3K pathway elements PPP2R2B
and PTEN (in 20% of CRCs) (Goel et al, 2004; Tan et al, 2010), TGFp factors TSP1 and RUNX3 (20% of
CRCs) (Imamura et al, 2005; Rojas et al, 2008), p53 pathway components P14 (20% of CRCs) and IGFBP7
(Nyiraneza et al, 2012; Shen et al, 2003; Suzuki et al, 2010), genes involved in cell cycle control P16
(Shima et al, 2011)and TFs important for differentiation CDX1, CDX2, GATA4 and GATA5 (Baba et al,
2009; Hellebrekers et al, 2009; Hryniuk et al, 2014; Suh et al, 2002; Wong et al, 2004) are possible.

1.2.4 Classic adenoma-carcinoma sequence

The mechanism of chromosomal instability (CIN) is not quite understood, although it has been found
to behave like a dominant trait causing deletions, inversion, translocations and duplications (Lengauer
et al, 1997). Defects in the mitotic spindle formation, alignment and segregation of chromosomes
during mitosis may contribute to CIN (Barber et al, 2008; Grady, 2004). Mutated APC, which occurs in
more than 80 % of all CRC cases, has also been discussed as potential cause of CIN, however some MSI
tumours with APC mutations do not exhibit any CIN characteristics (Alberici & Fodde, 2006; Guinney
et al, 2015; Moran et al, 2010).

The classic adenoma-carcinoma sequence, first described by Fearon and Vogelstein and closely
associated with the left colon and rectum (Bettington et al, 2013; Guinney et al, 2015), described CRC
as a disease that acquires oncogenic mutations in APC, KRAS, DCC, SMAD and TP53 (Fearon &
Vogelstein, 1990). However, only very few cases of CRC show mutations in all of these genes
collectively (Guinney et al, 2015) and new insights have shown that other mechanisms can modulate

the crucial signalling pathways WNT, MAPK, PI3K, TGFB/SMAD and p53 (Figure 1).

The adenoma-carcinoma sequence in the human gut is initiated by dysregulation of the WNT pathway
due to loss or reduction of APC (> 80 % of all CRCs). The activation of the WNT pathway can also occur
by mutations of CTNNB1 or AXIN2 (Fodde et al, 2001; Korinek et al, 1997; Liu et al, 2000; Morin et al,
1997), aberrant methylation and downregulation of the APC promotor (Esteller et al, 2000; Segditsas
et al, 2008), negative regulators SFRP1, 2, 4 and 5 (Suzuki et al, 2004), APCDD1, DKK1, AXIN2 and
downstream effectors such as ASCL2 and LGR5 (de Sousa et al, 2011). Increased expression of the
onco-miRs miR-135a and b repressing APC translation (Nagel et al, 2008) and miR-146a stabilising B-
catenin (CTNNB1) (Hwang et al, 2014; Lu et al, 2017) have also been detected. Downregulation of the
ts-miRs miR-145, disrupting translocation of B-catenin (Michael et al, 2003; Yamada et al, 2013) and
miR-506 and miR-101 that both target the polycomb group protein EZH2 (Strillacci et al, 2013; Zhang

et al, 2015) have been identified. The activation of the WNT pathway leads to proliferation and the
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e
development of a micro adenoma. CIN-mediated loss of heterozygosity of the wildtype APC allele

causes further progression to an early adenoma.

Successive activation of the MAPK signalling pathway of EGFR signalling through oncogenic KRAS
mutation in 30-60 % of all CRCs and rarely NRAS mutations (Cekaite et al, 2016) (Irahara et al, 2010)
leads to further proliferation and the development of an intermediate adenoma. RAS/MAPK activation
can also occur through aberrant methylation of pro apoptotic and growth inhibition modulators
RASSF1 and 2 (80% of CRC) (Akino et al, 2005; Fernandes et al, 2013; Harada et al, 2007). In normal
non-mutant KRAS the ts-miRs miR-143 (Chen et al, 2009), miR-145 (Kent et al, 2010) and let-7 (Akao
et al, 2006) target KRAS directly and have been found downregulated, also allowing activation of the

RAS/MAPK signalling and subsequent proliferation.
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Figure 1 Display of the classic adenoma-carcinoma sequence incorporating mutations, aberrant methylation
and miRNA dysregulation in the WNT, MAPK, PI3K, TGFf and p53 pathway observed in CRC (Adapted from
(Fearon, 2011; Shirafkan et al, 2018). Red crosses indicate loss of protein by loss of function mutations or CIN
mediated loss of alleles. Red octamers with me mark reduced protein level caused by methylation-mediated
gene silencing. Blue arrows indicate oncogenic mutations causing increased protein function or increased
expression of miRNAs. Red arrows symbolise reduced miRNA expression.

EGFR activation can also lead to signalling of the PI3K survival promoting pathway which is regulated

via the tumour suppressor PTEN. PTEN has been found to be mutated in CRC (Molinari & Frattini, 2013),
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both in MSI and CIN marked tumours (Guinney et al, 2015). Altered methylation of PTEN (in 20 % of
CRCs) (Goel et al, 2004) and upregulation of a vast number of miRNAs targeting PTEN have been
identified to reduce its tumour suppressor function in CRC. The upregulation of miR-181a, 221 and 222
induced by oncogenic KRAS (Ota et al, 2012; Tsunoda et al, 2011) combined with miR-21, 32, 92a, 20b
and 130b (Sarver et al, 2009; Wu et al, 2013; Zhang et al, 2014a; Zhu et al, 2014) that all target and
repress PTEN (Garofalo et al, 2009; Nishimura et al, 2012; Tsunoda et al, 2011; Zhang et al, 2017),
highlight its significance in CRC progression and PI3K pathway control. Activation of the PI3K pathway
has been observed by methylation-mediated downregulation of PPP2R2B (Goel et al, 2004; Tan et al,
2010) and downregulation of the ts-miR miR-126 repressing expression of p85pB, a regulatory subunit
that stabilises PI3K itself (Guo et al, 2008) and miR-215 repressing the EGFR ligand epiregulin, which
also influences the RAS/MAPK pathway (Vychytilova-Faltejskova et al, 2017).

The TGFB response is lost due to mutations or loss of DCC and SMAD4 by CIN, promoting development
of a late adenoma (Mehlen & Fearon, 2004; Mehrvarz Sarshekeh et al, 2017; Takayama et al, 2006).
Mutations in SMAD2 and 3 but also in TGFB8 were observed in CRC (Grady et al, 1999; Leary et al, 2008;
Wood et al, 2007). The pathway components TSP1 and RUNX3 (20% of CRCs) have been found to be
downregulated by aberrant methylation (Imamura et al, 2005; Rojas et al, 2008). Inactivation of the
TGFP response in CRC was observed by upregulation of miR-21, 106a, 301a and 135b, that target and
repress the TGFBR2 and miR-490-3p, targeting TGFBR1 (Feng et al, 2012; Li et al, 2015a; Xu et al, 2015;
Yu et al, 2012; Zhang et al, 2014b). Downstream miR-130a, 301a and 454 have also been found to be
upregulated in CRC and inversely correlated with the expression of their target SMAD4 (Liu et al, 2013).
The ts-miR miR-25 downregulated in CRC targets SMAD?7 (Li et al, 2013). The modulation of the TGFB
pathway enables survival, migration and evasion of growth inhibition and the progression to a late

adenoma.

The p53 pathway plays a significant role in almost all cancers including CRC where TP53 itself is often
mutated and the wildtype allele even lost (loss of heterozygosity (LOH)) resulting in evasion of
apoptosis and carcinoma formation (Fearon & Vogelstein, 1990). Additionally, miR-125b, upregulated
in CRC, targets TP53 directly and reduces its expression (Nishida et al, 2011). Aberrant methylation of
p53 target genes IGFBP7 and P14 (20 % of CRCs), an inhibitor of p53 degradation, was found to
inactivate this proapoptotic pathway (Nyiraneza et al, 2012; Shen et al, 2003; Suzuki et al, 2010).
Activated p53 can induce the upregulation of ts-miRs miR-34a/b/c, that inhibit the p53-inhibiting factor
SIRT-1 and essential factors for cell cycle progression and apoptosis inhibitors such as BCL2 (He et al,
2007; Misso et al, 2014; Rokavec et al, 2014). MiR-34a/b/c and miR-192, 194-2 and 215 that induce

P21-mediated cell cycle arrest (Akao et al, 2011; Yamakuchi et al, 2008) were found to be
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downregulated in CRC (Braun et al, 2008; Chiang et al, 2012) inactivating the p53 pathway of cell cycle

arrest and apoptosis.

The activated WNT and inactivated TGFp pathway contribute to epithelial mesenchymal transition
(EMT) (by MYC activation in WNT), essential for metastasis (Weinberg, 2007). Additionally,
upregulation of the miR-21 and 31 that target and repress TIMP3 and RECK, increases in turn matrix
metalloproteinases (Bandres et al, 2006; Slaby et al, 2007). Downregulation of miR-200 inhibits TGFB1
and also targets ZEB1/2 (Gregory et al, 2008). By increased ZEB1/2, E-cadherin is reduced and vimentin

increased, allowing EMT and Metastasis (Mongroo & Rustgi, 2010).

It must be noted that the classic adenoma-carcinoma sequence is associated with mainly CIMP
negative and CIMP low, rendering local hypermethylation-mediated silencing rarer than in the MSI
pathway (Guinney et al, 2015). However, there is often no clear distinction between the MSI pathway
and classic adenoma-carcinoma sequence as they can blend into each other (Guinney et al, 2015).
Therefore, the understanding of the importance of the five crucial signalling pathways in both
carcinogenesis and the multitude of modulation mechanisms is essential to comprehend disease

progression and to enable development and improvement of therapy (Figure 1).

1.3 Adenomatous polyposis coli

The gene adenomatous polyposis coli (APC) spans 21 exons in humans and encodes a very important
tumour suppressor of 2843 amino acid length (Fearnhead et al, 2001). It plays an essential role in the
regulation of the WNT pathway. Under normal conditions APC together with GSK3B and AXIN regulates
the proteasomal degradation of B-catenin (CTNNB1) (Rubinfeld et al, 1996) (Figure 2). When a WNT
molecule binds its receptor frizzled (FZD), the protein dishevelled (DVL) becomes activated and
dephosphorylates AXIN and thus inactivates the whole B-catenin degradation complex (Fagotto et al,
1999; Willert et al, 1999; Yamamoto et al, 1999). This leads to the accumulation of B-catenin in both
the cytoplasm and the nucleus (Fearnhead et al, 2001; Kobayashi et al, 2000; Smalley et al, 1999).
Together with the TFs T-cell factor (TCF) and lymphoid enhancer factor (LEF) (Behrens et al, 1996), B-
catenin induces the transcription of genes facilitating proliferation and migration (Roose & Clevers,

1999).

More than 80 % of all sporadic CRC cancers carry an APC mutation (Fearnhead et al, 2001; Moran et
al, 2010). 70-80 % of those mutations cause a premature stop resulting in translation of a truncated

APC protein. 60 % of these mutations are located between amino acid codon 1286 and 1513, the
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mutation cluster region (MCR) (Fearnhead et al, 2001; Miyoshi et al, 1992). Mutations in this region
specifically cause loss of many AXIN and B-catenin binding sites, resulting in reduced B-catenin
degradation (Polakis, 1997). When both APC alleles carry such a mutation, or the wildtype allele is lost
by CIN (Solomon et al, 1987) or hypermethylation (Esteller et al, 2000; Segditsas et al, 2008), there is
no more proteasomal degradation of B-catenin (Figure 2). Thus, the WNT signalling pathway is
constantly active, independent of a WNT signal, by constant B-catenin accumulation in cytoplasm and
nucleus (Korinek et al, 1997; Munemitsu et al, 1995). Successively cancer promoting genes, facilitating
proliferation, migration and EMT are constantly expressed (Boon et al, 2002; Mann et al, 1999).
Additionally, the B-catenin bound by e-cadherins will be released upon EMT by reduction of e-
cadherin, further magnifying the signal (Heuberger & Birchmeier, 2010; Lu et al, 2003). The codons
1309 and 1450 are by far the most frequently mutated amino acids in APC in sporadic CRC (Beroud &
Soussi, 1996).

Normal inactive WNT pathway Normal active WNT pathway WNT independent activated WNT pathway
through truncating APC mutation

Figure 2 A display of the inactive, active and WNT independent WNT pathway (Adapted from (Pennisi, 1998).
APC, adenomatous polyposis coli; CTNNB1, B-catenin; DVL, dishevelled; GSK3 B, glycogen synthase kinase 3.

1.4 Familial adenomatous polyposis

Familial adenomatous polyposis (FAP) is an autosomal dominant disease caused by germline mutations

of the APC gene (Kinzler et al, 1991).

FAP can vary in severity but patients typically develop hundreds of adenomatous polyps already during
puberty or their twenties (Croner et al, 2005). If these polyps are not removed surgically or medically

treated, statistically 10 % of them will proceed to adenocarcinomas by the average age of 36 (Croner
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et al, 2005; Fearon, 2011; Fodde & Smits, 2001). Just like in sporadic CRC, mutations in the APC gene
at position 1309 are the most diagnosed in FAP patients and associated with a very severe phenotype
of polyposis (Crabtree et al, 2002; Miyoshi et al, 1992). Just like in the adenoma-carcinoma sequence
of sporadic CRC the initiating event of FAP is dysregulation of the WNT pathway by APC mutations.

Thus FAP replicates many aspects of adenoma carcinoma sequence pathology (Bettington et al, 2013).

1.5 Modifier genes

CRC like other cancers is a systemic multifactorial disease. The two main carcinogenic pathways
outlined here illustrate the variety of mechanisms and alterations that contribute to tumorigenesis
(Figure 1). Therefore, it is not surprising that there are FAP patients carrying the same germline APC
mutation but suffer different extents of polyposis severity (Crabtree et al, 2001). This difference is
believed to be caused by genes and loci that pose a genetic low risk predisposition, so called modifier
genes that modulate the polyposis severity (Crabtree et al, 2002; Houlston et al, 2001). Genome-wide
association studies have been employed to detect SNPs that are associated with sporadic CRC
(Broderick et al, 2007; Crabtree et al, 2002; Dunlop et al, 2012; Houlston et al, 2001; Tomlinson et al,
2007; Tomlinson et al, 2008; Whiffin et al, 2014). A study focussed on FAP patients showed, that two
of the SNPs associated with sporadic CRC risk are also associated with severe polyposis in FAP
(Ghorbanoghli et al, 2016). Thus the identification of modifier genes or loci mediating severe polyposis
in FAP may also mediate severe polyposis and thus higher risk of CRC in sporadic CRC with APC
mutations. The identification of such modifier genes with the help of next generation sequencing (NGS)
methodology is of great value to determine susceptibility to CRC very early. The early identification of

patients genetically susceptible to CRC may allow improved preventive screening.

1.6 Next generation sequencing and colorectal cancer

Sequencing, determining the order of nucleotides of DNA, was first aimed to identify the sequence of
the genes and the entire genome. The first human genome was sequenced using the improved Sanger
or termination sequencing method, where the chain-terminating dideoxynucleotides (ddNTPs) were
labelled with four different fluorescent dyes (Sanger et al, 1977; Smith et al, 1986) in a shotgun
sequencing approach (Anderson, 1981; Gardner et al, 1981; Staden, 1979) and paired end setting to
eliminate and reduce sequencing gaps (Edwards et al, 1990; Ewing & Green, 1998; Ewing et al, 1998;
Roach et al, 1995; Venter, 2003; Venter et al, 2001).

11
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NGS or high-throughput sequencing incorporate different technologies that all allow the sequencing
of DNA and RNA in a cheaper, faster and larger scale (1000-1 x 10° DNA molecules simultaneously)

than Sanger sequencing.

One of NGS technologies is lllumina (Solex) sequencing. This technique is a combination of the Sanger
termination method and pyrosequencing by synthesis (Nyren & Lundin, 1985; Ronaghi et al, 1998) by
using reversible terminator dye-labelled dNTPs (Canard & Sarfati, 1994). Also the system is based on
DNA colony sequencing (Kawashima, E. H. et al, 1998, International patent no. W01998044151A1;
Kawashima, E. H. et al. (1998) International patent no. W01998044152A1).

Now that the genomes of many organisms were widely elucidated NGS whole genome sequencing was
used to identify the genomic landscape of human cancers including CRC (Vogelstein et al, 2013; Wood
et al, 2007). However, NGS methodology in oncology and CRC does not only help characterise the
disease further (Cancer Genome Atlas, 2012), but is used to identify a consensus molecular
classification (Guinney et al, 2015), to perform molecular diagnosis that aid treatment prognosis (Hsu
et al, 2016; Jesinghaus et al, 2016), to identify genetic high, medium and low risk factors (Broderick et
al, 2007; Fernandez-Rozadilla et al, 2014; Palles et al, 2013; Tomlinson et al, 2008; Whiffin et al, 2014)
and to find biomarkers of disease, progression and drug vulnerability (Garnett et al, 2012). For the
detection of specific known SNPs, mutations, genomic amplifications or deletions or gene or miRNA
expression differences microarrays are useful (Malapelle et al, 2015; Serrati et al, 2016). However, also
in diagnostics, there are cases where no gene of the microarray panels is tested positively (LaDuca et
al, 2014; Susswein et al, 2016). Therefore, and for search of unknown mechanisms in CRC progression
whole genome, whole exome, whole transcriptome, mRNA or miRNA sequencing is required. Both
DNA and RNA sequencing allow comparative analysis between groups. RNA sequencing allows
comparative quantitative expression analysis of genes, miRNAs and entire gene sets. This is important
as shown above molecular changes in CRC are not only based on genomic changes but also by miRNAs

dysregulation, epigenetic modifications and TFs.

1.7 Early diagnosis

The survival rate of CRC is strongly dependent on the stage of the disease at the time of diagnosis
(Tomlinson et al, 2012). CRC diagnosed at stage 1 has a 5-year survival rate of 89.9 % according to the
American cancer society, while later stages without and with lymph node metastasis range from 71.3
- 13.9 % respectively (US national cancer institute). However, only about 12 % of all CRC cases are
diagnosed at stage 1 (Guinney et al, 2015). Early diagnosis is challenging due to the fact that symptoms

of CRC are often not very specific. Primary and most frequently observed symptoms are altered bowel
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habits, such as diarrhoea or constipation, abdominal pain, change in stool size, weight loss, weakness,
iron deficiency and anaemia, which can be mistaken as symptoms of digestive irregularities or other
diseases (Dziki et al, 2015; Tomlinson et al, 2012). Only late very severe symptoms such as rectal

bleeding and abdominal mass showed symptom specificity of >95 % (Labianca et al, 2013).

The current standard method of diagnosis is colonoscopy (Kim et al, 2014). However, due to high
invasiveness and high costs, many patients do not undergo colonoscopy, rendering it unsuitable as
preventive screening. A less invasive and more frequently performed screening method is the group
of faecal tests including faecal occult blood test (FOBT), the faecal immunochemical test (FIT), DNA-
and RNA-based biomarker tests, Protein biomarker test and faecal microbiome-based biomarker test
(Schreuders et al, 2016). Even though the DNA based biomarker test showed higher sensitivity, the FIT
displayed higher specificity and lower costs (Imperiale et al, 2014). Therefore, the FIT that detects
traces of blood in the stool via antibody-based haemoglobin detection, is the most sensitive cost
effective screening method (Brenner & Tao, 2013; Hol et al, 2009; Song & Li, 2016). However, these
tests are not compulsory and many patients who are not aware of a disease risk are not inclined to

undergo such tests voluntarily.

All cells in the organism and especially cancer cells secrete nucleic acids into the blood (O'Driscoll,
2007) which presents another non-invasive screening opportunity. The detection of oncogenic
mutations and other biomarkers of CRC in the blood has already been shown (Cassinotti et al, 2013;
Chen et al, 2015; Lim et al, 2013). The presence and detection of nucleic acids in blood could allow
non-invasive screening for susceptibility factors for CRC. The knowledge of a susceptibility status
towards CRC, would make patients more aware to the risk of CRC and might encourage them to

undertake more screening procedures.

1.8 Animal models for CRC

No in vitro system can model the whole-body pathophysiology of a systemic disease as CRC. Therefore,
to identify markers of susceptibility and to fully understand the heterogeneous aspects of CRC, well
defined disease animal models, that replicate relevant aspects of human CRC pathology as closely as

possible, are essential.
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1.8.1 Mouse

The mouse is the best studied and most commonly used mammalian model organism in biomedical
research. This is mainly due to convenient and cheap housing and the advances and ease of modifying

them genetically (Chu et al, 2016; Skarnes et al, 2011).

Mice have provided valuable information on the molecular basis of many human diseases and
facilitated multiple proof of principle studies. However, mice do not always replicate human disease
pathology accurately, reducing their predictive value for preclinical studies (Mak et al, 2014). To
improve the prediction of safety and effectiveness of novel drugs in clinical trials, non-rodent species
may prove valuable in preclinical studies (Bahr & Wolf, 2012; Justice & Dhillon, 2016; Ledford, 2011).
In mice many different approaches, mostly targeting Apc, have been applied to model human FAP, the
hereditary predisposition to CRC (Karim & Huso, 2013). The sole mutation of Apc however, did not
achieve full replication of human polyposis. In contrary to human pathology where the polyps develop
in the colon, the widely used Apc™™ mouse develops polyps mainly in the small intestine (Karim &
Huso, 2013). The combination of Apc mutations with tissue-specific and locally activated oncogenes,
has allowed more successful modelling of FAP (Fearon, 2011; Hung et al, 2010; Tetteh et al, 2016).
Engineered addition of extra mutations in mice does not allow accurate modelling and study of the

spontaneous alterations and mutation events that occur in the human gut subsequent to an APC

initiating event and drive disease progress towards cancer.

Therefore, other model organisms are required to model the disease more accurately and to provide
better insight into the progression, to identify better diagnosis and therapy opportunities and to

provide non-rodent preclinical data (Bahr & Wolf, 2012)

1.8.2 Pig

Pigs share many key similarities with humans including anatomical features, physiology, body size and
pathophysiological responses and are already used for research, development and refinement of
medical equipment and biomedical procedures (Heinritz et al, 2013; Kararli, 1995; Schubert et al, 2016;
Swindle et al, 1988). Further advantages are that they mature relatively quickly (6-7 months), produce
large litters (~10 piglets) and have a short gestation time of ~114 days (Sachs, 1994). Where necessary
specified pathogen free housing is easily adapted from the established domestication of the pig. In
contrast to primates the use of pigs for research is ethically and socially more acceptable due to their
use as food animals. Additionally, just like humans, pigs are omnivores which is a marked advantage
for the study of CRC, facilitating dietary studies such as the effects of a western diet. The

gastrointestinal structure and size allows the use and refinement of human diagnostic and operational
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equipment. The relatively long lifespan of pigs (~10 years) enables the performance of longitudinal
studies. Most importantly however, genetic modification technology was extended to the pig, allowing

genetically modified pigs for biomedical research.

1.9 Genetic modification of pigs

Genetically modified pigs were first generated by pronuclear DNA microinjection (Hammer et al, 1985)
(Figure 3). This rather inefficient procedure (Hammer et al, 1985; Logan & Martin, 1994; Uchida et al,
2001) was technically challenging due to the opacity of porcine oocytes which required centrifugation
to visualise the pronuclei (Kikuchi et al, 2002). The establishment of refined methods of microinjection
including transposon systems and lentiviral vectors has increased transgenesis efficiency in pigs
markedly (Clark et al, 2007; Garrels et al, 2011; Hofmann et al, 2003; lvics et al, 2014; Whitelaw et al,
2004). Even though, pronuclear DNA microinjection allowed only random transgene integration but
no gene targeting and remained the only method for genetic modification of livestock until 1997, when
Schnieke et al. performed nuclear transfer of primary somatic ovine cells into ovine enucleated oocytes

(Schnieke et al, 1997).

The generation of genetically modified mice by gene targeting via homologous recombination (HR)
first performed and established in murine embryonic stem (ES) cells (Evans & Kaufman, 1981; Smithies
et al, 1985; Thomas & Capecchi, 1987), could not be performed in pigs, as ES, embryonic germ or
induced pluripotent stem cells, capable of germline transmission were elusive in pigs (Nowak-Imialek
& Niemann, 2012). Nuclear transfer of cultured cells, however, enabled gene targeting of primary
somatic cells first in sheep (McCreath et al, 2000) and later in pigs (Dai et al, 2002; Lai et al, 2002).
Genetic modification of primary porcine cells is more challenging than the modification of murine ES
cells due to their limited lifespan (Schnieke et al, 1997). The efficiency of HR is also lower compared to
mice, although loci such as the porcine ROSA26 allow more efficient gene targeting (Li et al, 2014).
Additionally, the procedure of nuclear transfer requires time and skill and has a low efficiency in
generating viable healthy offspring (Callesen et al, 2014; Kurome et al, 2013). Although nuclear transfer
is the standard method for generating genetically tailored pigs, it is a very challenging process

especially when compared to producing gene targeted mice using ES cells (Perleberg et al, 2018).

The optimisation of gene targeting in pigs has been inspired by techniques performed in mice.
Therefore, methods such as site specific recombinase technology (Leuchs et al, 2012; Li et al, 2014),
recombinase-mediated cassette exchange (RMCE) (Clark et al, 2007; Jakobsen et al, 2013) and adeno-

associated viral (AAV) vectors (Luo et al, 2011) have all been extended to pigs.
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The development of synthetic engineered nucleases, however, changed the procedure of both random

transgene integration and gene targeting in all model organisms (Figure 3).

A pronuclear DNA
microinjection \fertilised oocyte  vjral vectors
Pronuclear DNA o
microinjection

random transgene

+ viral vectors integration
polar body
B enucleated oocyte
Cell random transgene integration LG actwahon
N gene targeting
mEdlat_Ed genome editing —_—
genetic 00

modification @ “transposons
viral vectors

cultured primary cells

C

cytoplasmic injection of

D_i rect fertilised oocyte or zygote
modification of RNA or protein
of embryos of endonucleases

Figure 3 A collection of the different methods applicable for the generation of genetically modified pigs
(adapted from (Perleberg et al, 2018).

1.9.1 Genome editing in pigs

Engineered endonucleases can induce a double strand break (DSB) at a unique targeted genomic
location (Figure 4). The error prone repair mechanism of non-homologous end joining (NHEJ)
introduces deletion or insertions of several bases, which can result in gene inactivation (Gabriel et al,
2011). The homology-directed repair uses templates, such as sister chromatids or exogenous
homologous DNA fragments, for accurate repair, facilitating transgene introduction or sequence

replacement (Joung & Sander, 2013).

Zinc finger nucleases (ZFN) (Hauschild et al, 2011; Kwon et al, 2013) and transcription activator-like
effector nucleases (TALENs) (Carlson et al, 2012) compose the second and third generation of
engineered nucleases after meganucleases, respectively. Both bind the target via protein-DNA
interaction (Font & Mackay, 2010; Mussolino & Cathomen, 2012) which hampers design, target and

off-target prediction (Bogdanove & Voytas, 2011; Jinek et al, 2013; Urnov et al, 2010). The newest
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system is the RNA-guided endonuclease. The most famous representative is the clustered regularly
interspaced short palindromic repeat (CRISPR) system (Tan et al, 2013), first identified as the adaptive
immune system of bacteria and archaea (Barrangou et al, 2007). Extrachromosomal DNA incorporated
into the genome transcribed into CRISPR RNA (crRNA) and the repeats transcribed into transactivating
CRISPR RNA (tracrRNA) (Garneau et al, 2010) bind the endonuclease CRISPR-associated 9 (Cas9) and
guide it to a sequence complementary to the crRNA (Wei et al, 2013). Cas9 cleaves the double stranded
DNA if the crRNA target (protospacer) is followed by a protospacer adjacent motif (PAM) of NGG (Wei
et al, 2013). This RNA-DNA interaction-based targeting system is much easier to design and to predict
(Cho et al, 2013). Therefore, this system was simplified to a two-component system for genome
editing, where the crRNA and tracrRNA were fused to a crRNA-tracrRNA chimera called guide RNA
(gRNA) (Jinek et al, 2012) (Figure 4). Other RNA-guided endonucleases with different PAMs are known,
for example Cpfl (Zetsche et al, 2015) and of smaller sized CjCas9 (Kim et al, 2017).

dsDNA
/ Target site cleavage \
Non-homologous end joining Homology directed repair
(NHEJ) (HDR)
DSB DSB DSB
::mm: Strrrrrrn e A TTIrTI I T T e
. ) template dsDNA sSODN
insertion/
deletion/
indel
repaired dsDNA T e pairedles N A I T lat
Gene mutation/ disruption Targeted sequence replacement

Figure 4 The CRISPR/Cas9 system and its potential utilised for genome editing (adapted from (Perleberg et al,
2018). DSB, double strand break; dsDNA, double-stranded DNA; gRNA, guide RNA; PAM, protospacer adjacent
motif; ssODN, single-stranded oligodeoxynucleotide.

Genome editing in general has not only improved efficiency of targeted genetic modifications of both

knock-out and knock-ins in mice (Chu et al, 2016; Miyaoka et al, 2016) and pigs (Zhou et al, 2016) but
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also facilitated direct zygote and early stage embryo modifications in mice (Meyer et al, 2010). HR in
zygotes, which is very inefficient (<0.1 %) (Brinster et al, 1989), was increased to an efficiency of 1.7-
4.5 % by the use of ZFN. This procedure has been extended to pigs avoiding nuclear transfer (Lillico et

al, 2013).

The CRISPR/Cas9 system superseded ZFN and TALENs by easier design, higher efficiency, specificity
and equal to better prediction of targets and off-targets (Cho et al, 2014; Fu et al, 2014; Mali et al,
2013; Wu et al, 2016). Therefore, it has been used for direct zygote modification to generate

genetically modified pigs (Hai et al, 2014; Wang et al, 2015; Whitworth et al, 2014; Yu et al, 2016).

1.10 Porcine cancer models

Table 1 An overview of genetically modified porcine models of human cancers, the most promising and
clinically relevant are marked with * (Perleberg et al, 2018). AAV, adeno-associated viral vector; MMTV,

mouse mammary tumour virus; TALENSs, transcription activator-like effector nucleases.

Human disease

Genetic modification

Produced by

Reference

Basal cell human truncated GLI/2, random transgene (McCalla-Martin et al,
carcinoma with bovine keratin 5 integration + nuclear 2010)
promoter transfer
Breast cancer V-H-Ras, with MMTV Pronuclear (Yamakawa et al, 1999)
promoter microinjection
BRCA1 gene targeting by AAV (Luo et al, 2011)

+ nuclear transfer

Colorectal cancer

heterozygous APC31! +
APC% mutations
APC Knockout

gene targeting +

nuclear transfer

TALENS + nuclear
transfer

(Flisikowska et al,
2012)*
(Tan et al, 2013)

Osteosarcoma

heterozygous and
homozygous TP53
knockout
homozygous TP5371671
mutation

gene targeting +
nuclear transfer

gene targeting by AAV
+ nuclear transfer

(Saalfrank et al, 2016)*

(Sieren et al, 2014)*

Other cancers

Cre-induced porcine
KRAsGIZD TP53R167H

Cre-inducible TP53 f167H

Cre-inducible KRAS®12P

random transgene
integration + nuclear
transfer
gene targeting +
nuclear transfer
gene targeting +
nuclear transfer

(Schook et al, 2015)*

(Leuchs et al, 2012)

(Li et al, 2015b)
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To date, random transgene integration, gene targeting and genome editing using TALENs have been
utilised to generate a number of porcine cancer models for basal cell carcinoma, breast cancer,
colorectal cancer, osteosarcoma and other cancers (Table 1). Even Cre-inducible systems have been
introduced to allow a spatio-temporal activation of mutations to better model malignant diseases.
However the most successful models with reported phenotypes similar to human disease are those
marked with * (Perleberg et al, 2018). The other models were not reported with a phenotype (Tan et
al, 2013; Yamakawa et al, 1999), were euthanized early due to bacterial infection (McCalla-Martin et
al, 2010), did not survive beyond 18 days (Luo et al, 2011) or in case of the Cre-inducible mutations
were not activated yet (Leuchs et al, 2012; Li et al, 2015b). The porcine model for CRC generated by

the heterozygous targeted APC! mutation, however showed great potential (Flisikowska et al, 2012).

1.11 The porcine colorectal cancer model APC*3*! pig

The chair of livestock biotechnology of the technical university of Munich, has generated a porcine
model for colorectal cancer that carries a translational stop signal at codon 1311 in porcine APC
(APC™311) (Flisikowska et al, 2012). It is orthologous to the human APC*3% mutation, which is frequently
mutated in CRC and associated with a very severe form of FAP (Crabtree et al, 2002). This stop codon
was introduced via homologues recombination-mediated gene targeting of porcine somatic cells and
piglets were subsequently generated by nuclear transfer. The animals showed polyp development in
the colorectum as early as 4 months of age, like humans during puberty or their twenties (Croner et
al, 2005). Closer investigations showed that the polyps exhibit epithelial features such as aberrant crypt
foci and adenomatous polyps of low and high grade intraepithelial neoplasia, that are typical for
human adenoma-carcinoma sequence pathology (Flisikowska et al, 2012). Molecular analyses of
adenomas showed loss of APC heterozygosity, accumulation of B-catenin and high expression of its
target c-MYC and MAPK pathway activation by ERK1/2 phosphorylation, all hallmarks of human CRC
(Albuquerque et al, 2002; Fearon, 2011). Although no invasive carcinomas were observed in pigs up to
3 years of age, carcinomas in situ were identified, a progression stage that has not been seen in mice.
As a heterozygous APC®!! mutation was sufficient to initiate polyposis and those spontaneous
molecular changes, that present hallmarks of human FAP and CRC, invasive CRC formation seems to

be a function of time. Further validation and analysis of this model, is however required.
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1.12 Objective

The two main goals of this work were the analysis of cancer susceptibility and progression of the
APC®3 porcine colorectal cancer model (Flisikowska et al, 2012) on transcriptome level and the
acceleration of CRC development of the model by introducing oncogenic mutations or in vivo knock-

out of tumour suppressors.

The established APC?3!? pigs, consisting of more than five generations by now, replicate hallmarks of
human FAP and early CRC development including adenomatous polyps in the colorectum with loss of
APC heterozygosity, B-catenin accumulation, upregulation of c-MYC, MAPK pathway activation and
progression to carcinoma in situ. However, the animals have displayed a phenotypic variation in
polyposis severity from high (2100) polyps (HP) to low (1-10) polyps (LP) in the distal colorectum (last
40 cm).

Therefore, more thorough characterisation of the model is required for use in translational biomedical
research. In this work transcriptional analysis of normal mucosa and polyps from the APC*! pigs, was
aimed to identify elements in the genetic background such as single-nucleotide polymorphisms (SNPs),
dysregulated genes, gene sets and miRNAs that may contribute to susceptibility towards severe
polyposis and tumour progression, respectively. This process should reveal both similarities to human
molecular pathology and novel markers for early detection and drivers. A holistic approach was
performed where whole mRNA and whole miRNA were sequenced using next generation sequencing
technology and computational analysis pipelines to compare expression and distribution of genes,
miRNAs and SNPs between high polyp and low polyp normal mucosa samples and between high grade

and low grade intraepithelial neoplasia.

Current data of the APC™!! animals showing no invasive carcinomas, suggest, that the progression
from adenoma to adenocarcinoma in pigs, is a long process just like in humans. Therefore, APC'3!
animals were to be generated carrying a ubiquitously expressed Cas9 endonuclease in the ROSA26
locus. This would allow acceleration of polyp progression in vivo, by introduction of gRNAs targeting
tumour suppressor genes or gRNA combined with HR templates for the introduction of oncogenic

mutations via in vivo electroporation of the polyps or adeno-associated viral vectors.
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2. Materials and Methods

2.1 Material

2.1.1 Laboratory equipment

Table 2 laboratory equipment

Materials and Methods

2100 Bioanalyzer

3130xI/3100 Genetic Analyzer 16-Capillary Array
ABI 7500 Fast Real-Time PCR System

ABI Prism 3130x| Genetic Analyzer

Analytical semi-micro balance PI-214

AREC.X Digital Ceramic Hot Plate Stirrer
AxioCam HRm Microscope Camera

Axiovert 200 M

Bag sealer Vacupack plus

Barnstead™ MicroPure™

Centrifuges Sigma 1-15, 1-15K, 3-16 and 4K-15C
Countess™ automated cell counter

Digital Graphic Printer UP-D895MD

Dry block for heating and cooling PCH-2

Drying and heating chamber

Electronic multi-dispense pipet

Electrophoresis power supply EPS301
ELISA-Photometer

Fluorescence light source HXP120C

Gel documentation system QUANTUM ST5

Glassware

HiSeq 2500

Hybridisation oven Shake’n’Stack

iBind Western Device

Incubator Thermo Forma Orbital Shaker
Incubator Thermo Forma Steri-Cycle CO;
Incubators

KGW Dewar-TransportgefdaRe mit Deckel Typ B

Laser Microdissection Systems 6000
Magnetic Stand-96

Mi Seq

Microm HM 560 Cryostat
Microscope Axiovert 40 CFL
Mini-PROTEAN 3 Cell system

Agilent, Santa Clara, USA

Life Technologies, Darmstadt, DEU

Applied Biosystems, Warrington, GBR

Life Technologies, Darmstadt, DEU

Denver Instrument GmbH, Goéttingen DEU
Velp Scientifica, Usmate, ITA

Carl Zeiss Microscopy GmbH, Gottingen, DEU
Carl Zeiss Microscopy GmbH, Gottingen, DEU
KRUPS, Frankfurt, DEU

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Invitrogen GmbH, Darmstadt, DEU

Syngene, Cambridge, GBR

Grant Instruments, Camebridge, GBR
BINDER GmbH, Tuttlingen DEU

Qiagen, Hilden, DEU

Amersham Biosciences, Piscataway, USA
Thermo Electron Corporation, Shanghai, CHN
Carl Zeiss Microscopy GmbH, Gottingen, DEU
VILBER LOURMAT Deutschland GmbH,
Eberhardzell, DEU

Marienfeld GmbH, Lauda-Kdnigshofen, DEU
[llumina, San Diego, USA

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
BINDER GmbH, Tuttlingen DEU
KGW-Isotherm Karlsruher Glastechnisches Werk -
Schieder GmbH, Karlsruhe, DEU

Leica Microsystems, Wetzlar, DEU

Invitrogen GmbH, Darmstadt, DEU

Illumina, San Diego, USA

Thermo Fisher Scientific, Waltham, USA

Carl Zeiss Microscopy GmbH, Gottingen, DEU
BioRad, Hercules, USA
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Mini-PROTEAN® Comb, 10-well, 0.75 mm, 33 ul,
1653354 and 1.5 mm, 66 pl, 1653365
Mini-PROTEAN" Short Plates, 1653308
Mini-PROTEAN® Spacer Plates with Integrated
Spacers 0.75 mm, 1653310 and 1.5 mm, 1653312
Multiporator Eppendorf

Nalgene™ Mr. Frosty Freezing containers
Nanodrop Lite

Nucleofector™ 2b Device

OwlI™ EC-105 Compact Power Supply

PeqSTAR 2x Gradient Thermocycler

pH Meter CyberScan PC 510 Meter

Pipette controller accu-jet pro

PyroMark Q48 Autoprep Instrument

Qubit® 2.0 Fluorometer

Rainin Pipet-Lite (2, 20, 200, 1000 pl) and Multi
Pipette L8-20XLS+, L8-50XLS+

Scales 440-33N

Shaker Unitwist 3-D

SpeedMill PLUS

Sterile laminal flow cabinet Herasafe Type HSP
Table centrifuge blue spin mini

Trans-Blot SD Semi-Dry Transfer cell

Vacuum Centrifuge Savant, SpeedVac, DNA 110
Vacuum Centrifuge Savant, Speed Vac Plus,
SC110A

Vortexer VELP Sccientifica 2x3

Water bath

X-ray clip cassette

BioRad, Hercules, USA

BioRad, Hercules, USA
BioRad, Hercules, USA

Eppendorf, Hamburg, DEU

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Lonza Group Ltd, Basel, CHE

Thermo Fisher Scientific, Waltham, USA

Peqlab Biotechnologie GmbH, Erlangen, DEU
Eutech Instruments Europe B.V., Landsmeer, NLD
Brand GmbH & Co. KG, Wertheim, DEU

Qiagen, Hilden, DEU

Thermo Fisher Scientific, Waltham, USA

22

Mettler Toledo GmbH, Giessen, DEU

Kern & Sohn GmbH, Balingen DEU

Uniequip, Martinsried, DEU

Analytik Jena AG, Jena, DEU

Thermo Fisher Scientific, Waltham, USA
SERVA Electrophoresis GmbH, Heidelberg, DEU
BioRad, Hercules, USA

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Velp Scientifica, Usmate, ITA
Memmert GmbH + Co.KG, Schwabach, DEU
Rego X-Ray GmbH, Augsburg DEU




2.1.2 Consumables

Table 3 Consumables

Materials and Methods

Blotting Paper
Cell counting chamber slides
Cell scraper

Countess™ cell counting chamber slides

Cryo vials

Cutfix stainless scalpel 10, 5518059

Disposable sterile needles, Sterican, 1.20 x 40 mm
Electroporation cuvette 2, 4 mm

Falcon tubes 15 ml, 50 ml

iBind cards, Bi15126

innuSPEED Lysis Tube P

Kimtech Science Precision wipes, 05511 7552
Lysing Matrix D, 2 mITube

Membrane, Roti-PVDF (0.45 pum)
MembraneSlide 1.0 PEN (D), 415190-9041-000

MicroAmp Fast Optical 96-Well Reaction Plate with

Barcode, 4346906

MicroAmp™ Optical Adhesive Film, 4360954
Mini Trans-Blot Filter paper 1703932
MultiScreen HV plates, MAHVN4550

Nylon membrane (positively charged) Amersham
Hybond-N+

PCR tube 0.2 ml 8- strip, 11402-2900

Petri dishes

Rainin pipette tips with and without filter 20, 200,
1000 pl

Reaction tubes 1.5 ml, 2 ml

Serological pipets Costar 1, 2, 5, 10, 25 ml|
Sterile syringes 5 ml, 10 ml, 20 ml

Sterile syringe filters 0.40 um, 0.22 um

Tissue culture vessels T25, T75, T150, 24 well, 12
well, 6 well plates, 10 and 15 cm dishes
Tissue-Tek Cryomold® Biopsy, 10 x 10 x 5 mm,
4565

14 ml tubes

Twin.tec PCR Plate 96 semi skirted, colorless,
951020303

X-ray film

PyroMark Q48 Absorber Strips, 974912
PyroMark Q48 Discs, 974901
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BioRad, Hercules, USA

Invitrogen GmbH, Darmstadt, DEU

TPP Techno Plastic Products AG,
Trasadingen, CHE

Invitrogen GmbH, Darmstadt, DEU

Corning Incorporated, Corning, USA

B. Braun Melsungen AG, Melsungen, DEU

B. Braun Melsungen AG, Melsungen, DEU
Peqlab Biotechnologie GmbH, Erlangen, DEU
Greiner Bio-One GmbH, Frickenhausen, DEU
Invitrogen GmbH, Darmstadt, DEU

Analytik Jena AG, Jena, DEU

Kimberly-Clark Professional, Roswell, USA
MP Biomedicals, Santa Ana, USA

Brand GmbH & Co. KG, Wertheim, DEU

Carl Zeiss Microscopy GmbH, Gottingen, DEU
Applied Biosystems, Warrington, GBR

Applied Biosystems, Warrington, GBR
BioRad, Hercules, USA

Millipore, Darmstadt, Deutschland

GE Healthcare Europe GmbH, Freiburg, DEU

STARLAB International GmbH, Hamburg,
DEU

Brand GmbH & Co. KG, Wertheim, DEU
Mettler Toledo GmbH, Giessen, DEU

Zefa Laborservice, Harthausen, DEU
Corning Incorporated, Corning, USA
Becton Dickinson GmbH, Sparks, USA
Berrytec GmbH, Griinwald, DEU
Corning Incorporated, Corning, USA

Sakura Finetek Europe B.V., Alphen aan den
Rijn, NLD

Becton Dickinson GmbH, Sparks, USA
Eppendorf, Hamburg, DEU

Agfa Healthcare, Mortsel, Belgium
Qiagen, Hilden, DEU
Qiagen, Hilden, DEU




2.1.3 Chemicals

Table 4 Chemicals

Materials and Methods

Acetic acid 100 %

Agarose

Ammonium acetate (NH;OAc)
Ammonium persulphate (APS)
Ampicillin

Boric acid

Chloroform
4',6'-Diamidino-2'-phenylindole-dihydrochloride
(DAPI)

Difco Luria Broth Agar, Miller

Difco Luria Broth Base, Miller
Dimethyl sulphoxide (DMSO), A3672
Dithiotreitol (DTT)

Eosin solution, Conc. Watery 2 %, 2C-140
Ethanol 100 %

Ethidiumbromid

Ethylene diamine tetracetic acid (EDTA)
Formalin

Glacial acetic acid

Glycerol 99%

Glycine 99%, G7126

Hydrochloric acid, 37%

IGEPAL, CA-630

Isopropanol

Isopropyl B-D-thiogalactopyranoside (IPTG)
Magnesium chloride (MgCl,)

Maleic acid

Mayer's Hemalaun solution, A0884
Methanol

Milk powder
N,N-Dimethylformamid (DMF)
PeqGOLD Low Melt-Agarose
Phenol-chloroform-isoamyl alcohol
Ponceau S, 141194

POP-7™ Polymer for 3130/3130xI
Potassium chloride

Sacharose

Sephadex G5050-100G

Sodium azide

Sodium chloride

Sodium deoxycholate, D6750
Sodium dodecyl sulphate (SDS)
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Applichem, Darmstadt, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Carl Roth GmbH, Karlsruhe, DEU

Carl Roth GmbH, Karlsruhe, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Applichem, Darmstadt, DEU

Roche Diagnostic GmbH, Mannheim, DEU

Becton Dickinson GmbH, Sparks, USA

Becton Dickinson GmbH, Sparks, USA
Applichem, Darmstadt, DEU

Omnilab, Bremen, DEU

Waldeck GmbH & Co. KG, Minster, DEU
Riedel-de-Haen, Seelze, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Fluka Laborchemikalien GmbH, Seelzle, DEU
Carl Roth GmbH, Karlsruhe, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Applichem, Darmstadt, DEU

Bioline, London, GBR

Merck, Kenilworth, USA

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Applichem, Darmstadt, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Carl Roth GmbH, Karlsruhe, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Peqlab Biotechnologie GmbH, Erlangen, DEU
Applichem, Darmstadt, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Life Technologies, Darmstadt, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Applichem, Darmstadt, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Omnilab, Bremen, DEU
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Sodium hydroxide (NaOH)
Sodium chloride, A1371
Sodium citrate, S4641
Spectinomycin, 85555
Sucrose
Tetramethylethylenediamine (TEMED)
Triton-X 100

Trizma Base/Hydrochloride
Trizol

Tween 20

X-ray tank developer

X-ray tank fixer

B-glycerol phosphate
B-mercaptoethanol (14.3 M)

2.1.4 Buffers and solutions

Table 5 Buffers and solutions

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Applichem, Darmstadt, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Fluka Laborchemikalien GmbH, Seelzle, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Carl Roth GmbH, Karlsruhe, DEU

Omnilab, Bremen, DEU

Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Invitrogen GmbH, Darmstadt, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Calbe Chemie GmbH, Calbe, DEU

Calbe Chemie GmbH, Calbe, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Sigma-Aldrich Chemie GmbH, Steinheim, DEU

10x TBE buffer
5x dilution buffer
2-Log DNA ladder
50x TAE buffer

6x Gel loading dye

Advanced protein assay reagent
Chemiluminescent substrate for alkaline
phosphatase CDP-Star

cOmplete Protease Inhibitor Cocktail Tablets in
EASYpacks, 04693124001

CytoBuster™ Protein Extraction Reagent, 71009
DNA/RNA-dye, peqGREEN

dNTPs

EB Buffer

Gel loading buffer II, AM8546G

Low Molecular Weight DNA Ladder

Low TE Buffer

Lysis buffer for gDNA isolation

B-mercaptoethanol solution for TC
Miniprep solution |

Miniprep solution Il

Miniprep solution Il

O.C.T.™ Compound, 4583
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0.9 M Tris, 20 mM EDTA, 0.9 M boric acid

25 mM MgCly, 1 mM Tris-HCl pH 8.0

New England Biolabs, Frankfurt, DEU

2 M Trisbase, 50 mM EDTA, 5.71 % (v/v) Glacial
acetic acid

New England Biolabs, Frankfurt, DEU
Cytoskeleton Inc., Denver, USA

Roche Diagnostic GmbH, Mannheim, DEU

Roche Diagnostic GmbH, Mannheim, DEU

Merck, Kenilworth, USA

Peqlab Biotechnologie GmbH, Erlangen, DEU
New England Biolabs, Frankfurt, DEU
Qiagen, Hilden, DEU

Invitrogen GmbH, Darmstadt, DEU

New England Biolabs, Frankfurt, DEU

10 mM Tris-HCl pH7.4, 0.1mM EDTA

100 mM Tris-HCI pH7.4, 0.2 % SDS, 5 mM EDTA,
0.2 M NacCl

6 ml H20, 21 pl B-mercaptoethanol

5 mM sucrose, TRIS (pH 8.0), 10 mM EDTA

1 % SDS, 0.2 N NaOH

3 M sodium acetate (pH 5.3)

Sakura Finetek Europe B.V., Alphen aan den
Rijn, NLD




Materials and Methods

PhosSTOP Phosphatase Inhibitor Cocktail
Tablets in EASYpacks, 04906845001
PyroMark Q48 Magnetic Beads, 974203
Quick-Load® 1 kb Extend DNA Ladder
RiboRuler™ High Range RNA Ladder
RIPA Buffer

Rnase Away

TE Buffer

Trypan blue solution (0.4 %)
X-Gal solution

Table 6 Buffers and solutions for Southern Blot

Roche Diagnostic GmbH, Mannheim, DEU

Qiagen, Hilden, DEU

New England Biolabs, Frankfurt, DEU

Thermo Fisher Scientific, Waltham, USA

0.15 M NaCl, 50 mM Tris-HCl pH 8, 1mM EDTA,
1 % (v/v) Triton X, 0.5 % sodium deoxycholate,
0.1 % (w/v) SDS

Thermo Fisher Scientific, Waltham, USA

10 mM Tris-HCl pH 7.4, 1 mM EDTA
Sigma-Aldrich Chemie GmbH, Steinheim, DEU
100 mg X-Gal in N,N-Dimethylformamid (DMF)

Blocking solution

Blocking reagent, 11096176001
Denaturation buffer

Depurination buffer

Detection buffer

DIG Easy Hyb Granules, 11796895001
Digoxigenin-11-dUTP, 11573152910
DNA Molecular Weight Marker VII, DIG-labeled
High stringency washing buffer

Low stringency washing buffer
Maleic acid buffer

Neutralisation buffer

Washing buffer

Ponceau S staining solution

20x SSC

2x SSC

Table 7 Buffers and solutions for Western Blot

1x Blocking solution in maleic acid buffer
Roche Diagnostic GmbH, Mannheim, DEU
0.5 M NaOH, 1.5 M NacCl

250 mM HCl

0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5 (20 °C)
Roche Diagnostic GmbH, Mannheim, DEU
Roche Diagnostic GmbH, Mannheim, DEU
Roche Diagnostic GmbH, Mannheim, DEU
0.1 % SSC, 0.1 % SDS

2x SSC, 0.1 % SDS

0.1 M maleic acid, 0.15 M NaCl, pH 7.5
0.5 M Tris-HCl, pH 7.5; 1.5 M NacCl

0.3 % (v/v) Tween 20 in Maleic acid buffer
0.5 % (w/v), 1 % glacial acetic acid

3 M NaCl, 0.3M sodium citrate

0.3 M NacCl, 30 mM sodium citrate

10 % APS
4 x Lammli buffer + DTT

10 % (w/v) APS
250 M Tris-HCl, pH 6,8, 4 % (w/v) SDS, 0,1 M Saccharose,

traces of bromphenol blue, 26mM DTT (freshly added)

Milk powder blocking solution

Pierce™ ECL Western Blotting Substrate
Precision Plus Protein™ All Blue
Standards (10-250 kDa), 161-0373

10x Running Buffer, pH 8.3

1x Running Buffer + R-mercapto-
Ethanol

5 % (w/v) Milk powder in 1x TBST
Thermo Fisher Scientific, Waltham, USA
BioRad, Hercules, USA

0.25 M Trizma Base, 2 M Glycin, 1 % SDS, pH 8.3
25 mM Trizma Base, 0.2 M Glycin, 0.1 % SDS, pH 8.3,
10.64 mM [3-mercaptoethanol
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1x Semi Dry Transfer Buffer + 0.1% SDS 25 mM Trizma Base, 0.2 M Glycin, 20 % (v/v) Methanol,
0.1 % (w/v) SDS

10x TBS 0.2 M Trizma Base, 1.4 M NaCl

1x TBST 20 mM Trizma Base, 140 mM NaCl, 0.1 % (v/v) Tween 20

2.1.5 Bacterial media

Table 8 Bacterial media
LB-agar 4 % (w/v) Difco LB Agar, Miller
LB-medium 2.5 % (w/v) Difco LB Base, Miller

2.1.6 Tissue culture media and solutions

Table 9 Solutions for tissue culture

1x Trypsin EDTA, T3924 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Accutase, A6964 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Advanced DMEM, 12491-015 Life Technologies, Darmstadt, DEU

Ala-GIn, G8541 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Amphotericin B solution, A2942 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Blasticidin S InvivoGen, San Diego, USA

BSA7.5% Life Technologies, Darmstadt, DEU

cell culture water, W3500 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
DMEM, D5671 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
D-PBS, D8537 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Fetal calf serum (FCS) Biochrom GmbH, Berlin, DEU

G-418, M3118.0050 Genaxxon bioscience GmbH, Ulm, DEU
Hypoosmolar electroporation buffer Eppendorf, Hamburg, DEU

MEM Non-essential amino acids (NeAA), M7145 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
OptiMEM, 51985-026 Life Technologies, Darmstadt, DEU
Penicillin-Streptomycin, P0781 (100x) Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Puromycin InvivoGen, San Diego, USA

Sodium pyruvate, S8636 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Trypan blue 0.4 % Invitrogen GmbH, Darmstadt, DEU

Table 10 Media compositions

cultured cells  Media components Freezing medium
composition

pADMSCs 500 ml AdvancedDMEM, 50 ml FCS, 5.6 ml Ala-GIn, 5.6 10 % DMSO, 10 %
ml NEAA, 560 pl B-mercaptoethanol medium, 80 % FCS
pKFs, HEK cells 500 mI DMEM, 50 ml FCS, 5.6 ml Ala-GIn, 5.6 mI NEAA, 10 % DMSO, 10 %
5.6 ml Sodium Pyruvate, 560 pul B-mercaptoethanol medium, 80 % FCS
primary cell medium with 100 U/ml penicillin, 0.1 mg/ml 10 % DMSO, 40 %
isolation streptomycin, 2.5 mg/ml amphotericin B for first 3 days medium, 50 % FCS

27



2.1.7 Kits

Table 11 Kits

Materials and Methods

Agilent DNA 1000 Kit, 5067-1504

Agilent High Sensitivity DNA Kit, 5067-4626

Agilent RNA 6000 Nano Kit, 5067-1511

Agilent RNA 6000 Pico Kit, 5067-1513

AllPrep DNA/RNA Micro Kit and Mini Kit

Basic Nucleofector Solution Primary Fibroblasts, VPI-
1002

Big Dye Terminator v1.1 Cycle Sequencing Kit, 4337450
Biotool DNA Transfection Reagent

ClonelET PCR Cloning Kit

Directzol RNA MiniPrep

exoRNeasy Serum/Plasma Maxi Kit

EZ DNA Methylation-Direct™ Kit

Fast SYBR™ Green Master Mix

FirstChoice™ RLM-RACE Kit

GenElute Mammalian Genomic DNA Purification Kit

HiSeq Rapid PE Cluster Kit v2

HiSeq Rapid SBS Kit v2 (200 cycles), FC-402-4021
Human MSC Nucleofector® Kit

iBind™ Solution Kit

innuPREP RNA Mini Kit

KAPA SYBR FAST Master Mix Universal 2X, KK4602
Lipofectamine™ 2000 Transfection Reagent
miScript Il RT Kit

miScript SYBR® Green PCR Kit

MiSeq Reagent Kit v2 (50-cycles), MS-102-2001
pPGEM®-T Easy Vector System

Plasmid DNA purification NucleoBond® Xtra Midi

PyroMark Q48 Advanced CpG Reagents, 974022
QlAamp DNA Micro Kit

QuantiFluor® RNA System

Qubit® RNA BR Assay Kit, Q10210

Qubit™ dsDNA BR Assay Kit, Q32850
Qubit™ dsDNA HS Assay Kit, Q32854/1
Qubit™ RNA HS Assay Kit, Q32852

REPLI-g Mini Kit

RNeasy Mini

TruSeq RNA Library Preparation Kit v2, Set A
TruSeq Small RNA Library Prep Kit, Set-A
TURBO DNA-free™ Kit
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Agilent, Santa Clara, USA
Agilent, Santa Clara, USA
Agilent, Santa Clara, USA
Agilent, Santa Clara, USA
Qiagen, Hilden, DEU

Lonza Group Ltd, Basel, CHE

Life Technologies, Darmstadt, DEU
Biotool.com/bimake.com

Thermo Fisher Scientific, Waltham, USA
Zymo Research, Tustin, USA

Qiagen, Hilden, DEU

Zymo Research, Tustin, USA

Applied Biosystems, Warrington, GBR
Invitrogen GmbH, Darmstadt, DEU
Sigma-Aldrich Chemie GmbH,
Steinheim, DEU

[llumina, San Diego, USA

[llumina, San Diego, USA

Lonza Group Ltd, Basel, CHE

Invitrogen GmbH, Darmstadt, DEU
Analytik Jena AG, Jena, DEU

Kapa Biosystems, Wilmington, USA
Invitrogen GmbH, Darmstadt, DEU
Qiagen, Hilden, DEU

Qiagen, Hilden, DEU

[llumina, San Diego, USA

Promega Corporation, Madison, USA
MACHEREY-NAGEL GmbH & Co. KG,
Duren, DEU

Qiagen, Hilden, DEU

Qiagen, Hilden, DEU

Promega Corporation, Madison, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Qiagen, Hilden, DEU

Qiagen, Hilden, DEU

[llumina, San Diego, USA

[llumina, San Diego, USA

Invitrogen GmbH, Darmstadt, DEU
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VenorGeM Mycoplasma Detection Kit, MP0025 Sigma-Aldrich Chemie GmbH,
Steinheim, DEU
Wizard® SV Gel and PCR Clean-Up System Promega Corporation, Madison, USA

2.1.8 Enzymes

Table 12 Enzymes

AccuStart Tag DNA Polymerase HiFi Quantabio, Beverly, USA

CollagenaseType I-A, C2674 Sigma-Aldrich Chemie GmbH, Steinheim, DEU
DNA Polymerase |, Large Klenow Fragment New England Biolabs, Frankfurt, DEU
Exonuclease | New England Biolabs, Frankfurt, DEU
FastGene® Optima HotStart ReadyMix NIPPON Genetics Europe, Dueren, DEU

PCR Extender System 5Prime GmbH, Hamburg, DEU

Proteinase K Sigma-Aldrich Chemie GmbH, Steinheim, DEU
PyroMark PCR Kit Qiagen, Hilden, DEU

Q5° High-Fidelity DNA Polymerase New England Biolabs, Frankfurt, DEU
Quickextract Epicentre, Madison, USA

Restriction enzymes New England Biolabs, Frankfurt, DEU
RiboLock Rnase Inhibitor, EO0381 Thermo Fisher Scientific, Waltham, USA
RNase A Sigma-Aldrich Chemie GmbH, Steinheim, DEU
Shrimp alkaline phosphatase New England Biolabs, Frankfurt, DEU

Sssl, CpG methyl transferase New England Biolabs, Frankfurt, DEU
SuperScript™ Il, Il and IV Reverse Transcriptase  Invitrogen GmbH, Darmstadt, DEU

T4 DNA Ligase New England Biolabs, Frankfurt, DEU

2.1.9 Oligonucleotide primers
All primers were ordered from Eurofins Genomics, Ebersberg, Germany.

Table 13 Primer list

Primer name Sequence 5'-3' Length

3'RACE Adapter GCGAGCACAGAATTAATACGACTCACTATAGGTNNNNNNNN 45
NNNN

5'RACEInnerPrimer CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG 35
5'RACEOuterPrimer GCTGATGGCGATGAATGAACACTG 24
BACH1_Ex8 forl GCGTGTGTGATTAGCTTGGGA 21
BACH1_Ex9 revl GCGTTAAATGGCAGTTTCACCT 22
Cas9_3'LR_forl GCAGATCAGCGAGTTCTCCA 20
Cas9_Probe_forl AAAGACCGAGGTGCAGACAG 20
Cas9_probe_revl CGGTCGATGGTGGTGTCAAA 20
Cas9_RT_for2 AAAGACCGAGGTGCAGACAG 20
Cas9_RT _rev2 AAGCCGCCGTACTTCTTAGG 20
CRISPR_APC_F1 AGCCAGCTCCATCCAAGTTC 20
CRISPR_APC_R1 CTTGGTGGCATGGTTTGTCC 20
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CRISPR_PTEN_F1
CRISPR_PTEN_R1
CYP7A1_AS_Ex3_F6
CYP7A1_AS_Ex4_R6
CYP7A1_CpG1_F1

CYP7A1_CpG1l_R1_BIO

CYP7A1_CpG1_S2
CYP7A1_CpG2_F1

CYP7A1_CpG2_R1_BIO

CYP7A1_CpG2_S
CYP7A1_Ex4_ASV_F1
CYP7A1_Ex4_ASV_F2

CYP7A1_Ex4_F7

CYP7A1_Ex5_F1

CYP7A1_Ex5_R7

CYP7A1_Ex6_F2

CYP7A1_Ex6_R1

CYP7A1_Ex6_R1-2

CYP7A1_Ex7_F3

CYP7A1_Ex7_R2

CYP7A1_Ex8_F4

CYP7A1_Ex8_R3

CYP7A1_Ex9_R4

CYP7A1_SNPSeq_F1
CYP7A1_SNPSeq_F10
CYP7A1_SNPSeq_F2
CYP7A1_SNPSeq_F3
CYP7A1_SNPSeq_F4

CYP7A1_SNPSeq_F5-2

CYP7A1_SNPSeq_F6
CYP7A1_SNPSeq_F7
CYP7A1_SNPSeq_F8
CYP7A1_SNPSeq_F9
CYP7A1_SNPSeq_R
CYP7A1_SNPSeq_R1
CYP7A1_SNPSeq_R2
CYP7A1_SNPSeq_R3
CYP7A1_SNPSeq_R4
CYP7A1_SNPSeq_R5
CYP7A1_SNPSeq_R6
CYP7A1_SNPSeq_R7
CYP7A1_SNPSeq_RS
CYP7A1_SNPSeq_R9
DCC_CRISPR_F1
DCC_CRISPR_R1

CTGAGGAGAAGCAGGCCC 18
GCTCACTAATCCACTAACACTGT 23
TCCCGAACCAGGTTTGTTTG 20
TGAATCACCTGCAAACTTCCG 21
AGTTGGAATTATAGTTGTTAGTTTATGAT 29
[BIO]-CCTTCCACACTTTAATTCTATACAC 25
GTTTATGATATAGATA 16
AAGAAGTGATATATGTAGAGGAAAGATAG 29
[BIO]-ATAACTCCAAAAAAACTTCTTAAATCTTAC 30
GTGTGTTTTTTGGGT 15
TGTTTGCTTTGGTCACTCAAGT 22
CTGGAGCCTCTGTTGTGACG 20
GGGGATTGTGACAGCAGTG 19
TGTCCACTTCATCACAAATCCCT 23
GCAGTGCACAACCCAGATAG 20
TGACGCAGAGAAAGCCAAGT 20
ATGCTTCTGTGCCCAAATGC 20
GGTCAATGCTTCTGTGCCCA 20
AAAACACTGGAGAAGGCGGG 20
TGCTTTCATTGCTTCAGGGC 20
CCACAATTAATGCACCTGGATCC 23
GGAAAGCCTCAGAGACTCCTT 21
CCATGACTGTAGAAGGTGGTCT 22
GACCCAGCAAATCCACCCTT 20
TTGAAACATGAAGCACAGAAACA 23
TAATCCCAACACGACCCCTC 20
TCGATACTAAGCCCGGTCCA 20
AGGGGTGTGATAGATGCCATG 21
ACCTACACCACAGCTCACAG 20
TCTGTTTAAGGAGGCAAGAATCA 23
CGATGGCCAGTTTCGTTGTC 20
TCTGCCTGGAGTTCTCTTCCT 21
GTTCCACTGCACCACAACG 19
GGAGGGAAGGCTGGACTTTT 20
GTCACACCAGCTGTTTTCTTGA 22
GCACGAGGAAGCCAGGAG 18
ACACAACGAAAGCCCAGGAA 20
CTGCAACTTCCTGTGACTCTATA 23
CCTCTTCATTTCTTACGTGTGCA 23
GGAAAACGCACAGGAAGCAA 20
TGGGAGATGAGAGTGATGGGA 21
CCTCCTCTATTACTGCTCACTCA 23
CTGTACAGGATCAACATCTCACA 23
TGAGGGCATTTACAAAGGAGAG 22
CGGAAGCTATTGTTGAATCAGC 22
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ddCas9 F1
ddCas9 R1
ddGAPDH F Ya
ddGAPDH R Ya
ddpoactin Ya F1
ddpoactin Ya R1
ddpoGAPDH F1
ddpoGAPDH R1
GAPDH_Ex4_forl
GAPDH_EX5_revl
GS_MCS_Seq_forl
GS_MCS_Seq_revl
let-7a-5p_1
MCS_colonyPCR_F
MCS_colonyPCR_F
mGFP_end_F
mGFP_start_R1
miR-16-5p_1
miR-191-5p_1
miR-25-3p_1
miR-26a-5p_1
mir-425-5p_1
mTom_end_F1
mTom_end_R1
Myco_1F
Myco_1R
Neo_2pA_Agel_revl
Neo_colony R1
Neo_Hindlll_forl
gPCR primer 1.1
gPCR primer 2.1
R26endoR
Random hexamer primers
RNU6B_1
R26_SA_Seq_R1
Rosa26 E1 F1
Rosa26 11 F2
Rosa26 11 R3
Rosa26 13 R2
Rosa26 Loc2R
Rosa26 Loc3R
Rosa26_colony F1
ROSA26_SAR
SATB1_Ex6_F3
SATB1_Ex7_R3

AGTTCATCAAGCCCATCCTG 20
TCTTTTCCCGGTTGTCCTTC 20
CCGCGATCTAATGTTCTCTTTC 22
TTCACTCCGACCTTCACCAT 20
TAACCGATCCTTTCAAGCATTT 22
TGGTTTCAAAGCTTGCATCATA 22
CTCAACGACCACTTCGTCAA 20
CCCTGTTGCTGTAGCCAAAT 20
GTTGTGGATCTGACCTGCCGC 21
TCAGTGTAGCCCAGGATGCCC 21
GGGCAGTTTCGAAGATCG 18
TGGTGTAGTTGTGGGCTGAA 20
TGAGGTAGTAGGTTGTATAGTT 22
CCACCGGTGTCGCGATTAATTA 22
CCACCGGTGTCGCGATTAATTA 22
ACTCTCGGCATGGACGAG 18
TACCTTCACGTGGCCATTCT 20
TAGCAGCACGTAAATATTGGCG 22
CAACGGAATCCCAAAAGCAGCTG 23
CATTGCACTTGTCTCGGTCTGA 22
TTCAAGTAATCCAGGATAGGCT 22
AATGACACGATCACTCCCGTTG 22
CTGTTCCTGTACGGCATGGA 20
CTTGTACAGCTCGTCCATGC 20
GGAGCAAACAGGATTAGATACC 22
CACCATCTGTCATTCTGTTAACC 23
TAGACCGGTTTACTAGTCCCCAGCATGCC 29
CATCAGAGCAGCCGATTGTC 20
ATCCGATAAGCTTGATCCGGG 21
AATGATACGGCGACCACCGAGAT 23
CAAGCAGAAGACGGCATACGA 21
GTTTGCACAGGAAACCCAAG 20
NNNNNN 6
ACGCAAATTCGTGAAGCGTT 20
GGGGCCTAAGGTTTGGAGAT 20
CGCCTAGAGAAGAGGCTGTGC 21
TATGGGCGGGATTCTTTTGC 20
GTTTGCACAGGAAACCCAAG 20
CAGGTGGAAAGCTACCCTAGCC 22
GGAGCGGCGATACCGTAAAG 20
TCCGAAGCCCAACCTTTCAT 20
ATTCCCAGTCCCTCACACAG 20
GAAAGACCGCGAAGAGTTTG 20
GCAAATGTCTCAGCGGCAAA 20
CCTTGCTGGGATAGTTCGGA 20
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SFRP5_Ex2_F1
SFRP5_Ex3_R1
ssc-miR-146a-5p
ssc-miR-194b-5p
ssc-miR-215
ssc-miR-27a-3p
TP53_CRISPR_F2
TP53_CRISPR_R2
Universal_Primer

TGCGCCCAGTGTGAGATG
CTTCCGGTCCCCACTCTCTA
TGAGAACTGAATTCCATGG

TGTAACAGCGACTCCATGTGGA
ATGACCTATGAATTGACAGAC
TTCACAGTGGCTAAGTTCCG
ACCCTGGTCCCAAAGTTGAA
GCCCGTAAATTCCCTTCCAC
CGAATTCTAGAGCTCGAGGCAGG

18
20
19
22
21
20
20
20
23

2.1.10 Oligonucleotides for hybridisation

Oligos for hybridisation, to generate tailored short double stranded DNA fragments, were ordered

from Eurofins Genomics, Ebersberg, Germany or biomers.net GmbH, Ulm, Germany.

Table 14 CRISPR oligos

Oligo name

Sequence 5'-3'

CRISPR_APC_1A
CRISPR_APC_1B
CRISPR_DCC_Ex1_1A
CRISPR_DCC_Ex1_1B
CRISPR_TP53_Ex5_1A
CRISPR_TP53_Ex5_1B
CRISPR-pX300-PTEN-A
CRISPR-pX300-PTEN-B
DCC_Ex1-1_A
DCC_Ex1-1_B
PTEN_cCheck_A
PTEN_cCheck_B
TP53_Ex5_A
TP53_Ex5_B

CACCGCTAATGTGCTGTGGCACTGT
AAACACAGTGCCACAGCACATTAGC

CACCGTTTCTATCTCACCCCTA
AAACTAGGGGTGAGATAGAAAC
CACCGGCAAAACAGCTTATTGA
AAACTCAATAAGCTGTTTTGCC

CACCGAGATCGTTAGCAGAAACAAA

AAACTTTGTTTCTGCTAACGATCTC
GTCGGTTTCTATCTCACCCCTACGG

CGGTCCGTAGGGGTGAGATAGAAAC
GTCGGAGATCGTTAGCAGAAACAAAAGG
CGGTCCTTTTGTTTCTGCTAACGATCTC
GTCGGGCAAAACAGCTTATTGAGGG

CGGTCCCTCAATAAGCTGTTTTGCC

Table 15 Multiple cloning site oligos

Oligo name

Sequence 5'-3'

Length

MCS_RosaNeoCas_A

MCS_RosaNeoCas_B

TCGAGCTGAGTTTAAACTGCAGGCCGGCCGATCTTCGAAACTGCCCG 64
GGCGATCCTAGGTACGC
TCGAGCGTACCTAGGATCGCCCGGGCAGTTTCGAAGATCGGCCGGCC 64
TGCAGTTTAAACTCAGC
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2.1.11 Cloning vectors

Table 16 Plasmid list

Materials and Methods

Plasmid Antibiotic Source

resistance
PGEM-T Easy Ampicillin Promega Corporation, Madison, USA
pJET1.2/blunt Ampicillin Invitrogen GmbH, Darmstadt, DEU
pSL1180 Ampicillin Amersham Biosciences, Piscataway, USA
pCAG-Cas9-bpA Ampicillin Dr. Oskar Ortiz Sanchez, IDG Helmholtz Center, DEU
pGEMT-Rosa26-Cas9-BS Ampicillin Chair of livestock biotechnology, TUM, DEU
pBs-LSL-Neo Ampicillin Chair of livestock biotechnology, TUM, DEU
pSL1180 + MR26 MTMG Ampicillin Chair of livestock biotechnology, TUM, DEU

p119-c-check

pX330-U6-Chimeric_BB-
CBh-hSpCas9, 42230
pX330-U6-Chimeric_BB-
CBh-hSpCas9_MCS
pSL1180-SA-puro-LA

Spectinomycin

Ampicillin

Ampicillin

Ampicillin

Yonglun Luo (Alun), MSc, Ph.D, Associate Professor,
Department of Biomedicine, Aarhus University, DNK
Addgene, Cambridge, USA

Chair of livestock biotechnology, TUM

Chair of livestock biotechnology, TUM

2.1.12 Antibodies

Table 17 List of primary antibodies

Primary Source Species reactivity Description Western iBind
antibodies blot dilution
dilution
Mouse anti- Sigma-Aldrich rat, chicken, turkey, immunized 1:3000 1:3000
GAPDH, Chemie GmbH, human, mouse, mink, with rabbit
(monoclonal), Steinheim, bovine, canine, monkey, = GAPDH
G8795 DEU rabbit, hamster
Cas9 (7A9- Cell Signaling - N- terminus of  1:1000 1:1000
3A3) Mouse Technology, Cas9 from S.
mAb #14697 Danvers, USA pyogenes
Anti- Roche - Southern
Digoxigenin Diagnostic blot
GmbH, dilution
Mannheim, 1:10000
DEU
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Table 18 List of secondary antibodies * when two primary antibodies were used simultaneous

Secondary Antibodies Source Western iBind dilution
blot
dilution
Goat anti-rabbit IgG, Sigma-Aldrich Chemie GmbH, 1:5000
(polyclonal), A9169 Steinheim DEU
Rabbit Anti-Mouse IgG H&L Abcam, Cambridge, England 1:5000 1:1000/1:500*
(HRP), (polyclonal), Ab6728
2.1.13 Competent bacterial cells
Table 19 Electro competent cells
E. ColiDH10B  Genotpye: F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 Invitrogen GmbH,
ElectroMAX AlacX74 recAl endAl araD139 A(ara, leu)7697 galU galK A-  Darmstadt, DEU
rpsL nupG
2.1.14 Cultured mammalian cells
Table 20 List of cultured mammalian cells
Cell lines Organism Description Source
pADMSCs pig porcine adipose-derived 11.01.11 isolated by Dr.
110111 mesenchymal stem cells Benedikt Baumer, Chair of
livestock biotechnology, TUM
pKF 270 pig porcine kidney fibroblasts carryinga isolated by Dr. PD. Tatiana

mT/mG cassette in the Rosa26 locus

Flisikowska, Chair of livestock
biotechnology, TUM

pKF 73 APCB  pig
240415

porcine kidney fibroblasts carrying a
heterozygous APC3 mutation

24.04.15 isolated by Dr. PD.
Tatiana Flisikowska, Chair of
livestock biotechnology, TUM

HEK293 human 1973 transformed embryonic kidney Chair of Nutrition and
cells using DNA fragments of human  Immunology, TUM
Adenovirus 5 (Graham et al. 1977)
2.1.15 Pigs

Table 21 List of individual pigs analysed

* Animals with more than 100 polyps were classified as high polyp (HP) and animals with 1-10 polyps as low

polyp (LP) animals. Pigs with polyp numbers between 10 and 100 were classified as medium polyp (MP).

Animal Born Sex Pheno- | Animal Born Sex Pheno-
ID type* ID type*
66 13.04.2012 male HP 534 18.01.2016 female LP

71 13.04.2012 female HP 586 11.03.2016 female LP

73 13.04.2012 male HP 588 11.03.2016 female HP

128 07.03.2013  female LP 591 15.03.2016  castrated male  LP
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145 14.03.2013 male LP 598 15.03.2016 male HP
148 14.03.2013 male MP 722 26.09.2016 male HP
150 14.03.2013 female LP 727 26.09.2016 female LP
152 14.03.2013 female LP 388 04.04.2015 male
153 14.03.2013 female LP 909 18.06.2017 castrated male HP
155 14.03.2013 male LP 910 18.06.2017 male HP
157 14.03.2013 female LP 911 18.06.2017 castrated male LP
163 15.03.2013 female HP 913 18.06.2017 castrated male LP
168 12.05.2013 male HP 914 18.06.2017 castrated male HP
173 12.05.2013 female LP 916 18.06.2017 female LP
174 12.05.2013 female LP 917 18.06.2017 female LP
251 21.02.2014  castrated HP
918 18.06.2017 female HP
male
252 21.02.2014 castrated HP
919 18.06.2017 male LP
male
253 21.02.2014  castrated HP
920 18.06.2017 female LP
male
300 24.08.2014 female LP 921 18.06.2017 female LP
322 18.10.2014 male HP 929 18.06.2017 male LP
324 18.10.2014 male HP 932 18.06.2017  castrated male LP
326 18.10.2014 female HP 933 18.06.2017 female LP
328 18.10.2014 female LP 937 09.07.2017 male HP
339 20.10.2014 female HP 941 09.07.2017 female HP
471 17.08.2015 female LP 943 09.07.2017 female LP
474 17.08.2015 female HP 944 09.07.2017 female LP
524 18.01.2016 castrated LP
952 09.07.2017 female LP
male
525 18.01.2016 castrated HP
953 09.07.2017 female LP
male
527 18.01.2016 male HP

2.1.16 Computer software

Table 22 Software

ELISA-Reader Ascent Software, Luga, Malta

PyroMark Q48 Autoprep Software Qiagen, Hilden, DEU

7500 Software v2.0.5 Applied Biosystems, Warrington, GBR

A Plasmid Editor M. Wayne Davis

AB Sequencing Analysis Software (v5.2) Applied Biosystems, Warrington, GBR
Axiovision Carl Zeiss Microscopy GmbH, Gottingen, DEU
AxioVision Rel. 4.8 Carl Zeiss Microscopy GmbH, Gottingen, DEU
Benchling https://benchling.com/

CASAVA BCL2FASTQ Conversion Software 1.8.3  lllumina, San Diego, USA

CRISPR design http://crispr.mit.edu/, Zhang Lab, MIT 2017
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DeSeq2

EdgeR
Every vector
FASTQC

FeatureCounts

Genecards

gNorm

GSEA software

HiSeq Control Software 2.2.58
IGV

Image J
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2.2 Molecular biological methods

2.2.1 Isolation of bacterial plasmid DNA

Mini prep

2 ml bacterial D10Hb cultures were pelleted for 5 min at full speed (12300-15493 x g). The supernatant
was discarded and the bacterial pellet resuspended in 100 pl solution 1 (5 mM sucrose, 10 mM EDTA,
25 mM Tris-HCI pH 8.0). 200 pl solution 2 (0.2 M NaOH, 1 % SDS) was added for alkaline lysis and
inverted 6-8 times for complete mixture. After 3 min incubation at room temperature (RT) 150 pl
neutralising solution 3 (3 M sodium acetate pH 4.8) was added and inverted. After 30 min incubation
onice, the solution was centrifuged for 5 min. The supernatant, containing the plasmid DNA was mixed
with 1 ml 95 % ethanol for plasmid DNA precipitation by 15 min centrifugation. The pellet was first
washed with 500 pl 80 % ethanol, centrifuged for 10 min and subsequently with 500 pl 95 % ethanol.
After aspiration of the supernatant the DNA pellet was dried using a vacuum centrifuge for 1-2 min at

medium drying stage and resuspended in 50 pl water containing RNase A (40 ug/ml).

Midi and Maxi prep

Plasmid DNA was isolated from 100 ml or 300 ml bacterial cultures with the Plasmid DNA purification
NucleoBond® Xtra Midi Kit and Maxi Kit (Macherey-Nagel) respectively, following manufacturer's

information. The resulting DNA pellet was eluted in 100 or 200 pl TE buffer for Midi and Maxi preps.

2.2.2 Isolation of mammalian genomic DNA using phenol-chloroform extraction
Isolation from tissue) The tissue piece was cleaned with ethanol and PBS before transferring it to a
petri dish and cutting it into small pieces with a sterile scalpel. The petri dish was rinsed with 500 pl
lysis buffer (100 mM Tris-HCl pH7.4, 0.2 % SDS, 5 mM EDTA, 0.2 M NaCl) or more (depending on tissue

size) to convert the minced tissue to a falcon tube.

Isolation from cells) Cells were pelleted in a 15 ml falcon tube by centrifugation at 300 x g for 5 min.

The cell pellet was resuspended in 500 pl lysis buffer or more (depending on pellet size).

At this stage tissue samples and cultured cells were treated in a similar manner by supplementation

with proteinase K to a final concentration of 100 pg/ml and incubation at 37 °C over night.

The next day, RNase A was added to a final concentration of 390 pg/ml and incubated for 5 min. The
solution was mixed with an equal volume of phenol-chloroform-isoamyl alcohol, vortexed and left at
RT for 10 min before centrifugation (4°C, 10 min, 15493 x g). The top aqueous phase, containing DNA,

was transferred to a new reaction tube. An equal volume of chloroform was added, mixed, incubated
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and centrifuged as before. The top aqueous phase was collected and mixed with 0.7x volume ice cold
isopropanol. The DNA was pelleted at 4 °C for 15 min and washed with 200 pl ice cold 70 % ethanol
and centrifuged for 5 min. The ethanol was aspirated and the DNA pellet dried for 10-15 min. When

dried completely, the pellet was resuspended in 50-100 ul TE Buffer.

2.2.3 Isolation of mammalian genomic DNA using AllPrep Mini Kit
A whole biopsy sample was placed in a lysis tube P with 600 pl RLT Plus buffer (containing B-
mercaptoethanol). The samples were homogenised for 30-120 sec in the precooled Speed Mill PLUS,
until complete homogenisation. The isolation was performed using the AllPrep Mini Kit (Qiagen)

according to manufacturer’s information and gDNA was eluted in 100 pl nuclease-free water.

2.2.4 Isolation of mammalian genomic DNA using Quick Extract
Small cell amounts were pelleted and frozen for later, or resuspended right away in 20 ul QuickExtract

(Epicentre) per 1/3 12 well. Enzymatic cell lysis was performed at 68 °C for 15 min and 95 °C for 8 min.

2.2.5 Isolation of RNA

During the isolation and purification of RNA, samples were always kept on ice and centrifuged at 4 °C.

2.2.5.1 RNA isolation from cells

Cells were washed with ice cold PBS and detached by pipetting with 350 ul RLT buffer per confluently
covered 12 well. Further processing was performed according to protocol step 4 of RNeasy Kit

(Qiagen). All centrifugations were run at 10000 x g and RNA was eluted in 30 pl nuclease-free water.

2.2.5.2 RNA isolation from tissues
Biopsy samples were kept on liquid nitrogen and halved before they were placed into a Lysis tube P.

MRNA Isolation from tissues using innuSPEED Tissue RNA Kit

Biopsy samples were transferred to a lysis tube P with 450 pl lysis buffer (supplied) for at least 2x 20
seconds homogenisation using previously cooled Speed Mill PLUS and processed according to

manufacturer’s information. RNA was eluted in 30 pul nuclease-free water.

Total RNA isolation from tissues using DirectZol RNA MiniPrep

Biopsy samples were placed into a Lysis tube P containing 400 ul Trizol for at least 2x 20 sec

homogenisation using previously cooled Speed Mill PLUS. They were spun down for 1 min at 12000 x
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g before 350 pl cell lysate was mixed with 350 pl 100 % ethanol. Isolation was performed according to

manufacturer’s information and RNA was eluted in 30 pl nuclease-free water.

Total RNA isolation from tissues using AllPrep Mini Kit

Biopsy samples were transferred to a lysis tube P with 600 pl RLT Plus buffer (containing B-mercapto-
ethanol). for at least 30 sec homogenisation using precooled Speed Mill PLUS. Isolation was performed

according to manufacturer’s information and total RNA was eluted in 30 ul nuclease-free water.

2.2.5.3 Total RNA isolation from laser microdissected cryo sections

Laser microdissected samples mixed with RLT Plus buffer (containing B-mercaptoethanol) were
vortexed for 30 -120 sec. Total RNA was isolated using the Allprep DNA/RNA Micro Kit (Qiagen)

according to manufacturer’s information and eluted in 14 ul nuclease-free water.

2.2.6 DNase digest
Isolated RNA was treated with TURBO DNA-free™ Kit according to the manufacturer’s information

except no inactivation reagent was used.

2.2.7 Quantification and Quality control of nucleic acids

2.2.7.1 Determination of nucleic acid concentration using NanoDrop Lite

For dsDNA the NanoDrop Lite multiplied the absorbance at 260 nm by 50 and for RNA by 40. The
A260/A280 ratio indicating protein contamination should lie around 1.8 for dsDNA and 2.0 for RNA.
2.2.7.2 Determination of nucleic acid concentration using Qubit 2.0 fluorometer

RNA was fluorometrically quantified using the QuantiFluor® RNA System (Promega) (detection range
0.1-500ng) and DNA using Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific) (detection range 2-
1000 ng) and Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific) (detection range 0.2-100 ng)

according to manufacturer’s information.

2.2.7.3 Determination of nucleic acid quality using Bioanalyzer

The RNA integrity number (RIN), was determined using Agilent RNA 6000 Nano Kit and Agilent RNA

6000 Pico Kit for laser microdissected RNA isolations according to manufacturer’s information.
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Size distribution and quality of sequencing libraries were determined using Agilent DNA 1000 Kit and

Agilent High Sensitivity DNA Kit according to manufacturer’s information.

2.2.7.4 Gel electrophoresis

For analytical gels of RNA or DNA fragments after isolation, digestion or PCR the agarose was dissolved
in 1x TBE. For preparative gels (excision of DNA) 1x TAE was used. Gels were always supplemented
with a final concentration of 800 x peqGREEN. RNA gels were additionally complemented with 400 pl
37 % formalin per 50 ml gel. Both DNA and RNA samples were mixed with gel loading dye prior to gel

electrophoresis, the latter were denatured at 70 °C for 2 min to destroy secondary structures.

2.2.8 Plasmid DNA purification for tissue culture by ethanol precipitation
The volume of plasmid DNA was set to 500 pl with water and 1/10 volume of 3 M sodium-acetate pH
5.2 was added and mixed. A 2-2.5 x volume of cold 100 % ethanol was added, mixed and incubated at
-20 °C for at least 20 min before pelleting the DNA (12300-15493 x g, 10 min, 4 °C). From now on, the
tube containing the DNA was only opened under a sterile laminal flow cabinet. The supernatant was
aspirated and the pellet washed with 1 ml sterile 70 % ethanol. After centrifugation (full speed, 5 min,
RT) the supernatant was aspirated and the pellet air dried. Plasmid DNA was eluted in sterile water or

sterile low TE buffer, to gain a final concentration of 1-1.5 pg/ul.

2.2.9 Plasmid DNA purification for tissue culture by phenol-chloroform extraction
The volume of the plasmid DNA was set to 500 pl with water and mixed with 500 ul phenol-chloroform-
isoamyl alcohol. The procedure was performed according to 2.2.2 except, after chloroform addition
the top aqueous phase was mixed with 1/20™ volume 3 M Sodium-acetate and a 0.7 volume
isopropanol. This mixture was shaken and pelleted at full speed for 10 min. From now on, the DNA

tube was only opened under a sterile laminal flow cabinet and proceeded according to 2.2.8.

2.2.10 Column based DNA purification
DNA after restriction digest, blunting, ligation or PCR was purified using the Wizard® SV Gel and PCR

Clean-Up System (Promega) according to manufacturer’s information with modifications (Appendix).
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2.2.11 Restriction enzyme digestion
1 pg plasmid DNA, PCR products and gDNA was digested with 3-5 Units restriction enzyme (NEB), <5
% enzyme glycerol concentrations for at least 1 - 4 h at the enzyme’s temperature optimum for cloning,
Southern blot, digital droplet PCR, and size determination. Digests after ligation were incubated for 20

min with 5-10 units restriction enzyme, water and restriction buffer to gain 1x concentration.

2.2.12 Blunting
DNA sticky ends were blunted using the DNA Polymerase | Large Fragment (Klenow) from NEB.
Successful blunting was achieved with 1x concentrated NEB buffer (1.1, 2.1, 3.1 or CutSmart), a final
concentration of 60 uM dNTPs and < 1 unit of the Klenow Enzyme (5 U/ul) per 1 ug DNA incubated at

25 °C for 15 min and inactivated with a final concentration of 10 mM EDTA at 75 °C for 20 min.

2.2.13 Oligonucleotide hybridisation
Each single-stranded oligonucleotide was dissolved in a 1 pg/ul concentration in TE buffer. 1 pl of each

complementary oligo was added to 98 pl TE buffer, heated for 5 min at 100 °C and slowly cooled to RT.

2.2.14 DNA ligation
Vector DNA ranged from 50 to 200 ng (for DNA > 10 kb) and insert was calculated as below. 30 ng
double-stranded oligonucleotides were ligated to 50 ng vector without calculation. To the DNA 1x
concentrated T4 Ligase buffer, 400-600 units of T4 DNA Ligase and water was added to a total volume
of 20 pl and incubated at RT for 1 h or at 16 °C over night.

Vectoryg * Siz€psert
Insert,; = g *3
Slzeyector

2.2.15 DNA methylation
All CpG sites in a gDNA sample were methylated by incubating 1 pg DNA with 4.8 units CpG
methyltransferase Sssl, 160 uM S-adenosylmethionine (SAM) and 1x Buffer 2.1 (NEB) for 4 h at 37 °C.

After each hour of incubation another 4.8 units of Sssl were added.
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2.2.16 Bisulphite conversion
Bisulphite conversion of 200 ng genomic DNA was performed using EZ DNA Methylation-Direct Kit

(Zymo Research) according to manufacturer’s information.

2.2.17 Whole genome amplification using the REPLI-g Mini Kit
To generate CpG methylation-free DNA, 150 ng gDNA was amplified using the REPLI-g Mini Kit (Qiagen)

according to manufacturer’s information.

2.2.18 Reverse Transcription
500 ng total RNA were converted to cDNA using SuperScript™ Il Reverse Transcriptase (Invitrogen)
with 100 pmol random hexamer primers according to manufacturer’s information. Entire laser
microdissected RNA was converted using Superscript IV Reverse Transcriptase (Invitrogen). For
microRNA (miRNA) analysis, 1 pug total RNA was reverse transcribed using the miScript Il RT Kit (Qiagen)

according to the manufacturer’s information.

2.2.19 5’ Rapid amplification of cDNA ends (RACE)
5’ RACE of 1 ug RNA was performed using the FirstChoice RLM-RACE Kit according to manufacturer’s
information with small modifications. Phenol:chloroform extraction with 15 pl supplied ammonium
acetate solution, 115 pl nuclease free water and 150 ul phenol-chloroform-isoamyl alcohol was mixed
and centrifuged following 2.2.2. After adding ice cold isopropanol, RNA was chilled on ice for 10 min.
RNA pelleting for 20 min and washing with cold 70 % ethanol for 10 min was performed at full speed
at 4 °C. The supernatant was discarded, the pellet air dried and resuspended in 4 pl Tobacco Acid
pyrophosphate (TAP) buffer. The entire volume was mixed with 1 pl TAP enzyme and incubated for 1
h at 37 °C. The complete mix was used for adapter ligation according to manufacturer’s information
over night at 16 °C. The whole reaction was used for reverse transcription using SuperScript 111 (2.2.18).

The resulting cDNA was used for nested PCR.

2.2.20 Polymerase chain reaction
Depending on the purpose of the amplification, different DNA polymerases were used requiring
different PCR conditions. The polymerases AccuStart Tag DNA Polymerase HiFi and GoTagq® DNA

Polymerase produce 3’A overhangs where Q5® High-Fidelity DNA Polymerase generates blunt ends.

42



Materials and Methods

AccuStart Tag DNA Polymerase HiFi PCR was performed with 20-200 ng DNA, 1x HiFi PCR Buffer, 2mM
magnesium sulfate, 200 nM of each primer, 200 uM dNTPs and 0.02U/ul AccuStart Taq DNA
Polymerase HiFi in 50 pl total volume. Thermal cycling conditions were: 1 min 94 °C, 40 cycles of 20

sec 94 °C, 30 sec 55-65 °C (depending on primer annealing temperature) and 1min/kb 68 °C.

GoTaq® DNA Polymerase PCR was performed with 50-300 ng DNA, 1x Green GoTaq® Reaction Buffer
(1.5 mM MgCl,), 200 nM primer each, 200 uM dNTPs and 0.025 U/ul GoTaq® DNA Polymerase in 50 pl
total volume. Cycling conditions were: 2 min 95 °C, 40 cycles of 30 sec 95 °C, 30 sec 42-65 °C and 1
min/kb 72 °C and 5 min 72 °C.

Q5® High-Fidelity DNA Polymerase PCR was performed with approx. 200 ng DNA, 1x Q5 Reaction
Buffer, 1x Q5 High GC Enhancer, 500 nM of each primer, 200 uM dNTPs and 0.01U/ ul Q5® High-Fidelity
DNA Polymerase in 50 ul total volume. Thermal cycling conditions were: 30 sec 98 °C, 35 cycles of 10

sec 98 °C, 30sec 50-72 °C and 1 min/ kb 72 °C and 2 min 72 °C.

PyroMark PCR Kit PCR was performed with < 500 ng DNA or 10-20 ng bisulphite converted DNA
(bcDNA), 1x PyroMark PCR Master Mix, 1x Coral Load, 0.5 mM MgCl,, 200 nM of each primer in 25 pl
total volume. Cycling conditions were: 15 min 95 °C, 45 cycles of 30 sec 94 °C, 30 sec 60 °C for DNA/ 56
°C for bcDNA and 30 sec 72 °C and a final 10 min 72 °C.

2.2.21 Colony PCR using GoTaq Polymerase
Colony PCR was performed to screen replicate bacterial colonies for correctly cloned DNA constructs.
GoTaq® DNA Polymerase PCR was assembled as above, without DNA, as the colonies were picked into

the reaction mix and onto an agar plate for culture. Initial denaturation was extended to 5 min 95 °C.

2.2.22 Mycoplasma Test PCR using GoTaq
Medium conditioned by the cells for at least three days, was heated to 95 °C for 5 min. 2 pl was added
to GoTaq polymerase PCR with the primers Myco 1F and Myco_1R. Primer concentrations were
increased to 500 nM and MgCl, was added to a final concentration of 1.5 mM in 25 pl total volume.
Thermal conditions were: 2 min 94 °C, 40 cycles of 30 sec 94 °C, 30 sec 55 °C and 30 sec 72 °C. Non-
infectious DNA-fragments of Mycoplasma orale genome from the VenorGeM Mycoplasma Detection

Kit (Sigma-Aldrich Chemie GmbH) served as positive control.
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EEEEEEEEEEEEEEEEEEE———————
2.2.23 Reverse Transcription PCR
The reverse transcription PCR (RT-PCR) is performed using cDNA as a template to confirm transcription.

1 pl undiluted cDNA was used, also in the case of RACE analysis.

2.2.24 Quantitative Real-time PCR
Quantification of sequencing libraries for mRNA sequencing was performed using KAPA SYBR FAST
gPCR Master Mix (2X) Universal (Kapa Biosystems) according to Sequencing Library gPCR
Quantification Guide (Illumina) with modifications. 5 nM libraries were diluted 1:1000 and vortexed
(this and all following dilutions were prepared with 0.1 % (v/v) Tween 20). One previously sequenced
2 nM library served as a positive control and was diluted 1:500 and another was used for standard
curve generation by preparing serial dilutions of 20 pM, 2 pM, 0.2 pM, 0.02 pM and 0.002 pM. All
dilutions were prepared in triplicates. 4 pl of each dilution, 1x KAPA SYBR FAST qPCR Master Mix, 0.2
UM primer each were mixed in a total volume of 10 pl. Thermal conditions were: 2 min 50 °C, 5 min 95

°C and 30 cycles of 30 sec 95 °C and 45 sec 60 °C.

2.2.25 Reverse transcription quantitative Real-time PCR
Reverse transcription quantitative real-time PCR (RT-qPCR) of mRNA was performed using Fast SYBR™

Green Master Mix (Applied Biosystems) according to the following protocol (Table 23).

Table 23 RT-qPCR reaction set up using Fast SYBR Green Master Mix

Primer Master Mix Sample Master Mix
Components Final concentration Components Amount [pl]
2xFast SYBR® Green Master Mix 1x (5 ul) cDNA 3
Forward primer 0.2 uM Primer Master Mix 30
Reverse primer 0.2 uM
H.0 up to 10 ul

The Sample Master Mix was transferred into 3 wells (technical triplicates), each 10 pl, of a MicroAmp
Fast Optical 96-Well Reaction Plate. The plate was sealed with MicroAmp™ Optical Adhesive Film and
pulse centrifuged. The reaction was run in the ABI 7500 Fast Real-Time PCR System, with cycling
conditions: 20 sec 95 °C, 40-55 cycles of 3 sec 95 °C and 30 sec 60-64 °C. Subsequent high resolution
melting (HRM) analysis (60-95 °C) of the products was performed determining melting temperature

and number of specific and unspecific products.

RT-gPCR of miRNA was perfomed using miScript SYBR® Green PCR Kit (Qiagen) according to Table 24.
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Table 24 MiRNA RT-qPCR reaction set up using miScript SYBR Green PCR Kit

Primer Master Mix Sample Master Mix
Components Final concentration Components Amount [ul]
2x QuantiTect SYBR Green PCR 1x (6.26 ul) cDNA 3
Master Mix
Forward primer 0.7 uM Primer Master Mix 33
miScript Universal Primer 0.7 uM
H20 up to 11.5 pl

The Sample Master Mix was transferred into 3 wells (technical triplicates), each 11 pl, of a MicroAmp
Fast Optical 96-Well Reaction Plate, sealed and pulse centrifuged as above. The reaction was run in the
ABI 7500 Fast Real-Time PCR System, using following cycle conditions: 15 min 95 °C, 40-55 cycles of 15
sec 94 °C, 30 sec 55 °C and 30 sec 70 °C. Subsequently, HRM analysis (60-95 °C) was performed.

RT-gPCR Data analysis

For relative quantification analysis of the expression of mRNA and miRNA, the Livak method was used
(Livak & Schmittgen, 2001). The fluorescence threshold for determination of the threshold cycle (Ct)

was set manually for each gene (Table 25).

Table 25 Fluorescence threshold values for Ct determination

mRNA Fluorescence | MiRNA Fluorescence | LMD mRNA Fluorescence
threshold threshold
GAPDH 0.235651 mir-215 0.034205 threshold
CYP7A1 0.027038 mir-194b-5p 0.057749 CYP7A1 0.078585
SFRP-5 0.488557 mir-27a-3p 0.023887 GAPDH 0.297384
SATB1 0.542667 mir-146a-5p 0.050586
let-7a-5p 0.045831

1) dct = P—CtTarget gene — IJ-CtReference gene
2) ddCt = dCttest sample — udthalibrator sample

3) Foldchange = 2(~44¢H

The mean (u) Ct value of the gene of interest was normalised to the Ct value of the reference gene (1).
All samples of the calibrator group were taken together to generate a mean dCt calibrator which was
subtracted from the dCt of each test sample, forming the ddCt of each sample (2). DdCt represents the
change in expression of the target gene between the test and calibrator group, normalised for any
difference in loading between the calibrator and test samples. To obtain the fold change in expression

between the test sample and the calibrator the following equation 3) was used. The Foldchange
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determines at what fold the expression of the target gene in the test sample differs to the expression

of the target gene in the calibrator sample.

2.2.26 Enzymatic PCR purification
For sequencing with SmartSeq from MWG Eurofins and for Sanger sequencing, PCR reactions were
enzymatically purified. 10 pl PCR reaction was mixed with 0.4 ul exonuclease | (20U/ul) and 1 ul shrimp
alkaline phosphatase (1U) and incubated at 37 °C for 30 min and at 80 °C for 15 min.

2.2.27 Sequencing with SmartSeq from MWG Eurofins
15 pl plasmid DNA (50-100 ng/ul) or 2 pl purified PCR product (2.2.10, 2.2.26) were mixed with 2 ul 10

UM primer and water to 17 ul total volume and transferred to a SmartSeq tube for sequencing.

2.2.28 Sanger Sequencing

Termination reaction

The termination reaction was performed using the Big Dye Terminator v1.1 Cycle Sequencing Kit (Life
Technologies) with 2 pl purified PCR product (amplified using GoTaq® DNA Polymerase (2.2.20) and
enzymatically purified (2.2.26)), 1x BigDye sequencing buffer, 1x dilution buffer (5 mM MgCl;, 0.2 mM
Tris-HCI pH 8.0), 0.25 uM sequencing primer and 1x BigDye Terminator in a total volume of 10 pl. The

thermal conditions were: 20 sec 95 °C and 25 cycles of 12 sec 95 °C, 8 sec 51 °C and 4 min 60 °C.

Sephadex gel filtration

The termination reaction mix was purified using a sephadex gel filtrations method. 25 mg sephadex
(determined volumetrically) was transferred into a MultiScreen HV plate (Millipore) and soaked in 300
pl water per well for 2 h at RT. After incubation, the plate was centrifuged at 960 x g for 5 min. The
sequencing reaction (10 pl) was diluted with 15 pul 0.1 mM EDTA. The total volume of 25 ul was applied

to the sephadex plate for gel filtration at 960 x g for 5 min and collected in a fresh 96 well plate.

Capillary gel electrophoresis

The 96 well plate was transferred to the ABI Prism 3130xl Genetic Analyzer for capillary gel
electrophoresis in a 36 cm capillary using the POP-7™ Polymer (Life Technologies). The procedure ran

with standard settings and the data was collected using the software Run 3130xI Data Collection v.3.0.
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Analysis of polymorphisms

Quality assessment and base calling was performed by the AB Sequencing Analysis Software (v5.2).
The polymorphisms in the sequences were detected using the Phred/Phrap/Polyphred/Consed-
Software (Ewing & Green, 1998; Ewing et al, 1998; Gordon et al, 1998; Nickerson et al, 1997).

2.2.29 Pyrosequencing
A sequence of interest was amplified from bcDNA (2.2.16) with one biotinylated primer and the
PyroMark PCR Kit (Qiagen) (2.2.20). The samples were sequenced on the PyroMark Q48 Autoprep
Instrument using the PyroMark Q48 Advanced CpG Reagents (Qiagen) according to manufacturer’s
information with small modifications. When all reagents except the enzyme and substrate were
brought to RT, 4 pl PyroMark Q48 Magnetic Beads (Qiagen) and 12 ul PCR reaction were loaded. 2 pl

sequencing primer (10 uM primers diluted in PyroMark Annealing Buffer) was added automatically.

2.2.30 Next Generation Sequencing using lllumina technology

mMRNA Sequencing

400 ng total RNA was used for the library preparation with the TruSeq RNA Library Preparation Kit v2
(Hlumina) according to “TruSeq RNA Sample Preparation v2 Guide” with one small modifications.

Elution2-Frag-Prime program was reduced to 4 min at 94 °C.

Quality and Quantity control was performed according to the “TruSeq RNA Sample Preparation v2
Guide” wusing the Bioanalyzer (2.2.7.3) and Qubit (2.2.7.2) respectively. Obtained average
fragment/library size multiplied with the average molecular weight of a single DNA base pair (660

g/mol) and concentration resulted in the molarity of each library.

Concentration [ng/ul]

x 10° = molarity [nM]

average library size [bp]x 660 g/mol

The libraries were set to a 5 nM with EB buffer and quantified with gPCR according to “Sequencing
Library qPCR Quantification Guide” from lllumina (2.2.24). The molarities of the libraries were
corrected according to gPCR results and set to 2nM with EB buffer. Twelve 2 nM libraries carrying 12
different adapters were pooled and processed according to the “HiSeq and GAllx Systems Denature
and Dilute Libraries Guide: Denature and Dilute Libraries for HiSeq Clustering Standard Normalization
Method” (Illumina) with small modifications. 10 pl pooled 2 nM libraries was mixed with 10 pul 0.1 M
NaOH and incubated for 5 min at RT. The resulting 1 nM library pool was diluted with prechilled HT1

buffer to 20 pM in a total volume of 1000 pl. The 20 pM solution was set to a chosen molarity with HT1
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buffer reaching a total volume of 420 pl and supplemented with 5 pl 12.5 pM PhiX library (Table 26).
The PhiX library was denatured and diluted according to “HiSeq and GAlIx Systems Denature and Dilute

Libraries Guide: Denature and Dilute PhiX for HiSeq Clustering” (Illumina).

Table 26 Calculations for the molar adjustment of library pools for lllumina Sequencing of mRNA

Final concentration 12 pM 13 pM 14 pM 18 pM
20 pM denatured library pool 252 273 294 378
Prechilled HT1 buffer 168 147 126 42
12.5 pM PhiX 5 5 5 5
Total volume 425 425 425 425

The HiSeq was prepared and operated according to the “HiSeq® 2500 System Guide, Chapter 5
Sequencing in Rapid Run Mode” (lllumina). The HiSeq Rapid v2 flow cell was rinsed with laboratory
grade water, dried with low lint Kimtech Science Precision wipes (Kimberly-Clark Professional) and
together with the library pool loaded into the HiSeq2500. Clustering and sequencing was performed
using the HiSeq Rapid PE Cluster Kit v2 (lllumina) and HiSeq Rapid SBS Kit v2 (lllumina) at 2 x 100 bp

read configuration to generate Fastq files.

Small RNA Sequencing

1 pg total RNA was used for small RNA library preparation using the TruSeq Small RNA Library Prep Kit
(llumina) according to manufacturer’s information. Quality and quantity of libraries was analysed
using the Bioanalyzer Agilent High Sensitivity DNA Kit (2.2.7.3) and Qubit™ dsDNA HS Assay Kit
(2.2.7.2).

400 ng of 6 samples each, all carrying different adapters were pooled and run on a gel. After
purification quality and molarity of the library pools were analysed using the Bioanalyzer Agilent High
Sensitivity DNA Kit (2.2.7.3). Library pools were set to 4 nM with 10 mM Tris-HCI (pH 8.5) and processed
according to the “MiSeq System Denature and Dilute Libraries Guide: Standard Normalization
Method”. 5 pl 4 nM library pool was mixed with 5 pul 0.2 N NaOH and incubated for 5 min at RT. 990 ul
prechilled HT1 buffer was added resulting in 1 ml 20 pM library pool. 360 ul 20 pM library pool was
mixed with 240ul prechilled HT1 buffer for a 12 pM dilution. 594 pl 12 pM library pool was
supplemented with 6 pl 12.5 pM PhiX library that was equally denatured. The flow cell was rinsed with
laboratory-grade water and dried with low lint Kimtech Science Precision wipes (Kimberly-Clark
Professional). The flow cell and library pool were loaded into the MiSeq and sequencing was performed
using the MiSeq Reagent Kits v2 (lllumina) at 1x50 bp read configuration to generate Fastq files. The

MiSeq was prepared and operated according to the “MiSeq® System Guide” (lllumina).
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2.2.31 Southern blot analysis

2.2.31.1 Preparing Digoxygenin labelled probes

Digoxigenin (DIG) labelled DNA probes of 600-750 bp and 50-60 % GC content were generated via
GoTaq DNA Polymerase PCR (2.2.20) with supplementation of 60 mM Digoxigenin-11-dUTP (Roche
Diagnostic GmbH). Successful labelling (slower gel migration than control PCR without digoxigenin

addition) was assessed by gel electrophoresis and extracted from the gel (2.2.10).

2.2.31.2 Dot blot

Dot blot was performed to determine binding capacity and optimal hybridisation temperature of a
probe. DNA was applied directly to the positively charged Nylon membrane. The membrane was baked

for 30 min at 120 °C and prepared according to Southern blot protocol (2.2.31.3).

2.2.31.3 Southern blot

10 pg gDNA were digested for 4 h at 37 °C with 4 Units Enzyme per ug DNA. The DNA was separated
on a 1x TAE 0.8 % agarose gel free of peqGREEN with 2-Log DNA Ladder (New England Biolabs) and the
DIG-labeled DNA Molecular Weight Marker VII (Roche Diagnostic GmbH). The Gel ran at 120 V for 10
min and 30 V overnight. The next day, half the 2-Log DNA Ladder lane was cut off and stained in a
peqGREEN bath for 10-30 min. The stained ladder was photographed with a ruler to visualise the run
and cut the gel correspondingly. All following incubations or washings were performed at RT shaking.
For hybridisation of targets larger than 5 kb, the gel was incubated in depurination solution (250 mM
HCI) for 10 min maximum. The gel was rinsed in demineralised water and incubated in denaturation
solution (0.5 M NaOH, 1.5 M NacCl) twice for 15 min. The gel was rinsed and incubated twice in
neutralisation solution (0.5 M Tris-HCl, pH 7.5; 1.5 M NaCl) for 15 min. The neutralised gel was
equilibrated in 20x SSC (3 M NaCl, 0.3M sodium citrate) for at least 10 min.

The capillary transfer blot was assembled from bottom to top as follows: pan filled with two litres 20x
SSC, a bridge of blotting paper, glad wrap with a window the size of gel and membrane, one blotting
paper soaked in 20x SSC, the gel facing down, the dry Nylon membrane (positively charged, Amersham
Hybond-N+, GE Healthcare Europe GmbH), a dry blotting paper and a big stack of paper towels. The
construct was set under pressure over night. The next day, blot was disassembled to wash the
membrane in 2x SSC (0.3 M NaCl, 30 mM sodium citrate) and bake it for 30 min at 120 °C. The dry
membrane was placed into a hybridisation bottle with 3 ml DIG Easy Hyb Buffer (DIG Easy Hyb
Granules, Roche Diagnostic GmbH) for blocking for 30 min to 3 h at the hybridisation temperature of

the probe (Twy), not exceeding 43°C.
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Ty = T — (20°C — 25°C)

Ty =49.82 + 0.41 = GCprobe - 600/lengthprobe

During incubation, the DIG labelled hybridisation probe was diluted in 50 pl water, denatured for 5 min
at 95 °C and chilled on ice. When the probe had been used before, it was denatured for 5 min at 68 °C.
DIG Easy Hyb Buffer was removed from the membrane and replaced with fresh DIG Easy Hyb Buffer
containing 40 ng/ml probe. The membrane was hybridised in motion over night at Tuy. The next day,
the probe in DIG Easy Hyb buffer was stored at -20 °C for reuse. The membrane was shaken in low

stringency buffer (2x SSC, 0.1 % SDS) for 15 and 10 min. High stringency buffer was heated (Table 27).

Table 27 Incubation conditions with high stringency buffer, dependent on target homology and GC content of

the probe
Target homology GC content Buffer temperature
80-100 % Average (40 %) 0.5 % SSC, 0.1 % SDS 65 °C for probes > 100bp, <65
°C for probes < 100 bp
<80 % Average (40 %) 0.5 % SSC, 0.1 % SDS approx. 60 °C
80-100 % High (=50 %) 0.1 % SSC, 0.1 % SDS 68 °C

The membrane was shaken in high stringency buffer (0.1 % SSC, 0.1 % SDS) for 15 min twice. The
membrane was washed for 2 min with wash buffer (0.3 % (v/v) Tween 20 in maleic acid buffer (0.1 M
maleic acid, 0.15 M NacCl, pH 7.5)) and incubated at RT for 1-1 % h in blocking solution (1 % (w/v)
Blocking Reagent 11096176001 (Roche Diagnostic GmbH) in maleic acid buffer). Next, the membrane
was shaken in Anti-Digoxigenin-AP sheep antibody solution (1:10000 in blocking solution) for 30 min.
Two washing steps of 15 min each with washing buffer followed. The membrane was equilibrated for
3 min in detection buffer (0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5 (20 °C)) while the substrate for the
phosphate conjugated antibody CDP-star solution (Roche Diagnostic GmbH) was diluted 1:100 in
detection buffer. The membrane was placed on a plastic envelope and the CDP-star dilution was
applied. The envelope was sealed and incubated at 37 °C for 5 min in the dark. In a dark room, the
membrane was placed on top of an x-ray film in an x-ray clip cassette. The closed cassette was
incubated at 37 °C for 1-2 h. After sufficient exposure the film was developed in the dark room rinsing

it in developer (until the length marker was visible), water, fixer solution and water.
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2.3 Microbiological methods

2.3.1 Bacterial culture
A mini culture of 3 ml, a midi culture of 100 ml or a maxi culture of 300 ml LB medium (2.5 % (w/v)
Difco LB Base, Miller) with ampicillin (Carl Roth GmbH) (100 pg/ml) or spectinomycin (Fluka
Laborchemikalien GmbH) (50 pug/ml) was inoculated with a glycerol stock, a colony from an agar plate

or a fluid bacterial culture. The culture was shaken over night at 37 °C.

2.3.2 Cryoconservation of bacterial cultures

200 pl 100 % glycerol were mixed with 200 pl bacterial culture and stored at -80 °C.

2.3.3 Transformation of bacteria
50 pl competent DH10b E. coli cells (Invitrogen) were thawed on ice and mixed with 1-3 pl ligation (3
pl purified ligation or 1:10000 diluted plasmid). The mix was transferred to a cold electroporation
cuvette (2 mm gap, Peqlab Biotechnologie GmbH), put into the Multiporator® (Eppendorf) and
shocked at 2500 V for 5 msec. The shocked cells were submerged in 500 pl LB medium and incubated
for 30-45 min at 37 °C shaking. The recovered cells were plated onto agar (4 % (w/v) Difco LB Agar,
Miller) plates with 100 ug/ml ampicillin or 50 pg/ml spectinomycin and incubated over night at 37 °C.

2.3.4 Blue white screening of bacterial colonies
For cloning PCR fragments into the pGEM®-T Easy Vector System (Promega Corporation), ampicillin
agar plates were coated 30 min prior to bacteria culture with 20 pl 100 mg/ml X-gal solution (solved in
N,N-dimethylformamid) and 4 pl 1 M IPTG. After overnight culture at 37°C white bacterial colonies

carried pGEM®-T Easy Vector where the lacZ gene was disrupted by incorporated PCR fragment.

2.4 Tissue culture methods

Mammalian cells were cultured in a humified Steri-Cycle CO2 incubator at 37 °C with 5 % CO,. and
handled only with sterile equipment in a sterile laminal flow cabinet. The medium was exchanged

every 2-3 days. Unsterile solutions were sterile filtered with 0.22 um filters.
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2.4.1 Passaging cells
Cells of 80-100 % confluence, were washed with D-PBS (Sigma-Aldrich Chemie GmbH) and incubated
with accutase (Sigma-Aldrich Chemie GmbH) for 4-10 min in the incubator. When cells were fully
detached, the reaction was stopped by adding > volume of medium. The cell suspension was

distributed to a new vessel, counted (2.4.2), frozen (2.4.4) or pelleted for DNA isolation (2.2.4).

2.4.2 Counting cells
10 ul cell suspension was mixed with 10 pul trypan blue 0.4 % (Invitrogen GmbH). 10 pl were transferred
to a cell counting chamber slide (Invitrogen GmbH) and inserted into the Countess (Invitrogen GmbH).

The Countess calculated the concentration of the total, life and dead cells and the viability.

2.4.3 Isolation and culture of primary porcine kidney fibroblasts
Kidneys of euthanized animals were cleared of their fine skin and rinsed in 80 % ethanol for six times
before transfer to a sterile laminal flow cabinet. A piece of ca. 1 x 1 cm was cut from the inside of the
kidney, avoiding fat, vascular tube or outside tissue, with a scalpel (B. Braun Melsungen AG). The piece
was washed in three different tubes of each 80 % ethanol and D-PBS containing 100 U/ml penicillin
and 0.1 mg/ml streptomycin (Sigma-Aldrich Chemie GmbH) and 2.5 mg/ml amphotericin B (Sigma-
Aldrich Chemie GmbH) (D-PBS-P/S/A). The cleaned tissue was minced in a petri dish with 2 ml D-PBS-
P/S/A and incubated in an erlenmeyer flask with 1mg/ml Collagenase Type I-A (Sigma-Aldrich Chemie
GmbH) in D-PBS-P/S/A for 20-30 min at 37 °C stirring. If many tissue pieces remained intact, the
suspension was filtered through a mesh and transferred to a 50 ml falcon. 13 ml medium containing
100 U/ml penicillin and 0.1 mg/ml streptomycin and 2.5 mg/ml amphotericin B (medium-P/S/A) were
added to stop collagenase reaction and centrifuged at 300 x g for 5 min. The supernatant was aspirated
and the pellet resuspended in 14 ml medium-P/S/A for centrifugation. This was repeated once more.

The pellet was resuspended in medium-P/S/A and depending on its size distributed to 2-8 T150 flasks.

The medium was exchanged daily for 3 days. On the fourth day, antibiotic and antimycotic-free

medium was applied and conditioned for 3 days for mycoplasma testing 2.2.22.

2.4.4 Cryoconservation of mammalian cells
Cells were detached (2.4.1), pelleted at 300 x g for 5 min and resuspended in freezing medium (Table
10). The suspension was transferred to cryo vials and put into Nalgene Mr. Frosty Freezing containers

(Thermo Fisher Scientific), filled with isopropanol.
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Thawing was conducted as quickly as possible. Cryo vials were thawed in the 37 °C water bath and
transferred directly to fresh medium, diluting the cytotoxic DMSO. The cells were pelleted at 300 x g
for 5 min and cleared of the supernatant. The pellet was resuspended in DMSO-free medium and

transferred to a fresh culturing vessel.

2.4.5 Transfection of mammalian cells

2.4.5.1Electroporation

Cells were detached and counted. 1 x 10° cells were pelleted at 300 x g for 5 min. The supernatant was
aspirated and the cells were resuspended in 800 ul hypoosmolar electroporation buffer (Eppendorf).
10 ug sterile DNA (in sterile water or low TE buffer) was added, mixed and incubated at RT for 5 min.
The suspension was transferred to an electroporation cuvette (4 mm gap, Peglab Biotechnologie
GmbH) avoiding bubbles and shocked with 1200 V for 85 usec. The cells were incubated at RT for 5
min and transferred to two T25 flasks with fresh medium. The next day, dead cells were washed away

with D-PBS and fresh medium was added.

2.4.5.2 Nucleofection

Cells were detached and counted. Different cell types required different nucleofector kits according to
manufacturer’s information and small modifications (Table 28). The required cell amount was pelleted
at 300 x g for 5 min. The pellet was resuspended in 100 pl nucleofector solution and mixed with 2-5 pg
sterile DNA (in sterile water or low TE buffer). The suspension was transferred to a nucleofection
cuvette and treated with the corresponding program. The nucleofected cells were submerged with
fresh medium and transferred to a T25 flask. The next day, dead cells were washed away with D-PBS

and fresh medium was added.

Table 28 Nucleofection conditions for different cell types

Cell type Kit Cell Nucleofector DNA Program
number solution
pADMSCs Human MSC 5x10° 100 pl 2-5pug C-17, U-23
Nucleofector® Kit
pKFs Basic Nucleofector 1x10° 100 pl 2-3 ug N-24
Solution Primary 4 ug vector +
Fibroblasts 400 ng CRISPR

2.4.5.3 Lipofection

One day prior lipofection, cells were plated on 10 cm culture dishes to reach 30-50% confluence at the

point of transfection. The cells were washed with D-PBS twice and covered with 4 ml OptiMEM (Life

e
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Technologies). For each 10 cm dish 6 pl Lipofectamine™ 2000 Transfection Reagent (Invitrogen GmbH)
was mixed with 294 pul OptiMEM in one reaction tube and 4-10 pg DNA was mixed with OptiMEM (total
volume 300 pl) in a second tube. Each tube was vortexed and incubated at RT for 5 min. The
Lipofectamine 2000 mix was carefully dropped into the DNA mix, vortexed and incubated for 25-30
min at RT. The Lipofectamine-DNA mix was dropped directly onto the cells. The cells were put into the

incubator and after 4 h supplemented with 6 ml medium.

2.4.6 Killing curve experiment
To determine optimal selection concentrations, 1 and 0.5 x 10* cells were plated onto a 12 well and
cultured with different concentrations of the antibiotics (Table 29). The optimal concentration, was

the one, where cells were dead after 7 days of cultivation.

Table 29 Concentration ranges for antibiotics when performing a killing curve experiment

Antibiotic Range

G-418 0-1200 pg/ml
Blasticidin S 0-10 pg/ml
Puromycin 0-1.5 pg/ml

2.4.7 Selection
24-48 h (depending on confluence) after lipofection cells were set under selection. 48 h after
nucleofection and electroporation, cells were detached, counted, less than 1 x 10° expanded onto a 15
cm culture dish and set under selection with G-418 (Genaxxon bioscience GmbH) or Blasticidin S
(InvivoGen) for 10-14 days until single-cell clones had reached a size of about 100 cells. The antibiotic
containing media were exchanged every 2-3 days. Puromycin (InvivoGen) selection was performed 24
h after transfection for 48 h. The puromycin medium was exchanged every day. 24 h after the end of

puromycin selection, the cells were expanded and selected on G-418 as described above.

Table 30 optimal antibiotic concentrations for selection of different cell isolations

Cell isolate G-418 Blasticidin-S Puromycin
pADMSCs 110111 600 pg/ml 8 pg/ml 1 pg/ml
pKFs 73 1000 pg/ml - 1.5 pg/ml
pKF 270 800 pg/ml - 0.5 pg/ml

2.4.8 Clone picking
Single-cell clones of ~100 cells were marked on the outer wall of the culturing vessel. Cells were

washed with D-PBS. After D-PBS aspiration, small sterilised cloning rings were dipped into sterile silicon
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fat and tightly placed around the marked single-cell clones. 50 ul accutase was applied into each ring
and incubated (2.4.1). When cells were fully detached 100 pl medium was added into each ring. The
cell suspension in each ring was transferred into a 24 well with 1 ml fresh medium. If cells had been
cultured in selection medium before, selection was reduced (eg. from 1000 -800 pg/ml) but not taken

off.

2.4.9 Clone expansion and screening
Confluent single-cell clones were detached (2.4.1) with 200 pl accutase and supplemented with 400 pl
medium after incubation. 400 pl cell suspension was transferred to a 12 well and 200 ul were

transferred into a PCR reaction tube and pelleted for gDNA isolation (2.2.4) and screening PCR (2.2.20).

2.4.10 Cell preparation for somatic cell nuclear transfer
Correctly targeted clones (nuclear donors) were pooled or separately plated on a 12 well to reach 70-
80 % confluence. 48 h before somatic cell nuclear transfer (SCNT) cells were washed 2x with D-PBS and
synchronised in GO/G1 phase by culture in starvation medium (0.5 % FCS). SCNT and embryo transfer

was done by the Chair for Molecular Animal Breeding and Biotechnology (LMU, Munich, Germany).

2.5 Biochemical methods

2.5.1 Protein extraction from cultured cells
Cells were washed 2x with ice cold D-PBS. Per 15 cm dish cells were mechanically detached on ice with
cells scrapers and 500 pl CytoBuster™ Protein Extraction Reagent (Merck KGaA) or RIPA buffer
containing 1x cOmplete Protease Inhibitor Cocktail and PhosSTOP Phosphatase Inhibitor Cocktail
(Roche Diagnostic GmbH). After 2-5 min mechanical cell dissociation, the cells suspension was frozen
at -80 °C for at least 30 min. The suspension was thawed on ice and centrifuged at 4 °C at 15493 x g for
30 min to pellet dead cells and cell debris. The supernatant containing proteins was converted into a

new reaction tube and stored at -80 °C.

2.5.2 Determination of protein concentration
Protein concentration was determined using the Advanced Protein Assay Reagent (Cytoskeleton Inc.).
5 ul protein sample was mixed with 995 pl 1x Advanced protein assay Reagent (1:200 dilution) and

distributed to three 96 wells, 300 ul each. Blanks of Advanced Protein Assay Reagent alone and a 1:200
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dilution of the protein extraction buffer were applied to three wells each. The plate was inserted into
the ELISA -Photometer. Together with the ELISA-Reader software (Ascent Software) the absorbance at

595 nm was measured. Protein concentration was calculated using the following formula.

1.0 OD s70t0 615nm = 37.5 pg protein per ml reagent per 0.8 cm

2.5.3 Western blot Analysis

2.5.3.1 Sodium Dodecyl Sulfate Polyacrylamide Gel electrophoresis (SDS-PAGE)

The SDS polyacrylamide gel was prepared with different percentages depending on the molecular
weight of the protein of interest (Table 31) using the Mini-PROTEAN 3 Cell system (BioRad). The
separation gel was prepared first. TEMED and APS were applied last. Right after, the gel was mixed and
3-3.5 ml (leaving room for the collection gel) applied into the gel pouring chambers. To remove
bubbles, a mix of water and isopropanol (1:1) was added on top. After full polymerisation for 30 min
the water-isopropanol mix was removed. The collection gel was prepared (Table 31) and applied on
top. The Mini-PROTEAN® Comb (BioRad) was inserted and left to dry for 30 min. The fully polymerised
gel was stored in a moist plastic bag at 4 °C for later use, or loaded into the running chamber. The
running chamber was filled with running buffer (25 mM Trizma Base, 0.2 M Glycin, 0.1 % SDS, pH 8.3,
10 mM R-mercaptoethanol). The protein samples were thawed on ice and 20-40 ug protein was mixed
with 4x Laemmli buffer (including DTT) (250 M Tris-HCl, pH 6.8, 4 % (w/v) SDS, 0,1 M saccharose, traces
of bromphenol blue, 26mM DTT (freshly added)) to reach a 1x buffer concentration. The same was
done with the Precision Plus Protein™ All Blue Standard (BioRad) before both were denatured at 95 °C
for 5 min. They were kept on ice until loaded into the pockets of the SDS-polyacrylamide gel. The

electrophoresis ran for 20-30 min at 60 V, 100 V for 40 min and 140 V for 75-90 min.

Table 31 Preparation and composition of 0.75 mm SDS-polyacrylamide gels

0.75 mm gels Separation gel Collection gel

<100 kDa >100 kDa <100 kDa >100 kDa
Reagents 12% 10% 5% 4%
0.5 M Tris-HCl, pH 6.8 - - 666 i 666 !
1 M Tris-HCI, pH 8.8 1.5 ml 1.5 ml - -
Water 1.22 ml 1.42 mi 1.61 ml 1.68 mi
SDS (10 %) 40 ul 40 ul 26.6 pl 26.6 pl
Polyacrylamide (40 %) 1.2 ml 1ml 333 ul 266.6 pl
Temed 1.6 ul 1.6ul 2.6 ul 2.6 ul
APS (10 %) 40 pl 40 ul 26.6 pl 26.6 pl
Total 4 ml 4 ml 2.6 2.6
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2.5.3.2 Western blot

The proteins separated by SDS-PAGE were transferred onto the Roti-PVDF membrane (0.45 um) by
semidry transfer blot using the Trans-blot SD Semi-Dry Transfer cell. Two pieces blotting paper and the
SDS-polyacrylamide gel were equilibrated in semi dry transfer buffer (25 mM Trizma Base, 0.2 M glycin,
20 % (v/v) methanol, 0.1 % (w/v) SDS). The Roti-PVDF membrane (0.45 um) (Brand GmbH & Co. KG)
was activated in methanol for 1 min and soaked in semi dry transfer buffer. The blot was assembled
on the Trans-Blot SD Semi-Dry Transfer cell as follows from bottom to top: semi dry transfer buffer,
blotting paper, the activated membrane, the gel and another blotting paper. Air bubbles were rolled
out using a serological pipette. Semi dry transfer buffer was poured on top of the blot, and the Trans-
Blot SD Semi-Dry Transfer cell was closed. The blot was run at 15 V for 70 min to blot proteins of up to
160 kDa from a 10 % 1.5 mm SDS-polyacrylamide gel. When two SDS-polyacrylamide gels were run at
the same time, a voltage of 25 V and a time of 2.5 h was not exceeded. After blotting, the coloured

bands of the Precision Plus Protein™ All Blue Standard ladder were retraced on the membrane.

2.5.3.3 Ponceau S staining

The membrane was soaked for 2-3 min in Ponceau S solution (0.5 % (w/v), 1 % glacial acetic acid),
shaking at RT. The membrane was washed with demineralised water, until the background turned

white and only protein bands were stained red. A photo was taken and the dye was fully washed off.

2.5.3.4 Conventional Antibody application

The membrane was blocked in blocking solution (5 % (w/v) milk powder (Carl Roth GmbH) in 1xTBST
(20 mM Trizma Base, 140 mM NaCl, 0.1 % (v/v) Tween 20) for at least 1 h shaking at RT. The membrane
was washed three times with 1x TBST and incubated with primary antibody (diluted in blocking solution
Table 17) over night at 4 °C shaking. The next day the primary antibody dilution was supplemented
with a trace of sodium azide and stored at 4 °C for reuse. The membrane was rinsed three times and
incubated 3 times with 1x TBST for 15 min shaking. The secondary antibody (horse-radish peroxidase
(HRP) conjugated), diluted in blocking solution (Table 18), was added to the membrane and incubated

for 1 h at RT. The membrane was again washed 3 times by rinsing and incubating for 15 min in 1x TBST.

For visualisation of the antibody bound proteins of interest, the membrane was covered with Pierce™
ECL Western Blotting Substrate (Thermo Fisher Scientific), sealed in a plastic foil and incubated in the
dark for 1 min. In the dark room, the membrane was placed onto an x-ray film in an x-ray clip cassette.
The film was exposed to the membrane for 1-20 min and developed in the dark room by rinsing it in

developer, water, fixer solution and water.
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2.5.3.5iBind antibody application

The membrane was blocked for at least 1 h in blocking solution and subsequently rinsed in 1x TBST
three times. The iBind™ Solution Kit (Invitrogen GmbH) was prepared according to manufacturer’s
information for HRP detection. The membrane was submerged in 1x iBind solution and the antibodies
were diluted with 1x iBind solution according to Table 17 and Table 18. When two different primary
antibodies were applied simultaneously the amount of secondary antibody was doubled (Table 18).
The membrane was incubated for 2.5-6 h and washed 3 times by rinsing and incubating for 15 min in

1x TBST. Visualisation was performed as above (2.5.3.4).

2.5.4 Colonoscopy of pigs
All experiments on animals were approved by the Government of Upper Bavaria (permit number 55.2-
1-54-2532-6-13) and performed according to the German Animal Welfare Act and European Union

Normative for Care and Use of Experimental Animals.

Colonoscopies were performed by Professor Dr. Dieter Saur (Klinikum Rechts der Isar I, Technische
Universitdt Minchen, Munich, Germany) ca. every 6 months, starting at 3 months. A STORZ
colonoscopy system allowing macroscopic images of the colorectum and colonic lesions was used.
Normal mucosa (at 40 cm depth) and polyp biopsies were collected and snap frozen for RNA, DNA and
protein isolation or embedded into Tissue-Tek Cryomolds (Sakura Finetek Europe B.V.) with O.C.T.™

Compound (Sakura Finetek Europe B.V.) on dry ice for cryosectioning and stored at -80°C.

2.5.5 Cryosectioning
Cryosectioning was performed using the Microm HM 560 Cryostat. During sectioning all samples were
kept at -20 °C or on dry ice. 3 — 4 sections of 4 um thickness were mounted on a MembraneSlide 1.0
PEN (D) (Carl Zeiss Jena GmbH) and stored at -80 °C until staining and laser microdissection was
performed (never exceeding more than 2 days). In general, cryosections were cut, stained, the areas

of interest laser microdissected and the nucleic acids isolated, within one day.

2.5.6 Haematoxylin-Eosin staining of cryosections
To guarantee an RNase free environment, all staining solutions were made using autoclaved 0.2 um

filtered demineralised water and stored at RT.
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e
Before staining the slides were thawed at RT for 2 min. Staining was performed in 50 ml falcons, with
fresh solution aliquots every 8 slides, as follows: 1 min 70 % ethanol, 30 sec water, 1 min Hematoxylin
(Mayer’s Hemalaun solution, Applichem), brief dip into two water aliquots, 1 min Eosin (Eosin solution,
2C-140, Waldeck GmbH & Co. KG), brief dip into two 96 % ethanol aliquots, 30 sec 100 % ethanol

followed by drying for 2-5 min.

2.5.7 Microscopy
Morphology, viability, density and fluorescence microscopy of cultured cells was visually assessed
using the microscopes Axiovert 40CFL and Axiovert 200M (Carl Zeiss Microscopy GmbH). Red
fluorescent proteins were excited at 554 nm with emission at 581 nm. Green fluorescent proteins were
excited at 484 nm with emission at 510 nm. Photographs were acquired using the AxioCam HRm and
AxioCam MRc cameras (Carl Zeiss Microscopy GmbH) and the Axiovision and Axiovision Rel. 4.8 (Carl

Zeiss Microscopy GmbH) software respectively.

2.5.8 Laser microdissection

Laser microdissection was performed immediately after the haematoxylin-eosin staining using the UV-
laser cutting system Laser Microdissection Systems 6000 (Leica Microsystems). Cryosection were
scanned and areas of interest were marked on the Leica Application Suite software (Leica
Microsystems). In total 15 crypts or 120 000 um? of stromal tissue was marked and cut by the laser
(DM6000 B9, Leica Microsystems). The excised areas were collected in a reaction tube cap containing
40 pl RLT Plus buffer (including 1:100 B-mercaptoethanol) supplied by the AllPrep® DNA/RNA Micro
Kit (Qiagen). After complete dissection, additional 60 pl RLT Plus buffer was added. To prevent
degradation of RNA the LMD procedure did not exceed 2 h per slide. Samples were stored at - 80°C
until DNA and RNA isolation.
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2.6 Data analysis

2.6.1 Statistical Analysis
Heat maps, statistical analysis and graph generation of sequencing data, RT-qPCR data, polymorphism

analysis and the CpG methylation analysis was generated using the open source tool R (https://www.R-

project.org/).

2.6.2 Insilico miRNA target prediction using Diana tools
To identify potential pathways influenced by differential miRNA expression, in silico target prediction
was performed using mirPath v.3 (Vlachos et al, 2015b) in combination with TarBase v7.0 (Vlachos et

al, 2015a) and TargetScan (Lewis et al, 2005).

2.6.3 Gene set enrichment analysis
Gene set enrichment analysis was performed using the GSEA software (version 2.2.4) (Mootha et al,
2003; Subramanian et al, 2005).The log 2 fold change, adjusted p-Value and the Human Genome
Organisation (HUGO) gene symbols were used to generate a preranked file as input for the
GSEAPreranked tool. The enrichment analysis was performed under the following specifications:
classic enrichment statistics, 1000 permutations and hallmark gene sets from Molecular Signatures

Database (MSigDB) (version 6.1).
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Results

3. Results

3.1 Attemp to identify modifier genes in the porcine model for colorectal cancer

The generation of a porcine model for colorectal cancer (CRC) carrying a translational stop signal at
codon 1311 of the endogenous APC gene, orthologous to human mutation 1309, was published in
2012 (Flisikowska et al, 2012). Four generations of APC3!* pigs were regularly analysed by colonoscopy.
The analyses showed, just like in humans, a wide variation in the severity of polyposis (Crabtree et al,
2002), ranging from 2100 (high polyp animals (HP)) to only 1-10 polyps (low polyp animals (LP)) in the
distal colorectum (last 40 cm). Also like in humans, a correlation between severe polyposis and the
amount of high grade neoplasia was observed, indicating that severe polyposis might be a
susceptibility factor towards CRC also in pigs (Debinski et al, 1996; Shussman & Wexner, 2014).
Variability in polyposis severity in humans is believed to be mediated by genetic loci (Crabtree et al,
2002; Houlston et al, 2001). In humans some of these so called modifier loci have been identified using
microarrays for genome wide association studies comparing healthy individuals and CRC patients
(Broderick et al, 2007; Tomlinson et al, 2007; Tomlinson et al, 2008; Whiffin et al, 2014). A study
focussed on FAP patients showed, that two of the single-nucleotide polymorphisms (SNPs) associated
with sporadic CRC risk (rs16892766 at 8g23.3 and rs3802842 at 11g23.1) were also associated with
severe polyposis in familial adenomatous polyposis (FAP) (Ghorbanoghli et al, 2016). Thus the
identification of modifier genes or loci mediating severe polyposis in FAP may also mediate severe
polyposis and thus higher risk of CRC in sporadic CRC with APC mutations. The APC®3!? pigs, offer the
possibility to analyse modifiers directly in the normal mucosa of the distal colorectum (last 40 cm)
between HP and LP animals. Changes promoting CRC are not only due to genomic but also epigenetic
alterations (1.2.1, 1.2.3, 1.2.4) and dysregulated microRNA (miRNA) (1.2.2, 1.2.3, 1.2.4) that influence
the amount of functional proteins on pre and posttranscriptional level. Gene expression was compared
between HP and LP to to investigate this in the porcine model. Messenger RNA (mRNA) sequencing
analysis does not only allow detection of single-nucleotide polymorphisms (SNPs) and mutations in
protein coding regions, but also epigenetic differences and miRNA differences that influence gene
expression. Furthermore, protein coding regions are generally conserved between species and
therefore better annotated in the porcine genome than non-coding regions. The power of epigenetic
mechanisms and miRNAs on CRC development is similar if not equal to gene mutations (1.2.1, 1.2.2,
1.2.3, 1.2.4). Additional sequencing of miRNAs from normal mucosa and comparative miRNA
expression analysis between HP and LP animals allowed identification of miRNA modifiers that

influence cellular processes.
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3.1.1 Attempt to identify modifier genes on mRNA level

MRNA of 35 normal mucosa samples at 40 cm colorectum depth of animals aged 3-9 months was
isolated. The RNA was DNase treated, and the quality and quantity determined. 400 ng RNA was used
for library preparation. samples marked with * were enriched for 12 and all other for 15 cycles (Table
32). The quality and quantity of the resulting libraries were determined to calculate the molarity of
each library. After QPCR quantification and molarity corrections (2.2.24), the libraries were pooled (12

libraries/ flow cell), clustered and sequenced.

Table 32 Animals sequenced for analysis of modifier genes on mRNA level
A, innuPREP RNA Mini Kit (Analytik Jena); Z, Direct-zol™ RNA Miniprep Kit (Zymo Research).

Animal Born Collection Age Sex Pheno- Kit RIN Sequenced
ID type
128* 07.03.2013 16.07.2013 0Oy 4m 9d female LP VA 9.1 15.10.2014
145 14.03.2013 04.12.2013 0Oy 8m 20d male LP Z 6.5 04.02.2015
145* 14.03.2013  25.06.2013 Oy 3m11d male LP Z 8.1 15.10.2014
150 14.03.2013 16.07.2013 Oy 4m 2d female LP A 8.4 16.03.2016
152* 14.03.2013 22.10.2013 Oy 7m &d female LP Z 8.9 15.10.2014
153* 14.03.2013  23.10.2013 Oy 7m9d female LP z 7.4 15.10.2014
155* 14.03.2013 26.06.2013 Oy 3m12d male LP Z 9.2 15.10.2014
157* 14.03.2013 17.07.2013 Oy4m 3d female LP z 8.8 15.10.2014
163* 15.03.2013  19.09.2013 Oy6m4d female HP z 9.1 15.10.2014
163 15.03.2013 03.12.2013 Oy 8m 18d female HP Z 7.5 04.02.2015
168* 12.05.2013 18.09.2013 Oy4m 6d male HP z 8.7 15.10.2014
173* 12.05.2013 23.10.2013 Oy5m11d female LP A 89 15.10.2014
173 12.05.2013 02.12.2013 Oy 6m 20d female LP z 7.3 04.02.2015
174* 12.05.2013 23.10.2013 Oy5m11d female LP A 88 15.10.2014
251 21.02.2014 24.06.2014 Oy 4m 3d castrated HP Z 6.6 10.03.2016
male
252 21.02.2014 25.06.2014 Oy4m4d castrated HP Z 7.5 10.03.2016
male
253 21.02.2014 24.06.2014 Oy 4m 3d castrated HP A 7.9 10.03.2016
male
300 24.08.2014 16.03.2015 Oy 6m 20d female LP A 7.8 10.03.2016
322 18.10.2014 16.03.2015 Oy 4m 26d male HP A 81 16.03.2016
324 18.10.2014 16.03.2015 Oy 4m 26d male HP A 83 16.03.2016
326 18.10.2014 17.03.2015 Oy 4m 27d female HP Z 6.6 10.03.2016
328 18.10.2014 17.03.2015 Oy 4m 27d female LP z 7 10.03.2016
339 20.10.2014 17.03.2015 Oy 4m 25d female HP A 8.6 16.03.2016
471 17.08.2015 04.12.2015 Oy3m 17d female LP A 9.1 12.05.2017
474 17.08.2015 09.12.2015 Oy 3m 22d female HP A 86 12.05.2017
524 18.01.2016 18.04.2016 0Oy 3m Od castrated LP A 93 12.05.2017
male
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525 18.01.2016 18.04.2016 0Oy3moOd castrated HP A 9 12.05.2017
male

527 18.01.2016 18.04.2016 0y 3mOd male HP A 10 12.05.2017

534 18.01.2016 19.04.2016 Oy3m1d female LP A 9.1 12.05.2017

586 11.03.2016 13.09.2016 Oy6m 2d female LP A 9 12.05.2017

588 11.03.2016 12.09.2016 Oy6m 1d female HP A 10 12.05.2017

591 15.03.2016  19.09.2016 Oy6m4d castrated LP A 7.8 12.05.2017
male

598 15.03.2016  12.09.2016 0Oy 5m 28d male HP A 86 12.05.2017

722 26.09.2016 17.01.2017 Oy3m22d male HP A 9.1 12.05.2017

727 26.09.2016 16.01.2017 0Oy3m21d female LP A 83 12.05.2017

The sequencing data of all 35 samples, were analysed for differential gene expression between HP and
LP group using two different methods and computer algorithms for sequencing analysis. Both analyses

were performed using the porcine reference genome assembly Sscrofal0.2.

3.1.1.1 Differential expression analysis

There is no gold standard for the computational analysis of gene expression data obtained by next
generation sequencing. Therefore, two independent analysis pipelines using the same porcine genome
annotation but different software for the analysis were utilised to increase specificity and true positive

rates.

Data analysis pipeline 1

The analysis was performed in collaboration with Prof. Dr. Fries and later with Dr. Hongen Xu. The DNA
fragments sequenced, called reads, from each sample were aligned to the porcine reference genome
Sscrofal0.2 using STAR aligner (Dobin et al, 2013). Quality assessment using FASTQC, revealed an
average of 30 x 10° reads per sample sequenced, showing a good average coverage with about 80%
reads mapping to the reference genome. Reads that sequenced the exact same fragment more than

once (called duplicates), were marked using MarkDuplicates tool of Picard

(http://broadinstitute.github.io/picard). All reads that aligned to the reference genome (except

duplicates) were assigned to annotated gene sequences as defined in the 10.2.77 porcine gene set and
counted for each sample using featureCounts (Liao et al, 2014). The resulting files containing the
amount of reads sequenced for each annotated gene of all the samples were then used for gene
expression analysis using DESeq.2 (Love et al, 2014). The algorithm normalised all reads of each gene
to the total number of reads of the sample, to allow accurate comparison also between samples of
different total read numbers. The software then presented a table of genes that were found to be

differentially expressed between the two groups sorted by p-value, to show those most significant at

63


http://broadinstitute.github.io/picard

Results

the top (Table 33). Here the LP group was used as calibrator group, therefore the positive

Log2FoldChange values signify higher expression in HP and values below O lower expression in HP.

Table 33 Differential expression results table of pipeline 1

adjusted p-value, the p-value multiplied by the number of comparisons in this case number of genes

Ensemble gene id Log2Fold- Fold- P-value Adjusted External
Change Change p-value gene name
HP
ENSSSCG00000006238 2.317689528 4.99 6.63x10! 1.45 x10 CYP7A1
ENSSSCG00000026852 1.830310386 3.56 1.10x10° 0.012098162 NPPC
ENSSSCG00000004114 0.82133311 1.77 2.06x10% 0.150472607 ADGB
ENSSSCG00000010529 -1.07942183 0.47 4.89x10°% 0.234395797 SFRP5
ENSSSCG00000004578 -0.466422918 0.72 5.35x10% 0.234395797 ANXA2
ENSSSCG00000002780 -1.253950352 0.42 7.32x10% 0.26725109  TPPP3
ENSSSCG00000000398 -0.572581988 0.67 8.56 x10% 0.267797495
ENSSSCG00000004968 0.476938546 1.39 0.000106493 0.287989837 PAQR5
ENSSSCG00000007727 0.44963094 1.37 0.000120242 0.287989837 AUTS2
ENSSSCG00000011201 0.607588903 1.52 0.00013143  0.287989837 SATB1
ENSSSCG00000001560 1.015986068 2.02 0.000177572 0.295143079 Cé6orf222
ENSSSCG00000029359 -0.725696293 0.6 0.000205919 0.295143079 PHLDA3
ENSSSCG00000029714 1.183631763 2.27 0.000212948 0.295143079 BPIFB2
ENSSSCG00000013919 -0.424007561 0.75 0.00022637  0.295143079 HOMER3
ENSSSCG00000007084 1.798886616 3.48 0.000242664 0.295143079 BFSP1
ENSSSCG00000014169 0.666055769 1.59 0.000259109 0.295143079 PCSK1
ENSSSCG00000029346 0.934230111 191 0.00026284  0.295143079
ENSSSCG00000007038 2.093818278 4.27 0.000276619 0.295143079
ENSSSCG00000014157 -0.586390819 0.67 0.000284305 0.295143079 NR2F1
ENSSSCG00000028518 0.781283303 1.72 0.000299205 0.295143079

Data analysis pipeline 2

The analysis was performed in collaboration with Prof. Dr. Hubert Pausch. Here the reads were not
aligned but pseudoaligned and assigned to 27,370 porcine transcripts obtained from ensembl version

89 (ftp://ftp.ensembl.org/pub/release-89/fasta/sus scrofa/cdna/) (compatible to reference genome

assembly Sscrofal0.2) using kallisto software (Bray et al, 2016). Kallisto also quantified the abundance
of reads assigned per transcript. Differential transcript expression between HP and LP was estimated
with normalised reads using sleuth (Pimentel et al, 2017). WALD test was performed to obtain a

regression coefficient that approximates Log2FoldChange and p-value and adjusted p-value.

That resulted in a table of genes that were differentially expressed, sorted by WALD p-value. As HP
animals were taken as calibrator group here, positive WALD Log2FoldCahnge values signify higher

expression in LP animals.

64


ftp://ftp.ensembl.org/pub/release-89/fasta/sus_scrofa/cdna/

Results

Table 34 Differential expression results table of pipeline 2

Transcript id WALD Fold p-value adjusted p- External
Log2Fold- Change value gene name
Change LP

ENSSSCT00000006836.2 -1.5846592 0.33 1.15x10% 0.00021018 CYP7A1
ENSSSCT00000012267.2 -0.4078281 0.75 0.00025069 0.55458713 SATB1
ENSSSCT00000028912.1  -0.628939 0.65 0.00025155 0.55458713 upPP2
ENSSSCT00000011519.2 0.65411265 1.57 0.00025608 0.55458713 SFRP5
ENSSSCT00000025876.1 -1.6445094 0.32 0.00033099 0.55458713 RAP2C-AS1
ENSSSCT00000004901.1 -0.9991806 0.5 0.00043884 0.55458713 COL10A1
ENSSSCT00000007343.2  -0.4858069 0.71 0.000441 0.55458713 NBPF6
ENSSSCT00000034564.1 1.53329781 2.89 0.00044682 0.55458713 HSD17B10
ENSSSCT00000005400.2  0.3478905 1.27 0.00049678 0.55458713 SERPINBS
ENSSSCT00000015626.2  -0.2996278 0.81 0.00054336 0.55458713 JADE2
ENSSSCT00000024538.1 0.44512355 1.36 0.00071622 0.55458713 PHLDAS3
ENSSSCT00000030802.1 -2.2810175 0.21 0.00076314 0.55458713 KIF16B
ENSSSCT00000026609.1 -1.0035712 0.5 0.00076783 0.55458713 STK32A
ENSSSCT00000009725.2  1.60534411 3.04 0.00080014 0.55458713 RPL15
ENSSSCT00000015478.2 -0.4153519 0.75 0.00082432 0.55458713 PCSK1
ENSSSCT00000023378.1  -0.9929958 0.5 0.00084108 0.55458713 BCL2L11
ENSSSCT00000024120.1  -0.747594 0.6 0.00086092 0.55458713 GABRD
ENSSSCT00000029652.1 -1.2132739 0.43 0.00087033 0.55458713 CYP2B6
ENSSSCT00000028303.1 -1.1019999 0.47 0.00088974 0.55458713 Ccyp2B7
ENSSSCT00000004132.2  -0.7025889 0.61 0.00095227 0.55458713 MEP1B

The two independent data analysis approaches, presented different results among their top 20
differntially expressed genes. Only 4 were identical in both pipelines and only three of them were
among the top ten in both pipelines: CYP7A1, SFRP5 and SATB1. Only CYP7A1 was significantly higher
expressed in HP animals in both analyses according to p-value and adjusted p-value (multiple
comparison adjustment) below 0.05. This gene was specifically interesting because high expression of
this gene in the liver has been found to associate with bile acid-mediated CRC promotion in humans
(Gadaleta et al, 2017; Hagiwara et al, 2005).The gene SATB1 was also higher expressed in the HP group,
significantly according to p-value but not significantly according to the adjusted p-value. This gene was
also of interest as high SATB1 expression was found in human CRC, where it promotes tumorigenesis
and tumour progression(Al-Sohaily et al, 2014; Brocato & Costa, 2015; Lv et al, 2016; Mir et al, 2016;
Zhang et al, 2014c).The gene SFRP5, a WNT antagonist that has been found methylation-silenced in
human cancers including CRC (Samaei et al, 2014; Takagi et al, 2008; Veeck et al, 2008) showed
significantly lower expression in the HP group according to p-value, however not significant on multiple
comparison level (adjusted p-value) in both analyses. The detected differential expression was in all

three cases in accordance with literature.
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Quantitative reverse transcription PCR (RT-gPCR) validation of these three genes in the samples
sequenced, using the primers SFRP5_Ex2_F1, SFRP5_Ex3_R1, SATB1_Ex6_F3, SATB1_Ex7_R3,
Cyp7al_Ex5_F1 and Cyp7al_Ex6_R1-2, confirmed reduced expression of SFRP5 and higher expression
of SATB1 and CYP7A1 in HP animals. However, like in the sequencing analyses, where the adjusted p-
values were above 0.05, the differential expressions of SATB1 (1.5-fold higher expression in HP) and
SFRP5 (0.6-fold lower expression in HP) were not significant. The differential expression of CYP7A1 (5.6
fold higher in HP) was in accordance with the sequencing analyses highly significant. As expression
levels of CYP7A1 were rather low, the results were confirmed with five-fold higher template

concentration, showing even clearer expression differences (7.6-fold higher expression in HP).
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Figure 5 Differential expression validation of SFRP5, SATB1 and CYP7A1 using RT-qPCR with the primers
SFRP5_Ex2_F1, SFRP5_Ex3_R1, SATB1_Ex6_F3, SATB1_Ex7_R3, Cyp7al_Ex5_F1 and Cyp7al_Ex6_R1-2.
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Gene set enrichment analysis

Sequencing analysis showed only one gene, CYP7A1, significantly differentially expressed after
multiple comparison adjustment. It is possible that not only one gene mediates susceptibility to severe
polyposis but that a number of genes collectively contribute to significant differential pathway
regulation. Therefore, gene set enrichment analysis was performed using differential expression data
generated using both pipelines. For both data sets, differentially expressed genes with a p-Value below
0.05 and a Human Genome Organisation (HUGO) gene symbols were used. Resulting in 1779 genes as

input for pipelinel (file:///C:/Users/js ca/gsea home/output/mai29/Classic.GseaPreranked.-

1527607258798/index.html). The pipeline2 data was further reduced by excluding genes with multiple

transcripts to an input of 1062 genes (file:///C:/Users/ijs ca/gsea home/output/mai29/my analysis.-

GseaPreranked.1527614804154/index.html). Hallmark gene sets that represent and summarise

clearly-defined biological processes or states were used. The analysis of both datasets showed similar
results (Table 35 and Table 36). Few gene sets were enriched in the HP group compared to a large
amount of enriched gene sets enriched in LP. The gene set of oestrogen response was significantly
enriched in the HP group analysed using pipeline 2 (false discovery rate (FDR) < 0.25). Gene sets
significantly enriched in LP animals included DNA repair, UV response, p53 and apoptosis components,
which are guarding the integrity and functioning of the genome and cell. However, gene sets
associated with oncogenic pathways such as MYC targets and mesenchymal transition were also

enriched significantly.

Table 35 Gene sets enriched in HP animals

size, number of genes in the gene set; ES, enrichment score; NES, normalised enrichment score across analysed
sets; FDR, false discovery rate; Rank at max, position in the ranked list at which the maximum enrichment score
occurred

L p- RANK
Pipeline 1 SIZE ES NES value FDR AT MAX
Hallmark oestrogen response early 23 0.22 1.28 0.19 0.69 685
Hallmark unfolded protein response 17 0.18 0.91 0.57 1.00 1444
Hallmark mitotic spindle 18 0.17 0.84 0.64 0.87 1179
Hallmark oestrogen response late 31 0.09 0.56 0.96 096 21
Pipeline 2
Hallmark oestrogen response early 16 -0.29 -1.40 0.11 0.21 163
Hallmark heme metabolism 16 -0.13 -0.62 0.93 0.92 594
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Table 36 Gene sets enriched in LP animals

Results

size, number of genes in the gene set; ES, enrichment score; NES, normalised enrichment score across analysed
sets; FDR, false discovery rate; Rank at max, position in the ranked list at which the maximum enrichment score

occurred

Pipeline 1 SIZE ES NES p- FDR  RANK
value AT MAX

Hallmark oxidative phosphorylation 76 -0.32 -3.23 0.00 0.00 1225
Hallmark MYC targets v1 67 -0.35 -3.22 0.00 0.00 1122
Hallmark E2F targets 57 -0.34  -2.97 0.00 0.00 1029
Hallmark DNA repair 34 -0.37 -2.51 0.00 0.00 807
Hallmark G2M checkpoint 31 -0.35 -2.36 0.00 0.00 1093
Hallmark adipogenesis 38 -0.30 -2.20 0.01 0.00 1199
Hallmark MTORC1 signalling 40 -0.28 -2.12 0.00 0.01 1012
Hallmark hypoxia 30 -0.29 -1.90 0.01 0.02 376
Hallmark epithelial mesenchymal transition 21 -0.34 -1.85 0.01 0.03 337
Hallmark UV response up 23 -0.31 -1.84 0.02 0.03 836
Hallmark fatty acid metabolism 37 -0.25 -1.78 0.02 0.04 1098
Hallmark glycolysis 30 -0.27 -1.77 0.02 0.03 359
Hallmark apoptosis 26 -0.29 -1.77 0.02 0.03 854
Hallmark myogenesis 18 -0.30 -1.51 0.07 0.11 1043
Hallmark p53 pathway 34 -0.20 -1.37 0.12 0.18 853
Hallmark IL2 STATS5 signalling 17 -0.26 -1.32 0.14 0.21 1096
Hallmark xenobiotic metabolism 23 -0.23 -1.32 0.16 0.20 900
Hallmark PI3K AKT MTOR signalling 15 -0.25 -1.19 0.23 0.30 1203
Hallmark heme metabolism 22 -0.20 -1.11  0.29 0.36 1098
Hallmark allograft rejection 17 -0.18 -0.91 0.55 0.62 1446
Hallmark complement 18 -0.15 -0.75 0.77 0.82 1409
Hallmark apical junction 19 -0.11  -0.61 0.94 0.93 267
Pipeline 2
Hallmark MYC targets v1 49 0.48 3.98 0.00 0.00 569
Hallmark oxidative phosphorylation 53 0.45 3.73 0.00 0.00 610
Hallmark E2F targets 39 0.45 3.36  0.00 0.00 573
Hallmark MTORC1 signalling 25 0.52 3.04 0.00 0.00 441
Hallmark fatty acid metabolism 26 0.44 2.72 0.00 0.00 563
Hallmark adipogenesis 28 0.41 2.60 0.00 0.00 556
Hallmark DNA repair 26 0.41 2.43 0.00 0.00 514
Hallmark G2M checkpoint 24 0.36 2.09 0.00 0.01 550
Hallmark glycolysis 19 0.31 1.58 0.04 0.09 573
Hallmark UV response up 16 0.32 1.56 0.06 0.09 392
Hallmark hypoxia 24  0.25 1.44 0.07 0.13 360
Hallmark epithelial mesenchymal transition 16 0.26 1.24 0.21 0.27 390
Hallmark apoptosis 24 0.19 1.13 0.29 0.36 462
Hallmark p53 pathway 22 0.19 1.07 0.34 0.41 234
Hallmark xenobiotic metabolism 20 0.17 0.89 0.56 0.62 567
Hallmark oestrogen response late 22 0.14 0.79 0.72 0.72 382
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3.1.1.2 SNP identification and allele-specific expression analysis

SNPs associated with severe polyposis and sporadic CRC risk have been identified in humans
(Ghorbanoghli et al, 2016). Although those SNPs identified are located outside human exonic regions,
the analysis of the RNA sequencing data for differentially expressed SNPs may reveal porcine
equivalents. To identify SNPs and determine differential association and allele-specific expression
differences, sequencing reads were aligned to the Sscrofall.l reference genome using STAR aligner
(Dobin et al, 2013) by Prof. Dr. Hubert Pausch. Duplicates were marked using Picard tools

(https://broadinstitute.github.io/-picard/). The reads were assigned to exons using SplitNCigarReads

tool from the GATK software suite (DePristo et al, 2011). GATK’s Haplotypecaller was used to identify
SNPs and analyse them for differential association between HP and LP. The resulting genotypes were
tested for non-random association between LP and HP using Fisher exact tests of allelic association
using Plink (version 1.9) (Chang et al, 2015). The top 30 are shown in the table below (Table 37). The
SNPs identified showed significance on p-value level. Porcine homologous regions of the known human
SNPs associated with severe polyposis in FAP and sporadic CRC risk (rs16892766 at 8g23.3 and
rs3802842 at 11g23.1) are located on chromosomes 9 and 4 in pigs (Ghorbanoghli et al, 2016).
Although one SNP differentially associated between LP and HP is located on chromosome 4 it is far

away from the region homologous to the human SNP location.

Table 37 The top 30 SNPs detected.

Chromosome Base pair P-value Chromosome Base pair P-value
position position

13 192206011 1.08x108 1 268990705 1.36x10
AEMKO02000452.1 762390 5.76x10% 39 79426 1.36x10°
17 31868703 1.65x10" 6 71775092 1.55x10°

12 2263873 1.66x10’ 18 8263672 1.55x10

1 44967406 3.25x10" 13 157511545 1.58x10°°
36791633 3.39x10%7 166171033 1.79x10°

2 142947459 5.10x10" 161756743 1.90x107°

14 106776396 5.10x107 17 8451491 2.29x107

16 71219623 5.10x10" 17 30781986 2.29x10%
AEMK02000452.1 1042678 6.04x10°%7 13 135442206 2.31x10%
1 253094682 7.48x10°%7 2 151688112 2.69x10

1 253094686 7.48x10"7 4 111634710 2.98x10%

1 251101477 1.05x107° 17 30781990 3.13x10%

12 52303005 1.05x10° 1 268256223 3.22x10°%

17 32654033 1.06x107° 10 46791255 3.22x10%

69



https://broadinstitute.github.io/-picard/

Results

Allele-specific expression analysis

SNPs can not only be distributed differentially between two groups, but they can also show imbalanced
expression associating with HP or LP animals. Allele-specific expression analysis was performed to
identify SNPs that are expressed more abundantly in HP or LP and may modulate or promote severe
polyposis. SNPs identified with the GATK’s Haplotypecaller were filtered for strand unbiased SNPs of
certain confidence that were heterozygous in at least 4 LP and HP animals with at least 30 reads. The
probability of allelic imbalance for each SNP was calculated based on the number of reference and
alternate allele reads in heterozygous animals using a two-sided binomial test that was implemented
with the binom function in R. The SNPs that showed differential allele-specific expression between HP

and LP were plotted according to their decadic logarithmic p-value versus chromosomal location

(Figure 6).
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Figure 6 Display of the allele-specific SNPs expressed differentially, plotted by p-value and chromosome.
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Figure 7 Allele-specific expression of the SNP located in OAS1.
gDNA, genomic DNA; Red, T variant; Blue, C variant.

SNPs in the genes PI3, SLA-2, UBB, ATP13A3, OAS1, COL3A1 and RF01684-sRNA showed among others
high significance in differential allele-specific expression. From these selected SNPs, the SNP in the

gene OAS1 on chromosome 14, position 38856577 bp C/T was validated using pyrosequencing (Figure
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7). OAS1 is an interferone-induced enzyme that is involved in cellular innate antiviral response

(http://www.genecards.org/). Therefore, pyrosequencing of laser microdissected epithelium from

normal mucosa samples was performed to identify whether the imbalanced SNP expression originates
from the epithelium or the stroma. The SNP variant T (in red) is significantly higher expressed in the
stroma of LP animals compared to HP animals and expression analysis showed that the SNP variant T

is associated with reduced OAS1 expression(Figure 6).

In summary mRNA Sequencing analysis helped to identify one potential modifier gene CYP7A1 which
showed significantly higher expression in HP animals in both sequencing-based and PCR-based
methods. Gene set enrichment analysis of the mRNA sequencing data identified estrogene response
pathway enriched in HP. The differential distribution and allele specific expression between HP and LP
animals showed the SNP in the OAS1 gene on chromosome 14 position 38856577 bp C/T has higher

expression of the cytosine allele, associated with higher overall expression in the HP animals.
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3.1.1.3 CYP7A1

3.1.13.1 Elucidating gene structure of CYP7A1

The gene structure of CYP7A1 was analysed to identify the source of differential expression. As many
proteins are highly conserved between human and pig, the known DNA and amino acid sequences of
porcine and human CYP7A1 were aligned. Protein alignment showed 80% identity between human
and pig (UniprotKB). Alignment of the genomic CYP7A1 sequences revealed, different to the human
sequence, two more untranslated exons more than 10 kb 5’ of the ATG in the porcine CYP7A1 gene

annotation (Sscrofall.l, ensemble genome browser 93) (Figure 8)
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Figure 8 Ensembl genomic alignment of porcine CYP7A1 with human CYP7A1 (genome assemblies Sscrofall.l
and GRCh38.p12) and depiction of CYP7A1 structure in colon mucosa of APC*3!! pigs

The first two exons annotated according to ensemble Sscrofall.1 were not found to be expressed. The primers
used for RT-PCR, RACE sand RT-qPCR are marked. CpG islands (CGI) 1 and 2 are indicated. The region of SNP
analysis 5742 bp 5’ of the ATG is indicated by an arrow.
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The DNA alignment showed no association of porcine exon 1 and 2 with the human CYP7A1
gene.
Therefore, RACE together with RT-PCR was performed to investigate the presence or absence of these

two exons (Figure 8 and Figure 9). The resulting bands were gel extracted, subcloned into the pGEMT
vector system (Promega) and sequenced. 5’RACE from the third exon (lane 1) and sequencing showed
alack of exon 1 and 2 (Figure 9). Other RT PCRs from exon 2 (not shown here) did not produce products.
Furthermore, RT-PCRs from exon 3 to exon 6, 3-7 and 3-8 confirmed the presence of 6 exons of CYP7A1
in the porcine colon mucosa of the analysed animals and revealed the presence of two transcript
variants visible by two bands in lane 2, 3 and 4 respectively. The higher molecular weigth bands showed
the expected sizes of 898 bp, 1039 bp and 1248 bp. Sequencing of both the higher and lower molecular
weight bands revealed one transcript variant with all 6 exons transcribed (higher molecular weigth
band) and one variant that skips transcription of exon 5 (lower molecular weigth band). Taken
together, the pigs analysed in this study express CYP7A1 composed of 6 exons, with two transcription
variants, one of which skips exon 5 (Figure 8 and Figure 9). It should be noted however, that the
differential expression determined via RT-gPCR was performed with primers positioned in exon 4 and

5. Thus the transcription variant containing exon 5 was found to be differentially expressed.

Exon5 Exon5

included skipped

1000 bp Ex3-6 898bp  320bp

Ex3-7 1039bb  461bp
500 bp

Ex3-8 1248bp 670bp
300 bp

100 bp

Figure 9 Gel photographs of the 5’ RACE and the RT-PCR from exon 4-9.

Lane 1: 5’RACE from exon 4 to the 5’ end of the mRNA using primer CYP7A1_Ex5_R7. Lane 2, 3,4: RT-PCR from
exon 3-6, 3-7 and 3-8 respectively using the primers CYP7A1_Ex4_F7, CYP7A1_Ex7_R2, CYP7A1_Ex8_R3 and
CYP7A1_Ex9_R4. M: marker, C: water control.
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3.1.1.3.2 Analysis of cis-regulation of CYP7A1

Once the structure of the CYP7A1 gene in the normal mucosa samples was analysed, the source of the
differential expression was investigated on the level of cis-regulatory elements (CREs). CREs include
promoters and transcription factors (TFs) that exhibit enhancing and silencing effects on gene
expression. Therefore, the potential promoter region was analysed for altered TF binding sites. First,
SNP analysis 5742 bp 5’ of the ATG was performed (Figure 8) using Sanger sequencing with the primers
CYP7A1_AS_Ex3_F6, CYP7A1_AS_Ex4_R6 and all CYP7A1_SNPSeq primers (Table 13). 78 SNPs were
identified and analysed. 20 showed a different allelic distribution between HP and LP of at least 10 %
difference. However, none showed significant association with either LP or HP. As differential
expression was validated in the transcript variant with exon 5, intron 4 was sequenced to identify the
cause of exon skipping using the primers CYP7A1 Ex5 F1, CYP7A1_Ex6_R1-2, CYP7A1 SNP_I5 F,
CYP7A1 _SNP_I5 F, CYP7A1 SNP_I5 R, CYP7A1 SNP_I5 R2. Severe heterozygous deletions and

insertions in this region allowed no clear analysis.

Also epigenetic changes in the CpG methylation of the potential promoter region can alter TF binding
sites, that in turn influences gene expression. Therefore, two CpG islands (CGl) up to 3459 bp 5’ of the
ATG, in the potential promoter region were analysed (Figure 8). 4 CpG sites were examined in CGl1
with the primers CYP7A1_CpG1_F1, CYP7A1_CpG1_R1_BIO and CYP7A1_CpG1_S2 and 3 CpG sites in
CGI2 with the primers CYP7A1 CpG2_F1, CYP7A1 _CpG2_R1 BIO and CYP7A1 CpG2_S using

pyrosequencing (Figure 10).

No methylation differences between HP and LP were detected at CGl1 for any of the four CpG sites. At
CGI2 significant methylation differences were detected at CpG site 1, that showed significantly higher
methylation in the LP group compared to HP. Reduced methylation of the CpG site in HP animals may

cause increased binding of both enhancing but also silencing TFs.

Therefore, the sequence 45 bp upstream and 45 bp downstream of the CpG site was analysed for TF
binding sites using Matlnspector by Genomatix Matrix Library 11.0 with standard parameters
(Cartharius et al, 2005; Quandt et al, 1995) to determine whether the reduced CpG methylation in HP
animals induces higher CYP7A1 expression via improved binding of activating TFs. This resulted in a list
of 21 TFs binding to this sequence. Those that included the CpG in their binding site, but not their core
sequence, were TF families signal transducer and activator of transcription 3 (STAT3), GLIS family zinc
finger 1 (GLIS1), Ccaat/enhancer binding protein beta (CEBPB) and GA binding protein TF alpha
(GABPA) (Figure 11).
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CpG methylation of CGI1
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Figure 10 CGI methylation analysis of CGI1 and CGI2.

Genecards search showed expression of all 4 TFs in the colon and components of the immune system

(http://www.genecards.org/). STAT3 is a transcription activator that responds to cell stimuli through

cytokines and growth factors and is known to have oncogenic effects on proliferation, invasion and
metastasis (Yu et al, 2014). GLIS1 functions are still widely unknown, however it is associated with
reprogramming efficiency (Jetten, 2018). CEBPB regulates genes involved inimmune and inflammatory

response with tumour-promoting effects via NF-kB signalling (http://www.genecards.org/, NCBI) (Yang

et al, 2017). GABPA functions are unknown.
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GABPA cpgtigtgtGGAAgagggacgg
CEBPB cpgttgTGTGgaagag
STAT3 gtgcTTCCtgggctticpgt
CTCAGCCCACCAAGGAGAACTGGGTGTGTGTGCTTCCTGGGCTTTCPGTTGTGTGGAAGAGGGACGGTGTGGCCAAAGCGGGAAGACCAGC
GLIS1 >3eenoy)do3eeeddoe

Figure 11 Display of the four transcription factors (TFs) with their binding sequence.
The core sequence was capitalised and the CpG site marked by bold writing.

CYP7A1 in the normal mucosa of the pigs analysed is transcribed in two different variants in the colonic
mucosa. The variant including all 6 exons (not skipping exon 5) is higher expressed in HP compared to
LP animals. The cause of differential expression on cis-regulatory level could not be associated with
differentially distributed SNPs in the potential promoter region but with reduced CpG methylation in
the CGI2 of the potential promoter. The reduced methylation may influence the binding of TFs GLIS1,
CEBPB, GABPA and STAT3, which is associated with oncogenic effects.

3.1.1.3.3 Function and source of high CYP7A1 expression in high polyp animals

CYP7A1 is an endoplasmic reticulum membranous monooxigenase that contributes to drug
metabolism and is the rate limiting enzyme of bile acid synthesis from cholesterol. High CYP7A1
expression in the liver, is associated with a high amount of bile acids in the colon, which correlates with
a high risk of CRC development. The function of CYP7A1 in the colon however, is not yet elucidated.
There were reports of CYP7A1 expression in macrophages (Bao et al, 2015). RT-gPCR validation of laser
microdissected normal mucosa samples was aimed to reveal which cell type exhibits increased CYP7A1
expression in HP animals. Crypts and surrounding tissue, called stroma, was isolated from HE stained
cryo sections vial laser microdissection. RNA was isolated and cDNA was generated followed by RT-
gPCR.. No significant difference between CYP7A1 expression in crypts and stroma was detected.
Comparison of the expression in LP crypts and HP crypts and LP stroma and HP stroma, showed a
significantly higher expression of CYP7A1 in HP stroma. This suggests that the CYP7A1 expression

originates from cells located in the stroma.
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Differential Expression of CYP7A1 in Tissues

p-Value = 0.3704
tHest = 0.3764

100
L
i
Y]

Relative Expression
75
|

n=12
= 7
3 '
w
&
o
T T
Crypt Stroma
Tissue
Differential Expression of CYP7A1 in Crypts Differential Expression of CYP7A1 in Stroma
o
o S
g 7 © ® °
=4 3
E _ e p-Value = 0.004978
p-Value =0.7159 - ttest = 0.008562™
3 test=0.7501 2
155 5
k] s o
2 8 g2 2
o n=7 2 n=s
L% o g g | °
z 8 v ¥
= B 14
s 8 s 8
14 x o o
g & n=7
2 7 n=>5 g T
o o 4
T T T T
HP LP HP LP
Polyp Number Polyp Number

Figure 12 Differential expression analysis of CYP7A1 in crypts and stroma using RT-qPCR.

3.1.2 Attempt to identify modifier genes on miRNA level

MiRNA from 19 normal mucosa samples taken at 40 cm colorectum depth of animals aged 3-9 months
(Table 38) were sequenced to identify those that might cause or modulate susceptibility to severe
polyposis. After DNase treatment, quality and quantity assessment 1 pg total RNA was used for the
library preparation. The resulting libraries were again checked for quality and quantity and 6 libraries
were pooled (6 libraries/flow cell), clustered and sequenced on the MiSeq. The resulting sequencing

data was used to identify miRNA differentially expressed between HP and LP animals.
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Table 38 Animal samples sequenced for the analysis of modifier genes on miRNA level
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Animal Born Collection Age Sex Pheno- RIN Sequenced
ID type

128 07.03.2013 16.07.2013 0Oy4m9d female LP 9.1 16.02.2016
145 14.03.2013 25.06.2013 0Oy3m1ld male LP 8.1 16.02.2016
150 14.03.2013 16.07.2013 Oy4m 2d female LP 7.9 19.02.2016
152 14.03.2013 22.10.2013 Oy 7m 8&d female LP 8.9 11.02.2016
153 14.03.2013 23.10.2013 Oy 7m9d female LP 7.4  11.02.2016
155 14.03.2013 26.06.2013 0Oy3m12d male LP 9.2 11.02.2016
157 14.03.2013 17.07.2013 Oy 4m 3d female LP 8.8 16.02.2016
163 15.03.2013 19.09.2013 Oy 6m 4d female HP 9.1 11.02.2016
168 12.05.2013 18.09.2013 Oy4m 6d male HP 8.7 16.02.2016
173 12.05.2013 02.12.2013 0y 6m 20d female LP 7.3 16.02.2016
251 21.02.2014 24.06.2014 Oy 4m 3d castrated male HP 6.6 18.02.2016
252 21.02.2014 25.06.2014 Oy4m4d castrated male HP 7.5 18.02.2016
253 21.02.2014 24.06.2014 Oy 4m 3d castrated male HP 6.6 19.02.2016
300 24.08.2014 16.03.2015 O0Oy6m20d female LP 4.3 18.02.2016
322 18.10.2014 16.03.2015 Oy4m26d male HP 5.7 19.02.2016
324 18.10.2014 16.03.2015 0Oy4m26d male HP 6.1 19.02.2016
326 18.10.2014 17.03.2015 O0y4m27d female HP 6.6 18.02.2016
328 18.10.2014 17.03.2015 O0y4m27d female LP 7 18.02.2016
339 20.10.2014 17.03.2015 Oy4m25d female HP 5.3 19.02.2016

3.1.2.1 Differential expression analysis

The processing of miRNA sequencing data for differential expression analysis was performed by Dr.
Stefan Bauersachs. Adapters (added in the process of library preparation) were removed from the
reads and the read quality was assessed before and after this process using FastQC (v0.11.2) and
multiqc (Galaxy Version 0.6). Sequences with read counts lower than 300 counts in sum of all samples
were filtered out resulting in approx. 9000 sequences that were compared to all transcripts of Sus
scrofa including non-coding RNAs and human and bovine sequences with NCBI BLAST+ (Cock et al,
2015) blastn-short. Duplicates were removed and sequences assigned to miRNAs were used for
analysis of differential expression of miRNAs using EdgeR (Robinson et al, 2010). EdgeR presented a
table of all sequences and stem sequences of mature miRNAs differentially expressed between HP and
LP. Among the top 20 stem sequences of mature miRNA, 19 miRNAs were significantly differential
expressed between LP and HP according to their p-value (Table 39). Only one of those, miR-215 was
significantly higher expressed in HP animals according to both p-value and adjusted p-value (multiple
comparison adjustment), here called FDR (false discovery rate). Here the LP group was used as

calibrator group, therefore the positive Log2FoldChange values signify higher expression in HP and
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values below 0 lower expression in HP. The miRNAs miR-215 (higher expressed in HP), miR-194b-5p

(higher expressed in HP), miR-27a-3p (lower expressed in HP) and miR-146a-5p (lower expressed in

HP) were chosen for RT-gPCR validation.

Table 39 Top 20 differentially expressed miRNAs

MiRNA Iso- BLAST hits Log2Fold- Fold- P- Adjusted

miRs Change Change value p-value

mir-215 4 ssc-miR-215 2.14 441 0.0002 0.0476
mir-194b-5p 3 ssc-miR-194b-5p 1.86 3.63 0.0009 0.072
mir-27a-3p 5 bta-miR-27a- -0.55 0.68 0.001 0.072

3p,ssc-miR-27a-3p

mir-23a 4 ssc-miR-23a -0.44 0.74 0.0088 0.4553
mir-192-5p-v1 6 miR-192-5p-v1 0.73 1.66 0.0139 0.4956
mir-146a-5p 7 ssc-miR-146a-5p -0.72 0.61 0.0173 0.4956
let-7d-5p 2 ssc-let-7d-5p -0.38 0.77 0.0247 0.4956
pre-mir-192-5p 12 pre-ssc-miR-192-5p 0.55 1.46 0.0247 0.4956
mir-375 13 bta-mir-375,hsa- 0.49 1.40 0.0292 0.4956

miR-375
mir-192-5p 43 bta-miR-192- 0.39 1.31 0.0307 0.4956
5p,ssc-miR-192-5p

mir-192-5p-v2 miR-192-5p-v2 0.67 1.59 0.0339 0.4956
mir-139-5p ssc-miR-139-5p 0.55 1.46 0.0356 0.4956
mir-182-5p bta-mir-182-5p,ssc- 0.46 1.38 0.0367 0.4956

miR-182-5p

novel_mir_2 3 novel_miR_2 1.07 2.10 0.037 0.4956
mir-214 2 ssc-miR-214 -0.57 0.67 0.0384 0.4956
mir-6529a 1 bta-miR-6529a -0.49 0.71 0.0394 0.4956
mir-192-5p-v3 1 miR-192-5p-v3 0.59 1.51 0.0431 0.4956
mir-582-3p 2 ssc-miR-582-3p 0.53 1.44 0.0445 0.4956
mir-92b-3p 9 bta-mir-92b-3p,ssc- -0.39 0.76 0.046 0.4956

miR-92b-3p
mir-340 2 ssc-miR-340 0.37 1.29 0.0501 0.4956

Establishment of a normalising miRNA for the analysed normal mucosa samples was essential to

perform RT-gPCR validation of the top 3 differentially expressed miRNAs miR-215, 194b-5p, 27a-3p

and the migration and invasion promoting miRNA 146a-5p (Lu et al, 2017). Therefore, literature search

for human normaliser miRNA for normal colon and cancer samples lead to testing equivalent porcine

sequences for RNU6B_1, miR-191-5p_1, miR-25-3p_1, miR-16-5p_1, miR-26a-5p_1, mir-425-5p_1, let-

7a-5p_1 (Chang et al, 2010; Peltier & Latham, 2008; Schmitz et al, 2009). MiR-191-5p_1, miR-25-3p_1,

miR-16-5p_1, and let-7a-5p were tested for their stability on a subset of the sequenced normal mucosa

samples using NormFinder (Andersen et al, 2004). Ct values were transformed into a linear form by
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generating 2t values for NormFinder analysis. The resulting stability value was calculated from
intergroup and intragroup variation of comparing miRNA expression of MiR-191-5p_1, miR-25-3p_1,
miR-16-5p_1, and let-7a-5p between LP animals 152, 155, 173, 328 and HP animals 163, 168, 253 and
339 (Table 40). The smallest stability value indicated the lowest variation. Let-7a-5p showed the best
intra- and inter-group stability value of 0.065 and was therefore taken as a normaliser in the validation

of the sequencing results.

Table 40 NormFinder analysis.

miR name Without group identifiers With group identifiers
Stability value Standard error Stability value

miR-25-3p 0.140 0.062 0.073

miR-16-5p 0.211 0.068 0.098

miR-191-5p 0.192 0.066 0.093

let7a-5p 0.160 0.063 0.065
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Figure 13 Differential expression analysis of miR-215, 194b, 27a-3p and 146a-5p in the sequenced samples

using RT-qPCR.
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RT-gPCR Validation of miR-215, 194b, 27a-3p and 146a-5p expression confirmed significantly increased
miR-215 expression in HP animals in accordance with sequencing results (Table 39). Higher expression
of miR-194b in HP animals was significant in RT-gPCR (Figure 13). The reduced expression of miR-27a-

3p and 146a-5p detected in the sequencing analysis could not be confirmed (Figure 13).

The RT-gPCR results of miR-215 and 194b confirmed the sequencing results. Therefore we analysed a
number of additional samples (909-953, 2.1.15), that had not been sequenced (Figure 14). Higher MiR-
215 expression was significant when the additional samples were analysed together with the
sequenced samples and alone, highlighting the strength of this biological effect (Figure 14 A, C).
Increased miR-194b expression in HP could only be confirmed in comibination with the sequenced

samples but not in the additional samples alone (Figure 14 B, D).
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Figure 14 Differential expression analysis of miR-215 and 194b in the sequenced and additional samples (A, B)
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Sequencing Log2Fold Change 2.14, adj. p-Value = 0.0476
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Sequencing Log2Fold Change 2.14, adj. p-Value = 0.0476

and in the additional samples alone(C,D).
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3.1.2.2 In silico miRNA target analysis

Results

In silico target analysis was performed with all differentially expressed miRNAs with p-values < 0.05

and a human equivalent using Diana tools (2.6.2). The KEGG pathway analysis showed that the

differentially expressed miRNAs miR-215-5p, 194-5p, 27a-3p, 23a-3p, 192-5p, 146a-5p, let-7d-5p, miR-

375-3p, 139-5p, 182-5p, 214-3p, 582-3p and 92b-3p influence many cancer associated pathways (Table

41).

Table 41 In silico miRNA target analysis of differentially expressed miRNAs between HP and LP animals.

KEGG pathway P-value Number Number
of genes of miRNAs
targeted involved

in
pathway

Proteoglycans in cancer 1.77x10°V 130 13

Adherens junction 2.71x1012 57 12

Protein processing in endoplasmic reticulum 1.80x10! 115 12

Cell cycle 9.47x10 87 14

Hippo signalling pathway 2.21x10%° 93 13

TGF-beta signalling pathway 9.53x10°%0 56 12

Pathways in cancer 2.59x10% 231 14

Viral carcinogenesis 1.24x10°%8 122 13

Renal cell carcinoma 1.69x10 48 12

Glioma 1.69x1078 46 12

Chronic myeloid leukemia 2.68x10 54 12

Prion diseases 3.00x107°® 20 9

Hepatitis B 8.92x10 90 12

Signalling pathways regulating pluripotency of stem cells 3.39x10%7 90 12

Colorectal cancer 4.52x10"7 46 13

Prostate cancer 5.06x107 63 12

Oestrogen signalling pathway 7.05x10°7 61 13

Oocyte meiosis 1.45x107°° 71 13

Ubiquitin mediated proteolysis 5.00x107° 86 12

mTOR signalling pathway 9.60x10 45 12

Neurotrophin signalling pathway 9.60x10% 76 13

Pancreatic cancer 1.05x10% 46 12

Mucin type O-Glycan biosynthesis 1.46x10°%° 17 6

Bacterial invasion of epithelial cells 2.06x10% 50 12

Bladder cancer 2.40x10% 30 12

Endocytosis 3.50x10% 118 12

AMPK signalling pathway 3.66x10% 79 14

Shigellosis 3.75x10° 45 12

Thyroid cancer 3.86x10% 22 12

FoxO signalling pathway 4.09x10°% 84 12
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Endometrial cancer

ErbB signalling pathway
Glycosaminoglycan biosynthesis - heparan sulphate /
heparin

Non-small cell lung cancer
Transcriptional misregulation in cancer
HIF-1 signalling pathway

Spliceosome

p53 signalling pathway

Fatty acid biosynthesis

mRNA surveillance pathway

Focal adhesion

Glycosaminoglycan biosynthesis - keratan sulphate
Thyroid hormone signalling pathway
Central carbon metabolism in cancer
Acute myeloid leukaemia

Insulin signalling pathway

Gap junction

Small cell lung cancer

HTLV-I infection

Whnt signalling pathway

Sphingolipid signalling pathway
Melanoma

Glycosaminoglycan biosynthesis - chondroitin sulphate/
dermatan sulphate

Lysine degradation

ECM-receptor interaction

Pathogenic Escherichia coli infection
TNF signalling pathway

Vibrio cholerae infection

RNA transport

Progesterone-mediated oocyte maturation
Prolactin signalling pathway
Toxoplasmosis

Salmonella infection

Adrenergic signalling in cardiomyocytes
GnRH signalling pathway

Epstein-Barr virus infection

Notch signalling pathway

Fc gamma R-mediated phagocytosis
MAPK signalling pathway

Regulation of actin cytoskeleton

4.59x10%
5.38x10%
0.00012515

0.00013151
0.00014138
0.0001588
0.00022485
0.00040416
0.00057782
0.00057782
0.00063506
0.00064327
0.00133893
0.00179693
0.00235642
0.00298371
0.00328537
0.00387188
0.00435804
0.00473261
0.00483015
0.00659562
0.00661598

0.00800587
0.0080235
0.00894165
0.00979755
0.01295563
0.01320152
0.01778249
0.02360585
0.02606497
0.03123455
0.03993007
0.03993007
0.047274
0.04904792
0.04904792
0.04904792
0.04904792

37
57
15

38
96
67
78
45

59
117
10
72
41
36
81
52
52
138
78
66
41
11

25
39
35
63
34
90
51
42
65
48
68
51
105
29
50
127
106

12
14

12
12
12
13
13

12
13

14
12
12
13
13
13
13
13
12
12

13
11
12
14
12
13
13
13
12
13
13
13
13
11
12
13
13
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Targeted analysis of the genes targeted by the miRNAs (Appendix) showed that none of the 13 miRNAs
target CYP7A1 or SFRP5. The miR-194-5p (higher expressed in HP), 27a-3p and 23a-3p (both lower
expressed in HP) have SATB1, which was found to be expressed in higher levels in the HP animals and
has been associated with human CRC (Al-Sohaily et al, 2014; Brocato & Costa, 2015; Lv et al, 2016; Mir
et al, 2016; Zhang et al, 2014c), among their targets. MiR-192-5p and 182-5p, both highly expressed in
HP, target APC. MiR-92b-3p, lower expressed in HP has KRAS among their targets and the miR-23a-3p,
214-3p (both lower expressed in HP) and 582-3p (higher expressed in HP) target PTEN. The miR -27a-
3p, 214-3p and let-7d-5p (lower expressed in HP) and miR-182-5p (higher expressed in HP) target TP53.
As miRNAs can influence protein expression also by reducing translation without reducing the
transcript abundance significantly, these results suggest early modulation of the crucial 5 pathways of

CRC in the APC* animals.

Taken together, the analysis of differentially expressed miRNAs between HP and LP animals revealed
that miR-215 and 194b were significantly higher expressed in HP animals in both sequencing and PCR-
based methods and miR-215 qualified as potential modifier of polyposis severity in pigs. In silico miRNA
target analysis of all miRNAs significantly differentially expressed according to p-value revealed a
multitude of targets, among which CYP7A1 and SFRP5 could not be identified, however SATB1, APC,
KRAS, PTEN and TP53 were targets. KEGG pathway analysis showed, that the targeted mRNAs were

playing a role in many cancer-associated pathways.
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3.2 Analysis of genes mediating tumour progression in the porcine model for

colorectal cancer

Regular endoscopy and molecular analysis of the APC!! pigs revealed that the porcine model
recapitulates key aspects of human FAP and CRC including adenomatous polyps in the colorectum with
low-grade intraepithelial neoplasia (LG-IEN), high-grade intraepithelial neoplasia (HG-IEN), loss of APC
heterozygosity, B-catenin accumulation, upregulation of c¢-MYC, MAPK pathway activation and

progression to carcinoma in situ.

The search for novel unknown drivers of human CRC to fully understand disease pathology is a
continuous focus of CRC research (Cancer Genome Atlas, 2012). Repeated analysis of one and the same
polyp in humans is not possible and the analysis of early polyps is also difficult as the most part are
diagnosed late in disease progression (US national cancer institute) (Guinney et al, 2015), therefore
late stage adenomas or even carcinomas are mostly analysed in humans. The FAP pigs provide the
opportunity to analyse early adenomas LG-IEN and to follow and analyse molecular changes from LG-
IEN to HG-IEN over time in vivo. Thus the model can not only help investigate the differences between

adenomas and normal mucosa, but also between LG-IEN and HG-IEN.

Frequent mutations driving human CRC progression have been identified (Fearon & Vogelstein, 1990),
but CRC is very complex and very few cases of CRC carry all key mutations collectively (Guinney et al,
2015). Other mechanisms such as epigenetic modifications and mi-RNA dysregulation have been found
to have similar if not equal CRC-promoting power (1.2.1, 1.2.2, 1.2.3, 1.2.4). Therefore, processes
driving the progression from LG-IEN to HG-IEN were analysed in LG-IEN and HG-IEN adenomas of the
colorectum on mRNA and miRNA level to detect gene and miRNA expression changes caused by
genomic mutations but also by epigenetic mechanisms and miRNA dysregulation. The sequencing data
was used to perform gene and miRNA expression analysis, the identification of SNPs differentially
distributed and expressed and gene set enrichment analysis between LG-IEN and HG-IEN. The analysis
was aimed to show molecular replication of human FAP and CRC but also to identify novel drivers

through unique experimental setup that is not possible in humans.

3.2.1 Analysis of tumour progression on mRNA level

To compare porcine CRC pathology to human and to identify novel drivers of CRC, porcine tumour
progression was analysed by comparing RNA sequencing results from 5 HG-IEN with 5 LG-IEN

adenomas of 1 cm diameter of APC*3!! animals. Additional to bulk samples, laser microdissected LG-
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IEN and HG-IEN were sequenced and compared. These following results have been published in

Scientific Reports (Flisikowska et al, 2017).

3.2.1.1 Differential expression analysis

Differential expression analysis resulted in 52 genes that were significantly (adjusted p-Value < 0.05)
differentially expressed and showed a clear distinction between HG and LG-IEN (Figure 15). The top
differentially expressed gene was AHNAK, which was lower expressed in HG-IEN. AHNAK is a known
tumour suppressor that negatively regulates cell growth via the TGFp signalling pathway (Lee et al,
2014). Among the differentially expressed genes, where most showed a reduced expression in HG-IEN,
were genes involved in metabolic processes (MAPK4, S100A9), intracellular transport (SLC46A1) and
in immune response (/IL7, CD40). Among highly expressed genes were genes associated with stress
response (HSPA1L), WNT (WISP1) and TNF (SLC12A6) signalling. Selected genes, especially immune
related genes (Table 42) were validated using RT-qPCR. LG samples served as calibrator group,

therefore positive values signify higher regulation in HG samples.
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Figure 15 A) cluster analysis of the expression of the top 52 differentially expressed genes between HG-IEN
and LG-IEN. B) cluster analysis of the expression of the top 20 differentially expressed genes between laser
microdissected HG-IEN and LG-IEN crypts.
Blue signifies low and red high expression.
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Table 42 RT-qPCR validation results of genes differentially expressed between whole HG and LG-IEN.

Gene Gene description RNA seq P-value RT-qPCR P-value
symbol Log2Fold- Log2Fold-
Change Change
HG HG
IL7 Interleukin 7 -1.09 6.88x10°® -5.18 4.02x107
EBF1 Early B-cell factor 1 -1.69 7.33x10°1° -4.03 0.008
CD40-1 CD40 molecule isoform 1 -1.10 2.09x10°*2 -1.96 0.013
CD40-2 CD40 molecule isoform 2 -1.22 2.88x107 -2.04 0.085
CD40-LG CD40 ligand -1.28 4.56x10® -2.11 0.009
TRAF5 TNF receptor associated factor 5 -1.16 1.20x107° -2.21 0.007
21 Interleukin 21 -2.30 2.06x10" -8.97 0.006
CcD101 CD101 molecule -0.95 0.0003 -3.08 0.044
S100A8 5100 calcium-binding protein A8 2.79 3.16x102 3.79 0.021
S100A9 $100 calcium-binding protein A9 -2.34 5.27x10° -2.66 0.048
IL20RA Interleukin 20 receptor subunit 2.18 6.08x101 3.40 6.7x10°®
alpha

Adenoma (focal HG-IEN) Adenoma (HG-IEN)

Tty ¢ [z

Figure 16 Immunohistochemical staining of HG-IEN.
A) and B) show brown staining of CD3+ infiltrating T-cells (B is a magnification of A). C) displays brown CD4+
and D) CD8+ infiltrating T-cells.

To specifically analyse aberrant epithelial tissue and eliminate signals from surrounding stroma,
sequencing and differential expression analysis of laser microdissected LG and HG-IEN crypts was
performed. Differential expression analysis of laser microdissected samples sequenced showed no
differential expression of genes such as IL7, S100A8, and S100A9, assigning their expression to other
cell types contained in the stroma, such as infiltrating immune cells (e.g. T-cells), observed in the polyps
analysed (Figure 16). Differential expression visualisation showed clear distinction between LG and HG-

IEN (Figure 15).

High expression of the selected genes PLXND1, SLC30A1, GBP6, VASH1, and SMARCD3 in HG-IEN was

confirmed using RT-qPCR (Table 43) suggesting novel drivers of CRC. PLXND1 has been found highly

e
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expressed in a number of human tumours (Roodink et al, 2009) and associated with epithelial
mesenchymal transition and invasiveness and metastasis (Casazza et al, 2010; Tseng et al, 2011). The
other genes were associated with interferon-y signalling (GBP6) oxidative stress and anti-inflammatory
activity (SLC30A1), p53 regulation and cell proliferation (VASH1) and WNT pathway regulation
(SMARCD3).

Table 43 RT-qPCR validation results of genes differentially expressed between laser microdissected HG and
LG-IEN.

Gene Gene description RNA seq P-value RT-qPCR  P-value
symbol Log2Fold- Log2Fold-

Change Change

HG HG
PLXND1 plexin D1 2.26 5.40x10% 4.23 1.40x1073
SLC30A1  solute carrier family 30 member 1 2.21 9.74x10® 3.95 0.0009
GBP6 guanylate binding protein family 1.91 3.07x10°® 5.40 2.10x10°3

member 6

VASH1 vasohibin 1 1.60 7.65x10°  3.10 0.0091
SMARCD3 SWI/SNF related, matrix associated, 1.32 6.79x10* 2.88 1.99x10°3

actin dependent regulator of
chromatin, subfamily d, member 3

Gene set enrichment analysis

Gene set enrichment analysis of porcine whole biopsy HG-IEN versus LG-IEN and laser microdissected
HG-IEN versus LG-IEN were compared to human microsatellite stable (MSS) T1 polyps versus normal
mucosa (data from TCGA database) to compare the porcine CRC carcinogenesis in a global molecular
approach (Figure 17Figure 15). Of 26 significantly differentially enriched gene sets in human and 25 in
pig, 19 sets were commonly enriched in both species. 13 genes sets were similarly significantly
differentially enriched in the laser microdissected samples compared to the human and porcine bulk
samples including HG-IEN enriched gene sets essential for CRC progression as MYC targets and cell
cycle related E2F targets and G2M checkpoint components (Figure 17). This though broad comparison

highlights the evident similarity between porcine and human CRC progression.
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Figure 17 Gene set enrichment analysis of the pathways up or downregulated in porcine whole and
microdissected polyps compared to human T1 microsatellite stable polyps.

3.2.1.2 Allele-specific expression analysis

Molecular changes in parts of the cancer over time have been observed in CRC by allele-specific
expression (ASE) analysis (Tuupanen et al, 2008). In silico analysis of raw RNA sequencing data showed

increased expression of the APC?3!! allele in HG-IEN compare to LG_IEN (Figure 18).
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Figure 18 Allele-specific expression of APC, analysed using raw sequencing data

ASE analysis using the RNA sequencing data from the bulk samples identified 48 000 SNPs that showed
significant allelic imbalance in at least one sample. SNPs in known CRC related genes with epithelial

function MMP9, CEACAM7, LMANZ2 and an immune related gene SLA2 were validated in bulk and laser
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microdissected samples using pyrosequencing (Figure 19). The allelic imbalance that were well visible

in laser microdissected samples were masked in bulk samples.
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Figure 19 Allele-specific expression analysis of SLA2_1.0, MMP9, LMAN2 and CEACAM7 using
pyrosequencing.

3.2.2 Analysis of tumour progression on miRNA level

MiRNA from 5 LG-IEN and 5 HG-IEN (same samples as used for mRNA analysis) were sequenced and
compared. These results have been published in Oncotarget (Stachowiak et al, 2017). 44 differentially
expressed miRNAs with a p-value below 0.05 were identified. Six of those had an adjusted p-value
below 0.05, rendering them significant even in the face of multiple comparison testing. Ten selected
miRNAs including the top differentially expressed miR-126-3p between HG-IEN and normal mucosa,
were selected for RT-gPCR validation (Table 44). HG was used as calibrator in this comparison,
therefore, negative Log2FoldChange values signify increased expression in HG. All RT-qPCRs showed
the same trend as the sequencing results, but the increased expression of let-7e, miR-98, 146a-5p,
146b, 183 an 196a and the reduced expression of miR-126-3p in HG-IEN were significant (p-value <
0.05) or even highly significant (p-value < 0.01) (Figure 20). Further all 7 miRNAs had been found to be
associated with human CRC (Bandres et al, 2006; Chen et al, 2016; Ge et al, 2014; Lu et al, 2017;
Mosakhani et al, 2012; Motoyama et al, 2009; Schimanski et al, 2009; Zhu et al, 2017a; Zhu et al,
2017b).
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Table 44 Selected differentially expressed miRNAs between LG and HG-IEN and HG-IEN and normal mucosa.

MiRNA / IsomiR Log2Fold- P-value  Adjusted
Change LG p-value
ssc-miR-196a -1.72 0.0000 0.0012
ssc-miR-98 -0.95 0.0001 0.0118
ssc-miR-146a-5p -1.67 0.0003 0.0224
ssc-miR-146b |isomiR|20_42| -1.43 0.0005 0.0265
ssc-let-7e -1.25 0.0014 0.0482
ssc-miR-181b |isomiR|12_33]| -1.34 0.0020 0.0543
ssc-miR-191 |isomiR|9_30| -0.95 0.0035 0.0764
ssc-miR-155-5p |isomiR|10_33| -1.19 0.0050 0.0945
ssc-miR-183 |isomiR|6_27| -1.11 0.0052 0.0945
MiRNA / IsomiR Log2FC p-value Adjusted
HG/N p-value
ssc-miR-126-3p |isomiR |45_66| -2.45 0.0000 0.0137
sy ML e - -

Relative expression

ssc-let-Fe 55¢-miR-98  sse-miR-126-3p sse-miR-146a-5p sso-miR-146h  sso-miR-155-5p  sso-miR-181b s5c-miR-1383 55c-miR-181 ss5c-miR-196a
OLow-grade IEM BHigh-grade IEMN

Figure 20 RT-qPCR validation of the differentially expressed miRNAs selected.

In silico miRNA target analysis

In silico target analysis revealed a large number of cancer related pathways influenced by the
differentially expressed miRNAs including miRNAs in cancer, proteoglycans in cancer, p53 signalling

pathway, viral carcinogenesis and colorectal cancer (Table 45).
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Table 45 In silico miRNA target analysis of differentially expressed miRNAs between HG and LG-IEN.

KEGG pathway P-value Number of Number of
genes miRNAs involved
targeted in pathway

MicroRNAs in cancer 9.53x1074 131 23

Proteoglycans in cancer 1.08x101 146 23

Hepatitis B 5.68x1012 105 22

Protein processing in endoplasmic reticulum 1.21x10 124 23

Renal cell carcinoma 1.25x108 56 23

Cell cycle 1.44x1078 97 23

Lysine degradation 2.75x10% 37 23

Ubiquitin mediated proteolysis 2.75x10 103 23

Adherens junction 3.67x10% 60 23

Hippo signalling pathway 1.69x10 101 23

Prion diseases 3.21x10%7 24 22

Pathways in cancer 6.92x10°7 255 23

Oestrogen signalling pathway 1.33x10°° 69 23

p53 signalling pathway 1.88x10°° 56 23

Viral carcinogenesis 4.50x10°° 146 23

Prostate cancer 7.91x107°¢ 68 23

Transcriptional misregulation in cancer 1.68x10%° 117 23

Pancreatic cancer 1.88x10% 52 23

Glioma 4.22x10% 47 23

Spliceosome 4.97x10% 94 23

Glycosaminoglycan biosynthesis - keratan 8.15x10°% 11 18

sulphate

Signalling pathways regulating pluripotency of  8.15x10 95 23

stem cells

Chronic myeloid leukaemia 8.73x10°% 56 22

TGF-beta signalling pathway 0.000114499 55 22

Shigellosis 0.000114499 48 23

Bladder cancer 0.000114499 32 23

Sphingolipid signalling pathway 0.00011831 82 23

Oocyte meiosis 0.000125888 76 23

Acute myeloid leukaemia 0.00017571 42 23

Endocytosis 0.000195403 137 23

Thyroid hormone signalling pathway 0.000385396 84 23

Central carbon metabolism in cancer 0.000385396 46 23

Regulation of actin cytoskeleton 0.000455559 135 23

Fatty acid metabolism 0.000456395 29 20

FoxO signalling pathway 0.000456395 91 23

Focal adhesion 0.000587346 135 23

Colorectal cancer 0.000635242 45 23

Non-small cell lung cancer 0.000689357 41 22
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RNA transport

TNF signalling pathway

ErbB signalling pathway

Bacterial invasion of epithelial cells
HIF-1 signalling pathway

mMTOR signalling pathway

Steroid biosynthesis

Neurotrophin signalling pathway
RNA degradation

Thyroid cancer

AMPK signalling pathway

N-Glycan biosynthesis

Small cell lung cancer

NF-kappa B signalling pathway

Fc gamma R-mediated phagocytosis
Endometrial cancer

Axon guidance

Whnt signalling pathway

Chagas disease (American trypanosomiasis)
Huntington's disease

Legionellosis

Ribosome

HTLV-I infection

Salmonella infection

Notch signalling pathway

Fatty acid biosynthesis

Melanoma

Insulin signalling pathway

MAPK signalling pathway

Gap junction

PI3K-Akt signalling pathway
Progesterone-mediated oocyte maturation
Prolactin signalling pathway

0.000905502
0.000905502
0.001752074
0.002263929
0.002639591
0.002897181
0.003093938
0.003536926
0.004208333
0.006358412
0.008043309
0.008687542
0.009531305
0.009585347
0.010505971
0.010954543
0.012636065
0.014365498
0.016876026
0.016876026
0.016928086
0.021827887
0.021827887
0.022887739
0.024647157
0.025038322
0.030733908
0.03093753

0.032704866
0.040246432
0.040246432
0.040999811
0.049040505

110
77
58
50
76
45
13
79
53
21
83
32
58
56
59
36
75
86
66
113
38
86
168
56
34

45
88
151
55
192
57
47

23
23
23
23
23
23
15
23
23
22
23
20
23
23
23
22
23
23
22
23
22
23
23
23
23
18
23
23
23
23
23
23
22
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The characterisation of the APC*!? animals on mRNA and miRNA level revealed that only few genes
and miRNAs are significantly differentially expressed between HP and LP. Higher gene expression of
CYP7A1, the SNP in the OAS1 gene (chromosome 14, position 38856577 bp C/T) and the miR-215 in
HP animals were validated with methods other than mRNA and miRNA sequencing and associated with
a more severe polyposis (HP). Their potential function as modifier genes requires further confirmation
in a larger set of samples. MiR-215 could already be validated in animals apart from the sequenced
samples. The mechanism of differential CYP7A1 expression was analysed on cis-regulatory level and
revealed reduced CpG methylation in the potential promoter region of HP animals where TFs STAT3,
GLIS1, CEBPB and GABPA bind. MRNA targets of differentially expressed miRNAs were determined and

clustered and showed involvement in many cancer-associated pathways.

Further analysis of tumour progression on mRNA level between low grade (LG) and high grade (HG)
intraepithelial neoplasia (IEN) showed a clear distinction between the two on expression in both bulk
and laser microdissected samples. Genes involved in metabolic processes and immune response were
lower expressed in HG-IEN while genes associated with stress response were higher expressed.
Analysis of laser microdissected IENs eliminated these signals originating from stroma and revealed
high PLXD1 and GBP6 expression in HG-IEN. So both the stroma and the epithelium itself change during
tumour progression. Further, SNPs in known CRC related genes with epithelial function MMP9,
CEACAMY7, LMAN2 and one immune related gene SLA2 were detected. Gene set enrichment analysis
of differential gene expression data showed cancer-associated gene sets enriched and further
presented homology to human CRC data. MiRNAs analysis in bulk samples identified miRNAs let-7e,
miR-146a-5p, 146b, 183, 196a higher expressed in HG-IEN that have not only been reported to exhibit

tumour promoting functions, but that also target genes involved in cancer relevant pathways.
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3.3 Optimisation of the CRC model

The APC*31 pig model for FAP and CRC has replicated key aspects of human FAP such as the variation
in polyposis severity and hallmarks of human CRC development and progression to carcinoma in situ.
However, no progression to invasive colorectal carcinoma was so far observed in more than 100
animals of 4 generations of APC'3! pigs up to age of 2-3 years. This suggests, that just like in humans,
where 10-15 % of all adenomas progress to carcinoma over decades (Fearon, 2011), porcine CRC
progression takes equivalent time. With the premise that development of an invasive carcinoma is a
matter of time, it was decided to accelerate the CRC development by causing frequently diagnosed
oncogenic mutations (Guinney et al, 2015) in polyps of the pigs in vivo via genome editing using
CRISPR/Cas9. It was planned to deliver the guide RNAs to target tumour suppressor genes and
oncogenes together with single-stranded oligodeoxynucleotides (ssODNs) for the introduction of
oncogenic mutations to the polyps by in vivo electroporation or adeno-associated viral vectors. The
endonuclease Cas9 is very large. Therefore, ubiquitous Cas9 endonuclease isolated from Streptococcus
pyogenes (SpCas9) was to be introduced into the ROSA26 locus of porcine kidney fibroblasts (pKFs)

carrying heterozygous APC*3!* mutation followed by generation of piglets via nuclear transfer.

3.3.1 Generating targeting vectors for Cas9 placement into the porcine ROSA26 locus

Targeted introduction of numerous transgenes via homologous recombination (HR) in mice have been
directed to the murine Rosa26 locus because transgene introduction into intron 1 of Rosa26 resulted
in viable fertile animals that expressed the transgene stably without silencing (Zambrowicz et al, 1997).
Therefore, a targeting vector allowing SpCas9 placement into the porcine homologue ROSA26 locus

(Kong et al, 2014, Li et al, 2014) via HR was performed (Figure 21).

Promoter trap strategy was applied (Friedel et al, 2005) to increase the efficiency of HR-mediated gene
targeting. The APC'3 animals carried a targeting cassette with a blasticidin S resistance (bsr) gene in
the endogenous APC gene. Therefore, the bsr of the vector GEMT-Rosa26-BS-Cas9 (previously
generated by Dr. Judy Ng) was replaced with a neomycin resistance (neo) gene from the pBs-LSL-Neo
plasmid (Figure 21). This resulted in the targeting vector GEMT-Rosa26-Neo-Cas9 with a splice acceptor
(SA), a promoterless neo gene and a CAG-driven SpCas9 gene between the homologous arms targeting

ROSA26.
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Figure 21 Cloning strategy for the targeting vector GEMT-Rosa26-Neo-Cas9.

bsr, blasticidin S resistance gene; CAG, Chicken beta-actin promoter and cytomegalovirus enhancer element;
LHA, long homology arm; neo, neomycin resistance gene; pA, polyadenylation signal; SA, splice acceptor; SHA,
short homology arm

As in the future both the Cre-loxP system together with the CRISPR/Cas9 system shall be used together
to model human cancers, the coupling of the SpCas9 gene and a Cre reporter cassette in the ROSA26
locus is an essential preparation. The Cre reporter system allows visualisation of the location of Cre
recombination in vivo and represents a powerful tool to monitor Cre specificity when working with

conditional and tissue-specific Cre inducible oncogenic mutations (Li et al, 2014).

Xhol
GEMT-Rosa26-

—| ROSA26 SHAH SA-neo—2x pA-CAG-Cas9—pA ROSA26 LHA |— Neo-Cas9
T T 17759 bp

Xhol — Avrll — Smal/Xmal — BstBl— Fsel — Pmel — Xhol

pSL1180 + MR26
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~|-{ CAG-LSL-mTomato—pA-LSL—-mEGFP—pA }-H PGK-neo—pA H7 10395 bp

GEMT-Rosa26-Neo-
Cas9-mTmG
HROSA26 SHAH SA—neo—2x pA—-CAG—Cas9—pA HCAG—LSL—mTomato—pA—LSL—mEGFP—pAH ROSA26 LHA |'23182 bp
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Figure 22 Cloning strategy for targeting vector GEMT-Rosa26-Neo-Cas9-mTmG

CAG, Chicken beta-actin promoter and cytomegalovirus enhancer element; LHA, long homology arm; LSL, loxP-
Stop-loxP cassette; neo, neomycin resistance gene; mEGFP, membrane-targeted enhanced green fluorescent
protein gene; mTomato, membrane-targeted tdTomato red fluorescent protein gene; pA, polyadenylation signal;
PGK, phosphoglycerate kinase promoter; SA, splice acceptor; SHA, short homology arm
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Therefore, the GEMT-Rosa26-Neo-Cas9 was expanded by introduction of a Cre reporter cassette
mTmG consisting of a CAG promoter and the two fluorescent protein genes membrane-targeted
tdTomato (mTomato) flanked by two loxP sites and membrane-targeted EGFP (mEGFP) (LSL-mTomato-
pA-LSL-mEGPF-pA) (Figure 22). Both vectors were linearised to increase the rate of homologous

recombination (Kucherlapati et al, 1984) and purified for nucleofection of pKFs of APC*! pig 73.

3.3.2 Generation and analysis of Cas9-targeted clones

Clones were generated by transfection, selection and expansion of primary pKFs. The single-cell clones
were screened for correct targeting of the ROSA26 allele via PCR amplification across the 5’ junction
of the vector and the target site using the primer Rosa26 11 F2 and Rosa26 Loc2R and sequence analysis
(Appendix) of the amplified products (Figure 23). Targeting PCR identified 9 targeted clones (Figure
24). A PCR to detect the endogenous, unmodified ROSA26 allele with the primer Rosa26 11 F2 and
Rosa26 11 R3 showed that only 1 allele of ROSA26 was targeted (Figure 24).

Rosa26 E1 F1 Rosa26 1 F2 Rosa26 |1 R3 Rosa26 I3 R2 Xmnl

— —_— <+ <+

-Exon 1 - v - Exon 2 - i

Rosa26 Loc2R  Cas9_3'LR_fori™,,

~ ~ <+ — N

— ROSA26 SHAH SA-nheo—2x pA-CAG—Cas9—pA ROSA26 LHA —

Cas 9 probe
Xmnl

Figure 23 Targeting of the Rosa26 locus with the GEMT-Rosa26-Neo-Cas9 targeting vector
CAG, Chicken beta-actin promoter and cytomegalovirus enhancer element; LHA, long homology arm; neo,
neomycin resistance gene; pA, polyadenylation signal; SA, splice acceptor; SHA, short homology arm.

The clones, 4, 5, 9, 19, 22,35 and 45 were used as donors for nuclear transfer without additional
analysis as they had ceased to proliferate. Clones 89, 92 and 93 could be expanded for further analysis
and correct ROAS26 targeting was confirmed by PCR amplification across the 3’junction of the vector

and target locus (Figure 25) and sequence analysis (Appendix) of the amplified products.
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Figure 24 Gel electrophoresis of the 5’ screening PCR of Cas9-targeted clones.

Targeting PCR of the clones was performed using primer Rosa26 11 F2 binding the ROSA26 locus outside the
homologous arm and Rosa26 Loc2R that binds the neo of the targeting vector to generate a 3313 bp. Endogenous
PCR of 3105 bp was amplified using the primer Rosa26 11 F2 and Rosa26 11 R3 that binds only the untargeted
wildtype allele of ROSA26. +, positive control; -, water control; M, marker.

kb Mwt8 9293 - M

Figure 25 Gel picture of the 3’LR PCR of clones 89, 92 and 93.
The primer Cas9_3’LR_forl and Rosa26 I3 R2 (Figure 23) were used to generate a product of 6118 bp. -, water
control; M, marker; wt, wildtype control.
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3.3.2.1 Southern blot analysis

Southern blot analysis was performed to validate correct targeting of the ROSA26 locus and to exclude
additional random integration. Genomic DNA of clones 89, 92, 93, 13 (a cell clone generated by Beate
Rieblinger and Nina Simm where SpCas9 was introduced into the ROSA26 locus of wildtype pKFs) and

wildtype cells was isolated and digested with Xmnl.

pKFs pKFs

APCB3) wt/

Cas9 Cas9
M wt 89 92 93 13 M

8576
7427
4899
3639
2799

1953
1515
1164

710

Figure 26 Southern Blot of the clones 89, 92, 93 and 13.
M, marker; wt, wildtype control.

The clones showed the expected bands of 7777 bp (clones 89, 92 and 93) and 7698 bp (clone 13)
(Figure 26) using the Cas9 probe (Figure 23). No random bands were visible, confirming that the
integration was not only targeted but also unique. However, although the DNA concentration of all
clones was measured fluorometrically using the Qubit and based on this, 10 ug DNA was used for

Southern blot, clearly clone 13 showed a significantly weaker band, indicative of less DNA.

3.3.2.2 Expression analysis

Correct splicing from exon 1 of the ROSA26 locus into neo was detected by reverse transcription (RT)
PCR of cDNA of the clones 89, 92 and 93 (Figure 23). The expected bands of 877 bp and 990 bp were
well visible in all three clones and the positive control (Figure 27). Additionally, the correct sequence

of the PCR products was confirmed by sequencing analysis (Appendix).
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Figure 27 Gel electrophoresis of RT PCR of the clones 89, 92 and 93.

The PCR from exon 1 of the Rosa26 locus, using the primer Rosa26 E1 F1 to the neomycin cassette, using Rosa26
Loc2R and Rosa26 Loc3R resulted in 877bp and 990 bp respectively. +, positive control; -, water control; kb; kilo
bases; M, marker.

SpCas9 expression was quantified by RT-gqPCR. For this analysis unlike traditional RT-gqPCR the primers
were not separated by an intron, therefore RNA was also tested for DNA contamination. The RNA

showed no PCR product. The results showed that SpCas9 was expressed in the clones.
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Figure 28 Cas9 expression analysis of the clones 89, 92 and 93 using RT-qPCR results.

3.3.2.3 Protein Analysis

3.3.23.1 Western blot analysis

The presence of mMRNA does not necessarily indicate the presence of functional protein. Therefore,
protein was isolated from the clones 89, 92 and 93 to perform Western blot analysis. The SpCas9
protein of 160 kDa could be detected for all three clones. The negative control, protein from

untransfected pKFs from APC!! pig 73 showed only the loading control, GAPDH at 37 kDa.
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Figure 29 Western blot analysis of the clones 89, 92 and 93 visualising Cas9 and GAPDH.
kDa, kilo Dalton; M, marker; wt, wildtype control.

3.3.2.3.2 Functional Assay

SpCas9 is a nuclease, therefore it is essential to validate its activity. A reporter assay that can verify
Cas9 functionality was established and indels were detected using open source online tool TIDE

(https://tide.deskgen.com/).

Establishing gRNAs

First, gRNAs were generated, that target tumour suppressor genes that play a crucial role in human
CRC development: TP53, as the “guardian of the genome”, APC to induce loss of heterozygosity, PTEN
as the controller of the PI3K pathway and DCC. These were inserted into Cas9-gRNA vector and
transfected into pKFs. The cells were not selected. Therefore, gene editing efficency evaluated by TIDE

analysis (https://tide.deskgen.com/) was dependent on transfection efficiency (Table 46). However, all

gRNAs were able to induce cleavage and gene editing in the endogenous loci (Table 46).

Table 46 Tide analysis results of wildtype cells transfected with Cas9 and gRNA targeting TP53, PTEN, APC
and DCC.

Cells vector Gene editing efficiency
pKF 73 APC131 pX330-Cas9-TP53 9.3
pKF 73 APC131 pX330-Cas9-Puro-PTEN 5.4
pKF 73 APC131 pX330-Cas9-APC 5.3
pKF 73 APC131 pX330-Cas9-DCC_Ex1-1 5.8

Reporter Assay

The gRNA sequence from the pX330 vector was added to the P119 pFUS_C_Check reporter plasmid

carrying a dsRed sequence (rendering all transfected cells red) and a CRISPR target site including the

B —————————————
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protospacer adjacent motif (PAM) between two homologous incomplete eGFP sequences (Figure 30).
Upon transfection of cells expressing functional SpCas9 nuclease, the gRNA complexes with the Cas9
and travels to the endogenous target site but also to the one between the two homologous eGFP
sequences and induces a double strand break. In case of homology directed repair (HDR), the
homologous eGFP sequences will serve as templates, resulting in an intact eGFP. Succesful gene editing
on the plasmid by cleavage-induced HDR is thus visible by fluorescence microscopy. Gene editing of
the endogenous locus by the more frequent repair mechanism non-homologous end joining is

detectable using the TIDE tool (https://tide.deskgen.com/).

The clones 89, 92 and 93 were transfected with pX330-cCheck-TP53 and both the fluorescence
microscopy (Figure 31) and Tide analysis (Table 47) confirmed that all three clones generated a fully
functional SpCas9 protein that was able to cleave both exogenous DNA (plasmid) and endogenous DNA

and induce cellular DNA repair mechanisms.

Agel Agel Afel
eel fee T P119_pFUS_C_Check
— PGK—eGFP-target site—eGFP—pA |— CAG-dsRed—pA | SprR — 6717 bp
Smal Agel pX330-U6-Chimeric_BB-
| CBh-hSpCas9-MCS
AmpR H UB—gRNA H CAG—Cas9—pA
8543 bp
Agel

|
CAG—eGFP-target site—eGFP—pA

CAG-dsRed—pA |- PX330-cCheck with gRNA

= AmpR H U6—gRNA

7546 bp

Figure 30 Cloning strategy of generating a reporter system for cleavage efficiency of Cas9-expressing cells.
AmpR, ampicillin resistance gene; CAG, Chicken beta-actin promoter and cytomegalovirus enhancer element;
dsRed, red fluorescent protein gene isolated from Discosoma; eGFP, enhanced green fluorescent protein gene;
pA, polyadenylation signal; PGK, phosphoglycerate kinase promoter; SpnR, spectinomycine resistance gene; U6,
U6 promoter.

Table 47 Tide analysis of the clones 89, 92 and 93 transfected with pX330-cCheck-TP53.

Cells Vector Gene editing
efficiency

pKF 73 APC131 pX330-cCheck-TP53 ETOH 0

pKF 73 APC*311/Cas9 clone 89 P13 pX330-cCheck-TP53 ETOH 31.7

pKF 73 APC*311/Cas9 clone 92 P13 pX330-cCheck-TP53 ETOH 42.6

pKF 73 APC®3!1/Cas9 clone 93 P12 pX330-cCheck-TP53 ETOH 40.4
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Figure 31 Fluorescence microscopy of the clones 89, 92 and 93 transfected with pX330-cCheck-TP53.

A vector carrying only the gRNA was generated, eradicating the competing exogenous target site of
the cCheck plasmid (Figure 32) to efficiently compare the endogenous target cleavage efficacy in

SpCas9 expressing cells to cells where both SpCas9 and gRNA are delivered.

Pstl Pstl

pX330-cCheck

CAG—-eGFP-target site—eGFP—pA

CAG—dsRed—pA =

‘|~ AmpR fjU6—gRNA-TP53

7546 bp
Pstl
gRNA
AmpR HU6—gRNA-TP53—
3016 bp

Figure 32 Cloning strategy of the generation of a vector carrying only the TP53 gRNA sequence for transfection
of Cas9 expressing cells.

The clone 92 and pKF 73 APC*3Icells were transfected with pX330-cCheck-TP53 and gRNA-TP53 and
the wildtype cells additionally with pX330-Cas-TP53. Tide analysis (https://tide.deskgen.com/) showed

that the endogenous TP53 was cut more efficiently when the cells expressed Cas9, than when pKF 73
APCB1had to be transfected with both gRNA and Cas9 (Table 48). However, as the determined gene

editing efficiencies are dependent on transfection efficiency, gene editing in pKF 73 APC*3* transfected
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with pX330-Cas9-TP53 was here three fold better than in the experiment inTable 46. Also, as expected
the cleavage of the endogenous locus was improved, when the cells from clone 92 were transfected
with the gRNA-TP53, without the competing target site. Furthermore, the cutting efficiency was
influenced by the purification method of the DNA used. Plasmid DNA isolated using the plasmid DNA
purification NucleoBond® Xtra Midi (MACHEREY-NAGEL GmbH & Co. KG) without any additional
purification showed better cutting efficiency than those additionally purified using ethanol

precipitation.

Table 48 Tide analysis of wildtype cells and cells from clone 92 transfected with vectors carrying a gRNA
targeting TP53.

Cells Vector Gene editing Gene editing
efficiency [%] efficiency [%] EtOH

pKF 73 ApPC31 pX330-Cas9-TP53 30.1 19.5

pKF 73 APC131 pX330-cCheck-TP53 0 -

pKF 73 APCt311 gRNA-TP53 0 -

pKF 73 APC*311/Cas9 clone 92  pX330-cCheck-TP53  62.7 45.2

pKF 73 APC®11/Cas9 clone 92  gRNA-TP53 73 -

3.3.2.4 Nuclear transfer

All positive clones were used in nuclear transfer. The clones 4, 5, 22, 89, 92 and 93 were frozen and
pooled for the use in 20 nuclear transfers and subsequent embryo transfers of which none resulted in
the birth of APC*3?/Cas9 piglets. However, the clone 13 generated from wildtype pKFs resulted in birth
of viable Cas9 pigs.
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4, Discussion

Although mice are at the fore of mammalian research including modelling diseases such as cancer,
they do not always replicate the human pathology, reducing their predictive value (Mak et al, 2014).
The failure of many new drugs in clinical trials can be attributed to preclinical studies that fail to predict
safety and effectiveness in human patients (Justice & Dhillon, 2016; Ledford, 2011). Non-rodent
species such as pigs can provide additional information and improve the predictive value of preclinical
studies (Bahr & Wolf, 2012; Perleberg et al, 2018). Work with laboratory animals requires to "replace,
reduce and refine" their use whenever possible (Article 47 of Directive 2010/63/EU; National Center
for the Replacement Refinement & Reduction of Animals in Research, https://www.nc3rs.org.uk/). It
is thus important to ensure that all data gained is valuable and relevant to the disease studied. This is
best achieved with well-defined animal models that replicate relevant aspects of human pathology as
closely as possible. The APC®3! pigs, analysed in this work replicate hallmarks of human familial
adenomatous polyposis (FAP) and colorectal cancer (CRC) including adenomatous polyps in the
colorectum with loss of APC heterozygosity, B-catenin accumulation, upregulation of c-MYC, MAPK
pathway activation and progression to carcinoma in situ and phenotypic variation in polyposis severity.
More thorough characterisation of the model is required for use in translational biomedical research.
In this work transcriptional analysis of normal mucosa and polyps from the APC3!? pigs, was aimed to
identify elements in the genetic background such as single-nucleotide polymorphisms (SNPs),
dysregulated genes, gene sets and microRNAs (miRNAs) that may contribute to susceptibility towards
severe polyposis and tumour progression, respectively. This process should reveal both similarities to
human molecular pathology and novel markers for early detection and drivers. A holistic approach was
performed where whole mRNA and whole miRNA were sequenced using next generation sequencing
technology and computational analysis pipelines to compare expression and distribution of genes,
miRNAs and SNPs between high polyp and low polyp normal mucosa samples and between high grade

and low grade intraepithelial neoplasia.

Therefore, the identity of genes modifying this susceptibility towards severe polyposis was
investigated by comparative NGS-based expression analysis of mRNA and miRNA of normal mucosa
samples between LP and HP animals. The generated data were used not only for comparative gene
and miRNA expression analysis but also for gene set enrichment analysis, genome wide association
studies of SNPs and allele-specific expression analysis of SNPs to detect molecular changes associated
with severe polyposis of HP animals. The identification of modifier genes and the potential translation

to human, may allow early screening of these genes via novel NGS methods in the future. A possible
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screening method such as blood testing to identify individuals with susceptibility towards CRC could

make the patients more aware of the risk and allow better preventive health care services.

To further validate the porcine APC*3!! colorectal cancer model, comparative transcriptome analysis
was performed between low and high-grade adenomas of the animals. Differentially expressed genes
and miRNAs, SNPs and gene sets associated with high grade adenomas, were compared to human
data. Further analysis was conducted analysing gene expression from laser microdissected low and
high grade intraepithelial neoplasia, a study not yet performed in human, to identify drivers of CRC

development that are masked by stromal expression patterns.

Diseases such as cancer, including CRC acquire multiple mutations and cancer promoting alterations
over time. CRISPR/Cas9 technology was extended to the APC!3!! pigs, allowing spatio-temporal
knockout and mutation activation to model human CRC most accurately. SpCas9 (isolated from
Streptococcus pyogenes) was introduced into the ROSA26 locus of porcine kidney-derived fibroblasts
(pKFs) from APC*31! pigs to generate APC®3!! pigs that express SpCas9 ubiquitously to enable delivery
of guide RNAs to the polyps to induce knockouts of tumour suppressor genes and oncogenic mutations

by in vivo electroporation or adeno-associated viral vectors.

4.1 Characterisation of the porcine model for colorectal cancer by transcriptional

analyses using next generation sequencing technology

The identification of both known and unknown genes and SNPs that may contribute to polyposis
severity and CRC progression in normal mucosa and polyps of the APC?!! pigs respectively was
performed in a holistic blind search approach to allow both, the search for specific targets and
unknowns, at the same time. MRNA sequencing was preferred over genome sequencing because
MRNA sequencing can give information not only about mutations and SNPs located in coding regions
but also about changes in gene expression. Targeted analysis of DNA can follow later on.
Computational analysis of sequencing data can be performed using different algorithms available, but
transcriptional analysis of differential gene expression depends on alignment of sequenced reads to
the porcine genome and assignment to features in the shape of a gene or transcript variant. If reads
cannot be assigned to a feature in the shape of a gene or transcript variant they will not be compared
between the analysed groups, and thus not detected even if they are differentially expressed.

Furthermore, the lack and presence of different isoform annotations of a gene, influence
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computational analysis strongly and determine if a gene is significantly differentially expressed or not.
This is a disadvantage of mRNA sequencing compared to genome sequencing, specifically as the
porcine genome is less well annotated than the human genome. However, the data sequenced remains
extremely valuable, as the data can always be used at later time points for alighment to newer better

annotated genome assemblies.

4.2 Attempt to identify modifier genes on mRNA level

Different degrees of polyposis severity among familial adenomatous polyposis (FAP) patients have
been found to correlate in part with the site of APC mutation (Crabtree et al, 2002). However, variation
in polyposis severity in patients with the same APC mutation have also been observed in humans
evidencing the existence of modifier genes(Crabtree et al, 2002; Houlston et al, 2001). This severity in
polyposis is attributed to increased initiation events rather than accelerated progression (Crabtree et
al, 2001). Studies to investigate susceptibility towards colorectal cancer (CRC) have been performed in
humans by searching for SNPs that associate with diseased patients versus controls (Broderick et al,
2007; Tomlinson et al, 2007; Tomlinson et al, 2008; Whiffin et al, 2014). Two SNPs associated with
higher CRC risk (rs16892766 at 8923.3 and rs3802842 at 11g23.1) have also been found to associate
with more severe polyposis in FAP (Ghorbanoghli et al, 2016). Studies to identify modifier genes of
severe FAP have been analysed in mice by cross-breeding of different inbred strains carrying Apc"™
alleles rather than genome wide association studies (Karim & Huso, 2013). Modifiers such as modifier
of Min 1 (Mom1), Mom5, Mom7, Mom12, Mom13 and Pla2g2a have been identified but showed no
association with human FAP severity (Karim & Huso, 2013; Talseth-Palmer, 2017). This highlighted the
dependence of polyposis severity to the genetic background, thus the status of genes that do not
exhibit high penetrance and the need of other model organisms such as the APC**! pigs that may help

identify modifiers that associate with human polyposis severity.

Human studies to identify modifier genes have mainly been performed using blood samples and thus
only genetic analyses were possible searching for SNPs. The affected tissue, the colonic mucosa has
not been sampled, likely due to safety reasons as the sampling of supposedly normal mucosa might
pose a health risk for the patients. The use of the APC3!? pig model allows comparative mRNA or
miRNA sequencing analysis of colonic normal mucosa between animals with more and less severe

polyposis in FAP, that has not been conducted in humans.
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4.2.1 Gene expression analysis

MRNA Sequencing and two independent subsequent gene expression analyses of 16 high polyp (HP)
versus 19 low polyp (LP) normal mucosa samples from animals between 3-9 months identified the
genes CYP7A1 and SATB1 highly expressed and SFRP5 lower expressed in HP animals. The gene CYP7A1
was however the only gene significantly differentially expressed after multiple component testing
(adjusted p-value). Significantly higher CYP7A1 expression was confirmed using RT-qPCR. The reason
for increased expression of CYP7A1 was investigated by analysing cis regulatory factors such as SNP
analysis of 5742 bp 5’ of the ATG and CpG island (CGI) methylation status of two islands 3459 bp 5’ to
the ATG. 78 SNPs detected showed no significant association with either LP or HP animals. CGlI
methylation analysis however revealed significantly reduced methylation of CpG1 site in CGI2, which
may influence the binding capacities of the transcription factor (TF) families signal transducer and
activator of transcription 3 (STAT3), GLIS family zinc finger 1 (GLIS1), Ccaat/enhancer binding protein
beta (CEBPB) and GA binding protein TF alpha (GABPA). This may lead to increased transcription
activation in HP animals. Further by elucidating the gene structure, a skipping of exon 5 was identified.
The differential expression was observed in the transcript variant with exon 5. The frequency of
skipping might contribute to the differential expression. Therefore, Sanger sequencing of intron 4 was
performed but analysis was not possible. However, this region is clearly relevant for exon skipping and
needs to be thoroughly analysed with a new primer setup for Sanger sequencing. In Sanger sequencing,
the quality of the first 15-40 bp and after 700-900 bp is problematic due to primer binding and lack of
separation power of large fragments that differ in only 1 base. Heterozygous deletions or insertions
are very difficult to analyse, and quality is reduced even earlier. The previous set up of primer walking
where 700 bp fragments were sequenced from both sides with overlaps between fragments of 100 bp

was not sufficient. Shorter fragments of 400-500 bp are required to elucidate intron 4 sequence.

By laser microdissection, differential expression of CYP7A1 could be located to stromal rather than
crypt composing cells. However, the set of 12 samples (5 HP and 7 LP) was small and the expression of

the gene very low.

Cytochrome P450 family 7 subfamily A member 1 (CYP7A1) is a monooxygenase that catalyses bile acid
synthesis from cholesterol in the liver. SNPs and high hepatic CYP7A1 expression promote CRC via
increased bile acid synthesis that promote CRC development (Gadaleta et al, 2017; Hagiwara et al,
2005; Wertheim et al, 2012). Increased CYP7A1 expression in colon however has not been mentioned.
To determine whether CYP7A1 functions indeed as a modifier of FAP severity, it first necessary to
identify the origion of the increased CYP7A1 expression in HP animals. The identified increased CYP7A1
expression could be attributed to three different situations in the APC?3!! pigs. 1) The high CYP7A1

expression in HP could reflect ubiquitous high CYP7A1 levels (suggested by higher CYP7A1 levels in HP

e
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crypts (Figure 12)), causing also higher hepatic CYP7A1 expression leading to increased cancer-
promoting bile acids in the colon. To test this hypothesis RNA from other tissues including liver would
need to be analysed for CYP7A1 expression levels between HP and LP animals. 2) The CYP7A1
expression in the colon may exhibit an unknown carcinogenic effect inducing increased polyposis in
HP animals. 3) The increased CYP7A1 expression detected in the HP normal mucosa samples may be
caused by an increased immune cell infiltration, including macrophages that were associated with
CYP7A1 expression for cholesterol efflux (Bao et al, 2015), in response to severe polyposis. This
hypothesis was inspired by the observation of increased immune infiltration in analysed polyps (Figure
16) and literature where specifically alveolar macrophages showed high CYP7A1 expression in pigs
(Freeman et al, 2012). The third hypothesis, would however mean that high CYP7A1 is not a cause not
a cause but a consequence of high polyposis that also affects areas of the mucosa not closely
associated with polyps. To identify whether hypothesis two or three are more likely more
investigations including immunohistochemistry of normal mucosa samples are essential to identify

which cells of the stroma express increased CYP7A1 levels.

Further the analysis of other genes contributing to the classic synthesis pathway of carcinogenic bile
acids (deoxycholic acid and lithocholic acid) such as CYP8B1, CYP27A1 and HSD3B7 (Li & Chiang, 2014)
in the colon of HP and LP animals could elucidate, whether increased CYP7A1 expression contributes
to bile acids formation in the gut or whether the increased CYP7A1 expression found is independent

of bile acid synthesis.

4.2.2 Gene set enrichment analysis

Gene set enrichment analysis has revealed the expression of few genes enriched in HP versus many
gene sets enriched in LP samples. This is likely due to the fact that the LP group is more homogeneous
than the HP group. The gene set of oestrogen response was enriched in the HP group analysed using
pipeline 1 and even significantly with pipeline 2 (FDR< 0.25). Therefore, the distribution of male and
female animals in the HP and LP group was analysed. Contradictory to the initial hypothesis HP animals
were composed to 62.5 % of males (25% castrated; 37.5% non-castrated males) and the LP group to
26 % males (10% castrated; 16% non-castrated males). Meaning the HP group contained more non-
castrated males in number and in proportion than the LP group, however, the HP group also contained
more castrated males. Oestrogen signalling can exhibit a tumour-promoting, via oestrogen receptor a
(ERa), or a tumour-suppressing capacity via ERB (Caiazza et al, 2015). ERa levels in colon were generally
reported to be low and ERP the predominant oestrogen receptor, which is reduced during

carcinogenesis compared to normal mucosa (Caiazza et al, 2015). However, components of the
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oestrogen response gene set enriched in HP were JAK2, PDZK1 and SYBU. Activation of JAK2/STAT3
signalling exhibits oncogenic potential (Alvarez et al, 2006; Yu et al, 2014) and that it’s inhibition
induced apoptosis in CRC cells (Du et al, 2012). Increased JAK2 expression together with the reduced
methylation of a potential STAT3 binding site in CYP7A1 in the HP animals suggests oncogenic potential

through increased activation in the HP group.

4.2.3 Single-nucleotide polymorphisms

Genome-wide association studies identifying SNPs in humans have been carried out in CRC-diseased
patients compared to healthy individuals (Tomlinson et al, 2007; Tomlinson et al, 2008; Whiffin et al,
2014). The comparison of SNPs between pigs and humans specifically those outside of exons and even
more so outside of genes is difficult as non-coding sequences are not as conserved as those coding for
proteins. Nevertheless, SNP analysis was performed on the basis of the mRNA sequencing, comparing
SNPs found in transcribed regions of the porcine genome between HP and LP animals. For this analysis
the sequencing data was aligned to the Sscrofall.1 genome assembly. This was performed under the
premise that the novel assembly may have fewer gaps in the genomic sequence and possible incorrect

gene annotation is irrelevant for this analysis.

However, the analysis of SNPs on RNA level has to be performed with caution due to a rare
phenomenon in vertebrates called RNA-editing. These nucleotide substitutions occur mainly in
repetitive elements but can also occur in coding sequences (Ramaswami et al, 2012). Therefore, the
analysis of SNPs on RNA level should always be confirmed on DNA level as well, to avoid false positives

(Kamps et al, 2017).

4.2.4 Computational analysis

With the increasing ease and reduced costs of genome and transcriptome sequencing, it has become
a frequently used method for genome wide association studies but also gene expression experiments.
RNA sequencing in specific gives tremendous amount of information of the gene expression without
knowledge of the sequence. The management and analysis of these data has been tackled by the
invention of numerous different pipelines using different algorythms and software. However, no one
gold standard or consensus of analysis has been identified. The analysis of the data obtained by mRNA
sequencing in this work was performed using two different pipelines. The pipelines worked with the
same porcine genome annotation Sscrofal0.2 but different analysis algorythms and software were

used to process and analyse the data. Both pipelines omitted adapter clipping as it can alter the gene
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expression estimates (Williams et al, 2016). The main difference between the two pipelines applied
was the alignment method. Pipeline 1 utilising the STAR aligner (Dobin et al, 2013), performs alignment
of the reads directly to the genome, whereas pipeline 2 uses the pseudo alignment tool kallisto (Bray
et al, 2016). Here the reads are broken up into k-mers and assigned to transcripts. However, it has
been found that the alignment method does not necessarily have a major impact on the differential
gene expression analysis. The specificity, accuracy and true positive rate seem to be really determined
by the software utilised for the identification of the differential gene expression (Costa-Silva et al,
2017). Pipeline 1 used after duplicate marking (http://broadinstitute.github.io/picard) and gene
assignment (Liao et al, 2014) DESeq.2 (Love et al, 2014). Pipeline two applied after transcript
quantification sleuth software (Pimentel et al, 2017). Both software showed high specificity, accuracy
and true positive rates in comparative studies, although the DESeq.2 performed slightly better (Costa-
Silva et al, 2017). The application of more than one pipeline for differential gene expression analysis,
as performed here, was found beneficial for the increase of specificity and true positive rate of the

resulting differentially expressed genes (Costa-Silva et al, 2017).

4.3 Attempt to identify modifier genes on miRNA level

MiRNA sequencing was performed to identify other mechanisms that could cause differential protein
levels between HP and LP animals that cannot be visualised using mRNA sequencing. MiRNAs target
the 3’ untranslated region of mRNAs and induce mRNA degradation which reduces the number of
mMRNA and protein or translational repression of their target mRNA (Shirafkan et al, 2018). Here the
number of proteins is reduced but the mRNA amount is unaltered. It is believed that translational
repression is less common than mRNA degradation (Guo et al, 2010; Hendrickson et al, 2009).
However, miRNA-mediated translational repression cannot be detected by means of mRNA

sequencing and can only be discovered by miRNA sequencing.

MiRNA sequencing and differential expression analysis of 9 HP and 10 LP normal mucosa samples from
animals between 3-9 months revealed higher expression of miR-215 and 194b and lower expression
of miR-27a-3p and 146a-5p in HP animals. Only the increased expression of miR-215 was significant
(adjusted p-value < 0.05). The high expression of miR-215 and 194b was confirmed using RT-qPCR.
Even though miR-215 and 194b have been associated with tumour suppressor functions, miR-215 has
also been discussed to promote gastric cancer (Zang et al, 2017). Especially since no data of these early
events during carcinogenesis initiation are available, it is likely that miRNAs might exhibit oncogenic

and tumour suppressor functions at different time points during carcinogenesis. Additionally, in silico
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target analysis using all differentially expressed miRNAs with a p-value <0.05 (13 miRNAs) revealed
many cancer-associated pathways targeted. Also oestrogen signalling pathway was targeted by the
differentially expressed miRNAs according to in silico analysis. This is particularly interesting as gene
set enrichment analysis of the mRNA sequencing data, revealed oestrogen early response gene set

enriched in HP animals.

In this sequencing project, data analysis presented two differential expression tables. One table
contained all different isoforms. These isoforms are variants of mature canonical miRNAs and differ in
length and sequence by 1 or 2 bp at the ends or in the middle (Guo & Chen, 2014), which is very hard
to distinguish. Specifically, in the primer-based RT-gPCR distinguishability of the detected isoforms is
very difficult. Primers could bind sequences with a SNP easily, thus detecting not only one isoform but
several or all. As expression of canonical miRNAs and isoforms are strongly correlated as cooperative
partners (Cloonan et al, 2011), the second table listing all canonical miRNAs according to differential
expression of canonical and isoforms collectively was used for all analyses. This was also important for

the in silico target analysis as only stem sequences were selectable.

Further, just like mRNA sequencing, miRNA sequencing is limited by the quality of the annotated
mMiRNA database (MiRbase). The MiRbase release 22 documented 48885 mature miRNAs in 271
species. That includes 2654 mature miRNAs in homo sapiens and only 457 mature miRNAs in pigs
(http://www.mirbase.org/cgi-bin/browse.pl). This highlights that the annotation of miRNAs in pigs is
only about 1/5 of the human annotation, resulting in loss of differentially expressed miRNAs due to no
feature assignment. But again the data acquired by sequencing can always be reanalysed using newer

better annotated databases at later time points.

4.4 Analysis of tumour progression on mRNA level

Carcinogenesis, the development from normal tissue to an adenoma and even carcinoma is a multistep
process that is characterised by the acquisition of certain key properties or hallmarks. Genome
instability and increased proliferation are the first essential steps followed by the evasion of growth
repressors and apoptosis. The pathways essential for the acquisition of these properties such as WNT,
MAPK, TGFB and TP53 are well known. However, the factors that can modulate these pathways are
numerous. Therefore, targeted analysis for the identification for factors, was not possible especially
because there are factors that might contribute to carcinogenesis that have not yet been identified.
To perform a blind search for factors driving CRC carcinogenesis high grade (HG-IEN) and low grade

intraepithelial neoplasia (LG-IEN) were compared. The reduction of AHNAK in HG-IEN bulk samples and
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thus a reduced TGFp signalling indicates that the evasion of growth repression has already occurred in
HG-IEN compared to LG-IEN. Bulk sample analysis further revealed many genes lower expressed in HG
that were associated with the immune system. This can certainly be attributed to the infiltrating
immune cells that were detected in HG (Figure 16). However, as the immune related genes were lower
expressed, the immune infiltration in LG must be stronger or the immune cell composition is different.
One of the hallmarks of cancer is the evasion or repression of immune-mediated destruction. /L7 which
was significantly reduced in HG-IEN is an activation, growth and survival factor of T-cells (Shalapour et
al, 2012). Therefore, a reduction of IL-7 would suggest also reduced mature T-cells and thus a less
tumour suppressing immune milieu in the HG-IEN. However, the immune system is very complex and
many more immune associated genes such as /IL21, CD40 and IL20RA were found to be differentially
expressed. Therefore, it is certainly evident that the immune infiltration in HG-IEN differs from that in
LG-IEN. Whether the change can be associated with increased immune response or the acquisition of
immune repression requires more thorough analyses such as immunohistochemistry and flow

cytometry to characterise the infiltrating immune cells.

The differential expression analysis of laser microdissected LG-IEN and HG-IEN then presented a
different set of differentially expressed genes specifically excluding immune related genes that were
seen in the bulk samples. This analysis deducted all stromal gene expression and only the gene
expression coming from adenomatous epithelium were compared between LG and HG-IEN. Among
the genes higher expressed in HG-IEN were genes associated with anti-inflammatory activity
(SLC30A1), WNT regulation (SMARCD3) and p53 regulation and cell proliferation (VASHI).
Furthermore, the gene PLXND1 found highly expressed in HG-IEN, has been reported as highly
expressed in human tumours (Roodink et al, 2009) associated with epithelial mesenchymal transition
promoting invasiveness and metastasis (Casazza et al, 2010; Tseng et al, 2011). The results taken
together validate on molecular level the advanced stage of the HG-IEN compared to the LG-IEN and

present novel targets in treating CRC.

The genes differentially expressed in the HG-IEN compared to LG-IEN were numerous both in bulk and
in laser microdissected samples, specifically compared to the susceptibility study where normal
mucosa samples of HP and LP animals were compared. The cellular physiology is much more altered
at the stage of neoplasia. Therefore, differential expression can reflect on the altered growth and
differentiation properties (Fearon, 2011). Furthermore, many of the genes differentially expressed
may be downstream targets of oncogenes or tumour suppressor genes essential for the cellular

development of neoplasia, thus increase the amount of genes differentially expressed.
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4.5 Optimisation of the CRC model

Diseases such as cancer, including colorectal cancer (CRC) acquire multiple mutations and cancer
promoting alterations over time. To model CRC most accurately, animal models need to be generated
that allow spatio-temporal knockout and mutation activation. So far recombinase systems such as the
flipase-FRT (Flp-FRT) or Cre-loxP system have been utilised for sequential activation of mutations to
model cancers (Schonhuber et al, 2014). The design of different lox sites that can be recognised by Cre
recombinase enables multiple independent recombinations simultaneously (Sauer, 1996). Cre-
expressing mice and pigs have been generated to perform tissue-specific activation of knockouts or
mutations (Chen et al, 2010; Schonhuber et al, 2014). A drawback ofthis system specifically in large
animals such as pigs, is however, that the generation of both the conditionally mutated animal and the
particular Cre line is required, which is extremely time consuming in pigs. The CRISPR/Cas9 system is
much more flexible, and requires generation of only the Cas9 pig, with which all kinds of mutations
can be introduced. Further, it offers the opportunity to multiplex by the combination of the
endonuclease Cas9 with multiple different gRNAs (Cong et al, 2013). By administration of the gRNAs
at different time points, the CRISPR/Cas9 system also allows time specific activation of mutations and

knockouts.

A Cas9 expressing mouse was generated in combination with and without the Cre-loxP system (Platt
et al, 2014). Thus, Cas9 expression is Cre-dependent. The potential of the model was shown by lung
tumour induction by administering gRNAs targeting the three most frequently mutated genes in lung
cancer by adeno associated viral vectors (AAVs). To expand this technology also to pigs, to enable
acceleration of the CRC carcinogenesis and to better model CRC dynamics, Cas9 was introduced into
the genome of somatic cells from an APC®3! pig with the aim to generate APC**!1/Cas9 pigs by nuclear

transfer.

When introducing any transgene into the genome, it has to be made sure that the integration does not
disrupt any essential genes. This is not only important for avoiding lethality caused by disruption of
essential genes but also omitting phenotypes mediated by the mere introduction of a transgene.
Therefore, Cas9 was introduced by gene targeting into the porcine ROSA26 locus. The Rosa26 locus
has first been identified in mice (Friedrich & Soriano, 1991) and has quickly become the locus of choice
when introducing transgenes in mice. The Rosa26 gene does not translate into protein and targeting
intron 1 of this locus resulted in viable fertile animals with constitutive ubiquitous expression of the
integrated transgene (Zambrowicz et al, 1997). Silencing of transgenes integrated into the Rosa26

locus has not been reported so far. Homologues, sharing the same properties, have been identified in
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both human and pig (Irion et al, 2007; Kong et al, 2014; Li et al, 2014). Thus, viable, gene targeted pigs
were generated by transgene introduction into the ROSA26 locus (Kong et al, 2014; Li et al, 2014). In
this work Cas9 was introduced into the porcine ROSA26 locus via gene targeting using a promoter trap

vector.
4.5.1 Generation and analysis of Cas9 targeted clones

Gene targeting via homologous recombination (HR) in murine embryonic stem (ES) cells has been very
efficient (Capecchi, 1989). In pigs, however, no equivalent cells exist (Nowak-Imialek & Niemann,
2012). Gene targeting in pigs has to be performed in somatic cells, where HR is less efficient. Gene
targeting using homologous arms that mediate homologous recombination of the vector and the

genomic ROSA26 locus was combined with the promoter trap strategy (Friedel et al, 2005).

A neomycin resistance gene (neo) with a splice acceptor (SA) was placed between the homologous
arms of the promoter trap vector. As mice expressing CAG-controlled SpCas9 (isolated from
Streptococcus pyogenes) showed no Cas9-associated toxicity (Platt et al, 2014), CAG- driven SpCas9
was also placed between the homologous arms and behind the SA-neo-polyA construct resulting in

the GEMT-Rosa26-Neo-Cas9 vector.

Porcine kidney fibroblasts from APC™!! pigs were isolated and targeted using the linearized GEMT-
Rosa26-Neo-Cas9 vector to further increase HR (Kucherlapati et al, 1984). PCR and subsequent
sequencing of the PCR product of the 5’ junction and 3’ junction between endogenous locus and the
cassette introduced, showed correct targeting. Southern blot and digital droplet PCR gave discordant
results. Cell clones were characterised on mRNA and protein level, showing correct splicing, sufficient
expression and protein translation of fully functional SpCas9 nuclease, capable to traffic into the

nucleus, evidenced by TIDE analysis (https://tide.deskgen.com/). All four cell clones were used for

C'31! mutation

nuclear transfer to generate SpCas9 expressing pigs. The cell clones carrying both an AP
and SpCas9 expression have failed to generate a viable pig, while the clone 13, that only expresses

SpCas9 resulted in a viable Cas9 pig.

While the Cas9 expressing pig was being generated, a Cre-dependent SpCas9 expressing pig was
generated by a Chinese group (Wang et al, 2017) and proved that the Cas9 pig is a very powerful tool
to generate porcine tumour models. They induced lung tumours by generating gRNAs targeting well
known tumour suppressor genes including genes that were also targeted in this work TP53, APC and

PTEN.
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4.,5.2 Application of APC*311/Cas9 pigs

The use of Cas9 pigs alone enable more accurate modelling of human diseases specifically for diseases

such as cancer.

An APC®31/Cas9 pig, that can be generated by breeding the SpCas9 pig to the APC*3! pig, will therefore
enable a more accurate modelling of CRC and accelerate the carcinogenesis by sequential introduction
of mutations into polyps in vivo. Such site specific introduction of mutations or knockouts in polyps
can be achieved by in vivo electroporation and injection of the gRNA DNA sequences and single-
stranded oligodeoxynucleotides (ssODNs) into the polyp. Once this will have led to full recapitulation
of the human CRC carcinogenesis to an invasive carcinoma, the APC*3!!/Cas9 pig can be used for testing
gene therapy to stop or reverse the process of carcinogenesis. This could be done by tissue specific or
global application for gRNAs with ssODNs to correct CRC-causative mutations. Tissue specific and
global delivery of gRNAs is more challenging than site-specific administration, but can be accomplished

by the use of adeno associated viral vectors (AAVs).

Successful gene therapy in disease models is aimed at the application in humans that could allow
correction of oncogenic mutations such as spontaneous but also hereditary APC mutations (Cooney et
al, 2016; Steines et al, 2016). The CRISPR/Cas9 is a potential tool for gene therapy. However, the
problem of off-target cleavage of the widely used Streptococcus pyogenes-isolated Cas9 (SpCas9)
remains a safety risk (Cradick et al, 2013; Frock et al, 2015; Fu et al, 2013; Hsu et al, 2013; Kim et al,
2015; Pattanayak et al, 2013; Tsai et al, 2015). To reduce these off-targets the SpCas9 enzyme has been
modified in their amino acid sequence rationally or randomly, resulting in novel versions of Cas9,
SpCas9-HF1, eSpCas9(1.1), HypaCas9 and evoCas9 (Casini et al, 2018; Chen et al, 2017; Kleinstiver et
al, 2016; Slaymaker et al, 2016). Comparison to the unmodified SpCas9 showed that off-target activity
was markedly reduced. Therefore, for gene therapy one of the optimised Cas9 enzymes are more likely

to be used.

However, for gene therapy use in humans using the CRISPR/Cas9 system, not only the gRNA and
ssODNs would need to be delivered but also the enzyme itself. AAVs can be utilised for this purpose,
however, they have a limited capacity of 4.7 kb in wildtype AAVs and up to 6 kb for AAVs with only 2
capsid subunits (Grieger & Samulski, 2005). SpCas9 and the modified versions of about 4000 bp are
quite large, together with regulatory elements, gRNA and ssODN sequences breaching AAV capacity.
Recent development of intein-mediated split-Cas9 and discovery of a smaller Cas9 orthologue isolated
from Campylobacter jejuni (Kim et al, 2017; Truong et al, 2015), allow better AAV-mediated delivery.
Therefore, the optimisation strategy of reducing off-target activity needs to be applied to these smaller

versions and tested in animal models for diseases in order to make gene therapy a possibility.
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5. Final remarks and outlook

This work has generated a vast amount of data and selected results require further validation and

investigation.

Using Next generation RNA sequencing genes and miRNAs differentially expressed between APC?3!
pigs with severe polyposis or very few polyps were identified. These potential modifiers of polyposis
severity CYP7A1 and miR-215 and 194b that were validated using PCR-based methods require further
analysis to determine their functions in polyposis severity. In silico analyses have revealed connection
to the oestrogen signalling in both the results of mMRNA and miRNA sequencing. However, the CYP7A1
expressing cell compartment has to be identified viaimmunohistochemistry and its tumour promoting
potential by increased bile acid production in the colon needs to be evidenced via bile acid analysis in
the colon. The targets of miRNAs miR-215 and 194b need to be analysed in vitro and their contribution
to polyposis promoting pathways need to be validated. The SNPs differentially distributed and
expressed, also require further analysis elucidating their function on gene expression or miRNA
expression and on cellular processes. Once, mechanisms are confirmed and better understood, these
findings might be translatable to human CRC research, where the knowledge obtained may help screen

patients for susceptibility factors and to provide susceptible patients with better preventive care.

The identification of genes and miRNAs differentially expressed between HG-IEN and LG-IEN by RNA
sequencing in this work helped validate the potential of the porcine model to replicate molecular
changes of human CRC and to identify novel drivers of CRC that mediate the progression from LG to
HG-IEN. The data revealed that the change of immune cells in the stroma of IENs may mediate the
progression. However closer immunological analyses including determination of the identity of the
immune cells in LG and HG-IEN stroma by immunohistochemistry is vital for the understanding of this
process. MiRNAs with higher expression in HG-IENs need to be analysed in vitro to identify their targets
and their role in CRC progression. By RNA sequencing analysis of laser microdissected LG and HG-IEN,
highlighted the influence of the tumour stroma and identified potential novel drivers of CRC such as
PLXND1 that was masked when hole polyps were analysed. Analysis of its migration and invasion-

promoting properties require validation by in vitro migration assays.

The improvement of the APC*3!! pig by crossbreeding with the SpCas9 pig generated during the time
span of this work, will allow better modelling of human CRC and FAP by sequential introduction of
oncogenic mutations via administration of gRNA locally or with adeno associated viral vectors. But also
it will help to better understand the disease progression and to identify which potential driver

mutation are really essential for the progression to CRC.
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Appendix

Appendix

10.1 Wizard® SV Gel and PCR Clean-Up System

Wizard® SV Gel and PCR Clean-Up System

INSTRUCTIONS FOR USE OF PRODUCTS A9230, AG2A1, ANZS2, AND A92E. PROTOGOL

Gel Slice and PCR Product Preparation
A. Dissolving the Gel Slice

1. Following electrophoresis, excise DNA band from gel and place gel slice ina
1.5ml microcentrifuge tube.

2. Add 1oyl Membrane Binding Solution per10mg of gel slice. Vortex and
incubate at 50-65°C until gel slice is completely dissolved.

B. Processing PCR Amplifications
1. Addan equal volume of Membrane Binding Solution to the PCR amplifi cation.

Prapare gal slice
or PCR product.

mixture or prepared
PCH product to SY
Minicolumn assembly.

Binding of DNA
1. Insert SV Minicolumn into Collection Tube.

2. Transfer dissolved gel mixture or prepared PCR product to the Minicalumn
assembly. Incubate at roomtemperature for 1 minte.

3. Centrifuge at 16,000 gfor 1 minute. Discard flowthrough and reinsert -T

Cantrifuga.

]
}
ﬁ Add dissolwed gel
14-

Wash, removing solution

Minicolumn into Collection Tube. by centrifugation.

Washing

4. Add 700pl Membrane Wash Solution (ethanol added). Centrifuge at 16,000 = g
for 1 minute. Discard flowthrough and reinsert Minicolumn into Collection l
Tube. =
5. Repeat Step 4 with 500ul Membrane Wash Solution. Centrifuge & 16,000x g '=~u_,—'-
TOr fe=FRiitg= 2 Min 3 min “1 Elute DNA.
6. Empty the Collection Tube and recentrifuge the column assermbly for +=reme |
with the microcentrifuge lid open {or off) to allow evaporation of any residual !
ethanal.
Elution
7. Carefully transter Minicolumn to a clean 1.5ml microcentrifuge tube.
8. Add & of Nuclease-Free Water to the Minicolurmn. Incubate at room 30 ul of 65 °C 3
temperature for 1 minute. Centrifuge at 16,000 = gfor 1 minute. warm water 5
9. Discard Minicolumn and store DHA at 4°C or —20°C. B
Additional pratocal information is available in Technical Bulletin #T B308, availahle online at:
WWW,[IDMEE Com
ORDERING/TECHNICAL INFORMATION:
www. promega.com # Phone 608 -27 4-4330 or 800-356-9526 = Fax 603-277-2601 m“ega
@ 2002, 2004, 2005 and 2009 Promega Corporalion. &1l Rights Reseved. Printed in LS4, Revised 11/09

Farl #9FB072
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B —————————————
10.3 Sequencing analysis of the Cas9 targeted clones

Sequencing analysis of PCR amplification across the 5’ junction of the vector and the target site using

the primer Rosa26 I1 F2 and Rosa26 Loc2R of the clones 89, 4, 93, 5, 92 and a positive control (from

top to bottom) was performed using R26_SA_Seq_R1.

emelleem ) e T T
tcgattatgggc gggattcttttgeectggettaacctgattettgggcgttgtectgeageggattgageaggtatacgaggacgageecaattctetatatteccacagtettgagtttgtgteacaaaataa
e of pRosad.genomic_Las

template sequence Copy of Copy of Copy of pRosaZb_genomic_Casd

TTATGGGC GGG= TTCTTTTGCCCTGGCTTAACCTGATTCTTGGGCGTTGTCCTGCAGGGGATTGAGCAGGTGTACGAGGACGAGCCCAATTTCTCTATATTCCCACAGTCTTGAGTTTGTGTCACAAAA

igned sequence FRI1966794_FR11966794_89_superR265ASeaR]_ (FR11966794_FR11966794_89_superR265ASeaR! e FR11966794_FR11966794_89_superR26SASeqR 1. (FRI1966794_FR11966794.8

A WA A AW

D]

CGTAGTTTATGGGCGGGTTCTTTTGCCCTGGCTTAACCTGATTCTTGGGCGTTGTCCTGCAGGGGATTGAGCAGGTGTACGAGGACGAGCCCAATTTCTCTATATTCCCACAGTCTTGAGTTTGTGTCACAAAATAA

igned sequence FRI1966791 FR11966791 4. R265ASeqRl_super (FR11966791 FR11966791 4. R265ASeqRl_super gned sequence FR11966791 FR11966791 4. R265ASeR1_super (FR11966791 FR11966791 4

2o o g YOO 0000
GCCCATTATGGCCt GATTCTTTTGCCCTGGCTTAACCTGATTCTTGGGCGTTGTCCTGCAGGGGA TGAGCAGGTGTACGAGGACGAGCCCAATTTCTCTATATTCCCACAGTCTTGAGTTTGTGTCACAAAATAA

aligned sequence EFORE49022_EF0R849022 (EFODE49022 EF00849022 ab ned sequence EFOR849022_EF00849922 (EF0PBA9D22_EF00849022.abl)

TATGGGCGGGGGTTCTTTTGCCCTGGCTTAACCTGATTCTTGGGCGTTGTCCTGCAGGGGATTGAGCAGGTGTACGAGGACGAGCCCAATTTCTCTATATTCCCACAGTCTTGAGTTTGTGTCACAAAAT

aligned sequence FR11966732FR11966792.5_ R26SASeqR1. super (FRI1966792_FR11966792.5. R26SASeqRl_super.abl) ned sequence FR11966792_FR11966792_5_ R265ASeqRl_super (FR11966792_FR11966792_5

CATAAATAGGCATCCTGTCGCGCTGTCATGCAGT! TGAGCAGGTGTACGAGGACGAGCCCAATTTCTCTATATTCCCACAGTCTTGAGTTTGTGTCACAAAATAA

aligned sequence FR11966767_92_R2611F2 (FRI1966767_92_R2611F2.ab1) ned sequence FR11966767_92_R2611F2 (FR11966767_92_R2611F2.ab1)

+ control

CACACTCAAACGGTCGTGACTGCA

aligned sequence FR11966770_74_R2611F2 (FR11986770_74_R2611F2.ab1) gned sequence FR11966770_74 R2611F2 (FR11966770_74_R2611F2.abl)

ttatagtggggtggagatgggaaatgagtccaggcaacacctaagcctgattttatgcattgagactgcgtgttattactaaagatctttgtgtcgcaatttcctgatgaagggagataggttaaaaagcacg
short am w

tewplate sequence Copy of Copy of Copy of pRosa26._genomic_Casd

TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGATTTTATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTCGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

_superR265ASeaR] _ RI1966794_FR11966794.89_superR265ASeaR] . (FR11966794_FR11966794_89._superR;

TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGATTTTATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTCGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

- R265ASeqR1_super RI1966791_FR11966791_4. R26: _super (FR11966791_FR11966791 4. R265ASeqR1_super . ab}

TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGATTTTATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTéGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

sequence £F 00849022 EF00849022 (EF00849022 EF 00849922 ab)

TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGATTTTATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTCGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

R26SASeqR]_super . ab1) sequence FRI1966792_FR11966792.5. R265ASeqRl super (FR11966792FR11966792.5. R265ASeqR)_super .abl) -

LAADLQN X
TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGA TTTATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTCGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

sequence FR11966767_92 R2611F2 (FR11966767_92_R2611F2.ab1)

TTATAGTGGGGTGGAGATGGGAAATGAGTCCAGGCAACACCTAAGCCTGA T ATGCATTGAGACTGCGTGTTATTACTAAAGATCTTTGTGTCGCAATTTCCTGATGAAGGGAGATAGGTTAAAAAGCACG

sequence FR11966770_74_R2611F2 (FR11966770_74_R2611F2.3b1)

B —————————————
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Sequencing analysis of PCR amplification across the 3’junction of the vector and target site 3’ LR PCR
using the primer Cas9_3'LR_forl and Rosa26 13 R2 of the clones 92, 93 and 89 was performed using
Rosa26 13 R2.

caagatcccaacttctcttaatcecagggaggtgtttaggttatttcaattectactgttageaaagact ttctgeaacaggaaaagcaactaaggatgaatagtgaccaagagtaaacaagaatttacatgaagtttttaatt cagttctctagt atcaccacctttetgtactga
REGLALR. S
= Eaon 3 0
= Tong arm 0 Jong arn
template seqoeece Copy of pRosaZs. genoeic. Cas) tomplate sequence Copy of phosadd_genmic.Cast

92 Sttt ot Wl e

=m==ommmoooome e oo - -~ AGAGAAAGGGGGT TTAGGGTTATH TTCMTTCCTACTGTTAGCMAC\ACTTTCTGCMCAGGMMGCMCTMGGAIGMTAGTGACCMGAGTAMCAAGAATTTACATGAAGTTTTYAAYTCMAGACATCAGYTCTCTAGTAMGAAGCCCMACATCACCACCTTTCTGTACTGA
aligned sequence EF00587960_E700S83968. 32 ROLALRSeq (EFBRSEITE0_EFOOSE9sti e EFOSEIHA_ETONSHIYER_I2 R2GLALRSRq (EFONSAISGN.EFONSA168. 92 K

53 ot Pl vt

] CCTACTGTTAGCAAAGACTTTCTGCAACAGGAAAAGCAACTAAGGATGAATAGTGACCAAGAGTAAACAAGAATTTACATGAAGTTTTTAATTCAAAGACATCAGTTCTCTAGTAAAGAAGCCCAAACATCACCACCTTTCTGTACTGA

-TATCGGGGAGGTGTTTAGGTTATTT
aligned sequence EF00583963_EF 00583963 93 ROBLALRSeq (EFOESEIE3 EFONSE996) 53 ROSLALRSeg, b goed equence FO9567961_EFNS9963.9)_RAGLALRSq (EFOUSHI93 EFOR581961.9).1

89 \ f
L m m bl il m | mmmmnmmmmmmmummnunt

tatattaatctgastaacaggtacatat tatgatttttasggcagatagtasact ttcccatagatcttaggagat tigatet tgtogtggggeaageact gttttacagtact teatttttttasaggteaggtasagaacctgaccaactasatatcaaagetgtatgggeaatgasatgtaaccteatcctetgatt
‘tenplate sequence Copy of pRosazs_genomic Casd ‘template sequence Cony of phosalh_genomic Casd

TGTATTMTCTGMTMCAGGTMZATATTATGA MGGCAGAT&STMACTTT CCCATAGATCTTAGGAGATTTGATCTT GTCGT GGGGCMGCACTGTTTTACAGTGCTTCATTTTTTTAMGGTCAGGTAAAGMCCTGACCMCTAMTATCMAGCTGTAYGGGCMTGAMTGTMCCTCATCCTCTGATT

igred saquance EFONSEVIN_EFMNBNIT6N.92 RIELALRSeq (ETONSE9960_EF0OSAI960.02 224 MLRSeq.

TGTATTMTCTGMTMCAGGTACATA'I'[ATGA MBGCAGAT%TAMCI'IT CCCATAGATUTAGGAGATFTGATCH GTCGT GGGGCMGCACTGTTTTACAGTGCTTCATTTTTTTAMGGTCAGGTMAGAACCTGACCAACTMATATCMAGCTGTATGGGCMTGMATGTMCCTCATCCTCTGATT
igred sequence ©

| EFORS39361 91 RISLALRSeq (EFOIS3936)_EFR0589961 31 RISLALRSeq gred sequence EFONSEYNG)EFIGHI96).9) R2ELALRSeq (EFONSEI9E).EFO058996).9) R2AL

TGTATTMTCTGMTMCAGGTACATATTATGA AAGGCAGATGGTAAACTTTCCCATAGATCTTAGGAGATTTGATCTTGTCGT GGGGCMGCACTGTTTTACAGTGCTTCATTTTTTTAMGGTCAGGTMAGMCCTGACCMCTMATATCMAGCTGTATGGGCMTGAMTGTMCCTCATCCTCTGATT

EFA0589953 EFO0RS89959_89 ROSLALRSeq (EFONSH9959_EF 00583959 85 ROSLALRSeq. ab1) jged saquence EFONSEYFSH.EFNSHI90. B9 RZELALRSeq (EFONSEYDSH.EF 00549509 R26LALISeq, ab

Hamla
at| aaaaataaaatttctttaaatatggttg!tggtcgcata:tlcatl:tacaaggctctltgcltl:1attla:aaatagaaa!glctalttagm:I:aaaactctgcctttcaattaggctagggr.agcum.m.u;um.agngua;
sequence Cipy of posals_genonic Lasd

tewplate sequence Copy of phosadé_gevomic_Casd

¢ A A% LA P
AYGAAAMYMAAYTTCTTYMATATGGCYTGTTGGTCGCAYACTTCAYCTACM[.C(TCYTT(ITT CYATTTACMATA(;AMYGTC'IAYTTAGTTCTMMCTCTGCCTTTCMTYAG(ITAGGGTAGCTTTCCAC(’:’L G!FIA Gl ” WWWWE

(gved sequence (IS990 EFORMIINA. 02 MG KSeq (EFISHTINA EFIISHINA. Y

ATGMAMTMMTTTCTTTAMTATGGCTTGTTGGYCGCATACTTCATCTACMGBCTCTTTGCTT CT ATTTACAMTAGMATGTCTATTTAGTTCTMMCT CTGCCTTTCAATTAGGCTAGAGTAGTTTTTCCCACCCTGAAAGCGCAGGACAGCCGGGEGTAGTGGTGGCAAGACAATAGCAGGCATGCCGCGGA

gved sequence EFIISHYI) EFONIAING)_ 0] RALIRSen (EFODSAIIE EFROSANEI 93

R2ALRSeq, 1) ‘sequence £FORSE3963 EFONSII6) 51 RIBLALRSeq (EFINSH956) EFROSHS6 53 RISLALRSeq. 3b1)

ATGMMATMMTTTCTTTMATAYWTTGTT(LTCGCATACTTCATCTACMMCTCYTTC{TTCTATTTACAMTMATGTCHTTTAGTTCTMMCT CTGCCTTT CMYTAGGCT \TTGGAAAGACAATAACAGGCATGCTGTGGG
gned sequence £FRS49359.EFO0SHIISH_ID RIHMKSe (1 9 EFOISHSY59_19_RORLALRSeq (EFISH9359_EF 005454599 ROSALRSes. ab1)
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Sequencing analysis of the RT-PCR amplification from exon 1 of ROSA26 locus to the neomycin
resistance gene using the primer Rosa26 E1 F1 and Rosa26 Loc2R and Rosa26 Loc3R of the clones 93,

92 and 89 was performed using the primer Neo_colony_R1 and Rosa26 Loc3R.

-------------------- gggccgcctagagaagaggctgtgctctggggctccggctcctcagagagcctcggctagctcgcggttgaggacaaactcttcgcggtctttccagtggggatcgacgg
© SRosa26 Rl ROSAZ6 SAR

Exon 1 3283 Exon 1 Splice Acceptor

T RS VR

tesplate sequence R26 Exl-Neo

----------------------- TCGCCTAGAGAAGAGGCTGTGCTCTGGGGCTCCGGCTCCTCAGAGAGCCTCGGCTAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGGGATCGACGG

gned sequence FR1I2945443 (FR12945443.3b1)

CAGTTTATTTTTTGCGCCACGCCTCGCCTAGAGAAGAGGCTGTGCTCTGGGGCTCCGGCTCCTCAGAGAGCCTCGGCTAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGGGATCGACGG

gned sequence FR12945442 (FR12945442.3b1)

-------------------- GGATCGCCTAGAGAAGAGGCTGTGCTCTGGGGCTCCGGCTCCTCAGAGAGCCTCGGCTAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGGGATCGACGG

gned sequence FR12945441 (FR12945441.ab1)

tatcgaagatgatatcgecgecaccatgattgaacaagatggattgcacgecaggttctecggecgettgggtggagaggetatteggetatgactgggea
NeoProbe_F1

Splice Acceptor € Kozak it £

tesplate sequence R26 Ex1-Neo

TATCGAAGATGATATCGCCGCCACCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCA

gned sequence FR12945443 (FR12945443.ab1)

TATCGAAGATGATATCGCCGCCACCATGATTGAACAAGAfﬁGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCA

gned sequence FRI2945442 (FR12945442 ab1)

TATCGAAGATGATATCGCCGCCACCATGATTGAACAAGATGGATTGCACGCAGGfTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCA

gned sequence FR12945441 (FR12945441.ab1)

5 0 R RS R RN SR AR SRR R R R RS EREE

caacagacaatcggcetgetetgatgecgeegtgttecggetgtcagegeaggggegeccggttetttttgtcaagaccgacctgtecggtgecctgaatg
Neo_colony_R1

= Heomycin =
template sequence R26 Exl-Neo

CAACAGACAATCGGCTGCTCTGATGCQ?CCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATG
igned

sequence FR12945438 (FR12945438. al

20X
CAACAGACAATCGGCTGCTCTGATGCSFCCGTGTTCCGGCTGTCAGCGCAbuubLuLLLbulILI||llblLAAGACCGACCTGTCCGGTGCCCTGAATG

e FR1I2945439 (FR12945439

CAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATG

<amuence FR17Q45437 (FR1Q45437 3h1
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R N N R N RN N RN R R EE R R R R RN R R R N RRSENRH]

aactgcaggacgaggcagcgeggctategtggetggecacgacgggegttecttgegeagetgtgetcgacgttgtcactgaagegggaagggactggct

= Neomycin 04
template sequence R26 Exl-Neo

AACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCT

ligned sequence FR12945438 (FR12945438.abl1)

AACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCT

aligned sequence FR12945439 (FR12945439.abl)

AACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCT

aligned sequence FR12045437 (FR12045437.ab1)

T T T T T T T T T e e e e e e e e e e e e e e e e e e e e e

gctattgggegaagtgecggggeaggatctectgteateteaccttgetectgecgagaaagtatecatcatggetgatgeaatgeggeggetgeatacg

=3 Neomycin >
tesplate sequence R26 Exl-Neo

MMM W WAV AAAMW ANV MAAARA AN WA AN

GCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACG

sequence FR12945438 (FR12945438.

GCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACG

aligned sequence FR12945439 (FR12945439.abl)

AN VW WNIMANNAAVYANMAAANYMNAAMVANAANNWVAWAAAANAN NNV

GCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACG

aligned sequence FR12945437 (FR12945437.abl)

cttgatccggectacctgeccattcgaccaccaagegaaacatcgeatcgagegageacgtactcggatggaagecggtettgtegatcaggatgatetgg
= Neomycin B

template sequence R26 Exl-Neo

AAAA‘AAAAAAA‘AAAAA‘AA‘AAAA‘AA‘L‘AALAAA‘A‘AA‘AAA“AA‘AA‘AAIAAA‘AAAAAAAAIA‘AAA‘AAAA‘AAA“IAAAAA“AAAA

CTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGG

aligned sequence FR12945438 (FR12945438.abl)

VW MW WA, A‘l‘tA‘lAA‘I‘Al‘A‘A"AA“A‘AA‘IAA‘AA“AA“‘A‘lA"lllt‘il“‘ll“““lll]

CTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGG

aligned sequence FR12945419 (FR12945439 ab1)

AAAYMAMAANMAN WA WAAAAAANAAANANANNWAAANNNAMANNAAMAAAANN WA IAAA

CTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGG

sequence FR12945437 (FR12945437.ab1)
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0 B N B N RN AR NN AR NS RN RRR SRR
acgaagagcatcaggggctegegecageegaactgttegecaggetcaaggegegeatgeccgacggegaggatctegtegtgacccatggegatgectg
» Neomycin 4

template sequence R26 Exl-Neo

mnhhlhmnun.ﬂmm.mumhlmmmmhmmummmﬂuhmmhunnnlm

ACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTG

aligned sequence FR12945438 (FR12945438.abl)

mmmMMMmMmmmMmMmMMMMMmmmmMMMMMmMMm

ACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTG

aligned sequence FR12945439 (FR12945439.ab1)

AMAWWAWAAAAAAN WA AN AN WAANAAANAAANAVAAAAN WAAAAAAAA AR A WA

ACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTG

gned sequence FR12945437 (FR12945437.ab1)

OO A A O A A A O A O e o e
cttgeecgaatatcatggtggaaaatggecgettttetggattcategactgtggecggetgggtgtggeggacegetatcaggacatagegttggetace
) Neomycin »

template sequence R26 Exl-Neo

mnMumumnMMmthmnMLmumhmnmhMMMnmhmnmnmnm1

CTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACC

gned sequence FR12945438 (FR12945438.ab1)

Ao e A

CTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACC

aligned sequence FR12945439 (FR12945439.ab1)

MAAMWAAAAAMAVAMMA WA WA WAAANAAAAMANAMAN AW

CTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACC

aligned sequence FR12945437 (FR12945437.ab1)
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Gel electrophoresis and sequencing analysis of the endogenous ROSA26 locus of the clones 89, 92 and

93 using t

he primer Rosa26 |11 F2and Rosa26 11 R3.

ctcaattaagattggagagcaggggttactagaattctttttcaggttecttatatgettetgatttggtggectagaaatcacaatgetagtgeageccteatggggctacagtatacgtatetgaaacatgattacatcagggaaactgtatg

short arm

===GGACGTAGATGGAG

QM’ |

short arm

tesplate sequence pfosaZé_genomic_short

-=GGACGTAGATTGA

S

~=-GGACGTAGATGGAGAGCAG

wt I8
co I\

===GGACGTAGATGA

AGAGCAGGGGTTACTAGAATTCTTTTTCAGGTTCCTTATATGCTTCTGATTTGGTGGCCTAGAAATCACAATGCTAGTGCAGCCCTCATGGGGCTACAGTATACGTATCTGAAACATGATTACATCAGGGAAACTGTATG
ned sequence 2

627592 (EF00536

i
ANV A
.V

J A \
AGAGCAGGGGTTACTAGAATTCTTTTTCAGGTTCCTTATATGCTTCTGATTTGGTGGCCTAGAAATCACAATGCTAGTGCAGCCCTCATGGGGCTACAGTATACGTATCTGAAACATGATTACATCAGGGAAACTGTATG

ned sequence £

tctaatctactttgtccctaaaggaagcattttgaaaggcagaaagtaatatgtgatagtttttgaaacttgtaggtcacattgtttttaaaagggatcc
tenp

ate sequence piosali_gencmic 3

TCTAATCTACTTT&TC::CTAAAGGMGCATTTTGAAAGGCAGAAAGTMTATGTGATAGTTTTTGAMCTTGTAGGTCACATTGTTTTTMAAGGGATCC

274_EFOQ536274_83 (EFOR536274_EF00536274_89

fﬁ".

TCTAATCTACTTTGTCCCTAAAGGAAGCATTTTGAAAGGCAGAAAGTAATATGTGATAGTTTTTGAAACTTGTAGGTCACATTGTTTTTAAAAGGGATCC

aligned sequence EFGR535275_EFGAS36275 52 (EFBRS3S2TS_EF00536275_02.ab1)

Hm
| AW
0.

TCTAATCTACTTTGTCCCTAMGGAAGCATTTTGAAAGGCAGAAAGTAATATGTGATAGTTTTTGAAACTTGTAGGTCACATTGTTTTTAAAAGGGATCC

aligned sequence EFR0535276_EF@9536276_53 (EFOR536276 _EFO0516276_91.abl)

TCTMTCTACTTTGTCCCTM}\GGAAGCATTTTGAAAGGCAGAAAGTAATATGTGATAGTTTTTGAAACTTGTAGGTCACATTGTTTTTAMAGGGATCC

igned sequance EF00536277_EFO0536277_eGFP (EFOU536277_EFOR536277_eGFP. ab
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aagtaagtttttttticttttgagggctacacctgtggeacatggaggtticecaggctaggggttaaatcagaactgeagctgccagectatgccagage

sequence pRosa26_gencmic_shor

S ) A A X
AAGTAAGTTTTTTTTTCTTTTGAGGGCTACACCTGTGGCACAT&?AGGTTCCCAGGCTAGGGGTTAAATCAGAACTGCAGCTGCCAGCCTATGCCAGAGC

EF00536274_EFO0536274_89 (EF00536274_EFe9536274_89

LA
AAGTAAGTTTTTTTTTC GAGGGCTACACCTGTGGCACATGGAGGTTCCCAGGCTAGGGGTTAAATCAGAACTGCAGCTGCCAGCCTATGCCAGAGC

ned sequence EF89536275_EF@R536275_ 92 (EFO8536275 EFe0536275_92.ab

AAGTAAGTTTTTTTTTCTTTTGAGGGCTACACCTGTGGCACATGGAGGTTCCCAGGCTAGGGGTTAAATCAGAACTGCAGCTGCCAGCCTATGCCAGAGC

ned sequence EF0536276_EF09536276_93 (EF@536276_EFe9536276_93.ab1)

AAGTAAGTTTTTTTTTCTTTTGAGGGC*ACACCfGTGGCACATGGAGGTTCCCAGGCTAGGGGTTAAATCAGAACTGCAGCTGCCAGCCTATGCCAGAGC
1igned

‘sequence EF@9536277_EF0536277_eGFP (EF09536277_EF08536277_eGFP. abl)

cacagcaatgccagatctgagetgtgtctgeaactgtgtagetcacageaacgetggatecttaacccaatgageaaggecagagattgaacctacaace
CRISPR -

template sequence pRosaZ6_genomic_short

CACAgszTGCCAGATCTGAGCTGTGTCTGCAACTGTGTAGCTCACAGCAACGCTGGATCCTTAACCCAATGAGCAAGGCCAGAGATTGAACCTACAACC

sequence EF00536274_EFOV536274_89 (EFRR5I6274_EF00536274_89. ab!

CACAGCAATGCCAGATCTGAGCTGTGTCTGCAACTGTGTAGCTCACAGCAACGCTGGATCCTTAACCCAATGAGCAAGGCCAGAGATTGAACCTACAACC

sequence EF00536275_FFe9536275_92 (EF98516275_EF00536275_92. abl)

A\
CACAGCAATGCCAGATCTGAGCTGTGTCTGCAACTGTGTAGCTCACAGCAACGCTGGATCCTTAACCCAATGAGCAAGGCCAGAGATTGAACCTACAACC

e EFO0536276_EF09536276_93 (EFO05)6276_EF09536276_93.ab1)

CACAGCAATGCCAGATCTGAGCTGTGTCTGCAACTGTGTAGCTCACAGCAACGCTGGATCCTTAACCCAATGAGCAAGGCCAGAGATTGAACCTACAACC

aligned sequence EF00536277_EFRQ536277_eGFP (EFOQ536277_EF00536277_eGFP. abl)

tcgtggttectagttagatttgtttecgetgtgecacgatgggaactccaagtaatttttttttgagcaaggaagttace-ttttttgtetgttttecca

template sequence pRosa26_genomic_short

TCGTGGTTCCTAGTTAGATTTGTTTCCGC&GTGCCACGATGGGAACTCCAAGTAATTTTTTTTTGAGCAAGGAAGTTACCTTTTTTTGTCTGTTTTCCCA

gned sequence EF00516274_EF0AS6274 89 (EFD8516274_EF00536274_89.abl)

LX
TCGTGGTTCCTA(ESTTAGATTTGTTTCCGCTGTGCCACGATGGGAACTCCAAGTAATTTTTTTTTGAGCAAGGAAGTTACCTI’TTTTTGTCTGTTTTCCCA

F00536275_EF00536275.92 (EFRR536275_EF00536275_92.abL

TCGTGGTTCCTAGTTAGATTTGTTTCCGCTGTGCCACGATGGGAACTCCAAGTAATTTTTTTTTGAGCAAGGAAGTTACC TTTTTTGTCTGTTTTCCCA

gned sequence EF00516277_EFR05I6277_eGFP (EF00536277_EF 00536277 eGFP, abl)
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ctaaatgcattcctcaaggattcccagtttgttcttgattectcagtgecttaacacagacctgggttcteagtaaatgttgattttatt-gatttatat
template sequence pRosaZ6_genomic_short

CTAAATGCATTCCTCAAGGATTCCCAGTTTGTTCTTGATTCCTCAGTGCCTTAACACAGACCTGGGTTCTCAGTAAATGTTGATTTTATTGGATTTATAT

ned sequence EF90536275_EF@0536275_92 (EFO0536275_EF80536275_92.ab1)

v ¢ o9, %0
CTAAATGCATTCCTCAAGGATYCCCAGTTTGTTCTTGATTCCTCAGTGCCTTAACACAGACCTGGGTTCTCAGTAAATGTTGATTTTATT GATTTATAT
ab1)

sequence EF00536276_EF@9536276_93 (EF00536276_EF00536276_93

CTAMTGCATTCCTCAAGGATTCCCAGTTTGTTCTTGATTCCTCA(‘BbTGCCTTMCACAGACCTGGGTTCTCAGTAMTGTTGATTTTATT GATTTATAT
igned

sequence EF00536277_EF00536277_eGFP (EFO0536277_EF00536277_eGFP. 2
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