Technische Universitat Miinchen m

TUM School of Life Sciences

A porcine model of pancreatic ductal adenocarcinoma

Daniela Christine Kalla

Vollstandiger Abdruck der von der TUM School of Life Sciences der Technischen Universitat
Minchen zur Erlangung einer
Doktorin der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Benjamin Schusser
Prifende der Dissertation:

1. Prof. Angelika Schnieke, Ph.D.
2. Prof. Dr. Friederike Ebner

Die Dissertation wurde am 19.09.2023 bei der Technischen Universitat Minchen eingereicht

und durch die TUM School of Life Sciences am 06.05.2024 angenommen.



Table of contents

Table of contents

TaADIE Of CONTENTS ....ciiiiiii ettt e e e e e e e e e e eeeeas I
AADSTIBCT ...ttt VIl
ZUSAMIMENTASSUNG ..o e e e e e e e e e IX
1 INEFOTUCTION ...ttt 1
1.1 PANCIEALIC CANCEN ..ot e e e e 2
1.1.1 THE PANCIEAS .. .eeeeeeeeeeeteeeeteeeeeeeeeee ettt 2
1.1.2  Types Of PANCreatiC CANCEN .........ccvuiiiiie i e e e 3
1.1.3  Pancreatic ductal adenoCarCiNOMAL. ..........couiiuuiiiriiiieeeeiiaiie e e 4
1.1.4  Acinar-to-ductal metaplasial............ieeiiiiiiiiiiecce e 8

1.2 PTRLATOCUS. ...ttt e et e e e e e e e r e e e e e e e e e nnnneees 9
1.3 Mouse MOdelS fOr PDAC .......cooo o 10
1.4 Pig models fOr PDAC ... 11
1.5 Generation of genetically modified PigS........coooiiiiiiiiieiee 12
1.6 GENELIC ENGINEEIING ..coeeeeeee oo 14
1.6.1  The Cre-loxP recombination SYSIEM...........uuuuuuuruiiiiiiiiiiiiiiiiieiiiieiineeeenieeeeeieneens 14
1.6.2  TranSPOSON SYSTEIMS ...uuiiiiieitiieeei ettt e et e et e e e e e et e e e e e et e e ean e eeaneaeaaaeaneeenns 16
1.6.3 CRISPR/CAS SYSIEIMS ...uuuiiiiiiiiieeiiiee et e e e e et e e e 19

A © o TT=T 1 11V E S RPPPTTTR 23

2 Materials and MENOAS .........cooiiiiiiiiie e 24
2.1 IMIEETIAIS ...ttt 24
0t Nt R O ¢ =T ¢ o> | PR 24
N A = 1V | =T 3PP 25
2.1.3  TiISSUE CURUIE rEAGENTS ....ccoeeeeeeeeeeee e 26
2.1.4  Tissue culture media and SOIULIONS ........coooeeiiiiiie e, 27
2.1.5 Bacterial CUltUre reagentsS. ... ... coi i eiiieeeie e 28
20,6 ENZYIMES .ottt e e et a e et e e eaa e e eaaans 28

2. 1.7 ANDOAIES ... 28
200 O J 1 PSR 29



Table of contents

2.1.9  MammMalian CeIIS .......coiiiiiiiiii e 29
2.1.10 Bacterial StraiNS ..........eviiiiiiiii e 30
2.1.11 OliIgONUCIEOLIAES ... e e e 30
2.1.00.1 PIIMEIS ottt ettt e e e e e e e 30
2.1.11.2 gRNA oligonUCIEOLIAES ......ccoeeeieeeeicee e 32
2.1.12 NUCIEIC ACId |AAUENS. ... ..eiiiieiiiiiiiiee e 33
2.1.13 Vectors and DNA CONSIIUCTS .........ccoiviiiiiiiiiiiiieeeeeeeeee e 33
2.1.14 CONSUMADIES.....eeeeee e 35
2.1.15 LabOoratory @QUIPMENT . ... ..uuuuieeieiiieeiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeneeeeenenennneee 35
2.1.16 Software and oNling tO0IS..........ooiiiiiiiii e 37
2.2 MEENOUS ...t e et a e e e 38
2.2.1  Molecular biological Methods ............ooouiiiiiii i 38
2.2.1.1  Isolation Of NUCIEIC 8CIAS ..........uviiiiiieiiiiiiiie e 38
2.2.1.1.1 Isolation of genomic DNA by phenol-chloroform extraction................... 38
2.2.1.1.2 Isolation of genomic DNA using QUICKEXtract............ccccceeeieieriiiiiinnnnnnn. 38
2.2.1.1.3 Isolation of plasmid DNA using NaCl purification ...............ccccccvvvivennnns 38
2.2.1.1.4 Isolation of plasmid DNA from Dacteria.................uueuermmmimmemmmiiiiiiiiiiinnnns 38
2.2.1.1.5 Genomic DNA/RNA isolation using SurePrep™ Purification Kit............ 39
2.2.1.1.6 Isolation of RNA using TRIZOI........c..cooiiiiiiiiii e, 39
2.2.1.1.7 lIsolation of RNA using innUPREP RNA Kit..............uuuiiiiiiiiiiiiiiiiiiiiiiinns 39
2.2.1.2  DINASE QIZEST ..eeiiiiiiiiiiiiiiiiiiiiiie ettt 39
2.2.1.3  Determination of DNA/RNA CONCENratioN............ccevvveviiiiiiiiiiiiiiiiiiiiiieenen, 40
2.2.1.4  Polymerase Chain reaction .............ceuvviiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeee e 40
2.2.1.5 Agarose gel eleCtroOpNOresiS ..........ouvvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 42
2.2.1.6  Purification of DNA fragments and PCR products ..........cccccccvvvvviviiiinennnn. 42
2217  RESHICHON QIgEST.. ..o e e e e e e 43
2.2.1.8 Generation of CRISPR/Cas9 plasmids............ccooiiiiiiiiiiiiii e 43
2.21.9  Multiplexing of gRNAS ... e 43
2.2.1.10 Determination of gRNA effiCiencies ..o, 46
P2 e 5 R I o =i o T o PP PPPPPPPPPPPPP 46
2.2.1.12 Cloning via DNA @SSeMDBIY .........ccoiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 46



Table of contents

2.2.1.13 DNA SEQUENCING . .ceeeeeiiiiiie e e e e e ettt s e e e e e e e et s s s e e e e e e e eat e s s e e e e e eaannaaans 47
2.2.1.14 Droplet digital PCR........uiiiiiieeeeeeee e 47
2.2.1.15  PYIrOSEQUENCING ...ceiiiiiiiiiiei i e e ee e e eeetiee e e e e e e ettt e s e e e e e e e e e et e s s e e e e e e eesenaaans 48
2.2.1.16  CDNA SYNINESIS....cciiiiiiiiei e 49
2.2.1.17  IN VItro tranSCrHPLION .. ..cuvui e e e 49
2.2.1.18 POIY(A) tAIIING ..ceeiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeeeeee e 49
2.2.1.19 Purification Of RNA.......coiiiiiiiiiiiiiiieeeee et 50
2.2.1.20 Immunohistochemistry (IHC) .........coouviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 50
2.2.1.21 Hematoxylin and Eosin (H&E) StaiNing...........ccoevvviiiiiiiiiiiiiiiiiiiiiiiiieieeeee 51
2.2.2  Microbiological Methods..........ccoiiiiiiiiiic e 52
2.2.2.1 Transformation of electrocompetent bacteria ............cccccvvveeeeiiieeeieiiiiinnnnn. 52
2.2.2.2 COlONY PCR oo 52
2.2.2.3  Cultivation of DACeria..........cccuvviiiiiiiiiii e 52
2.2.2.4  Preservation of bacteria .............eevviiiiiiiiiiii 53
2.2.3  Cell culture Methods.........ccooeiiieeeeeeeeee e 53
2.2.3.1 Isolation Of POrcing CellIS..........oovviiiiiiiiiiiiiiiiiiiiiieeeeeeee e 53
2.2.3.2  Cultivation of porcing CellS...........coouviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 53
2.2.3.3  Passaging of porcing CellS...........cuuuvuiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 53
2.2.3.4 Counting Of POrciNg CEIIS .......coiiiiiiiiiee e 54
2.2.3.5  DNA rANSTECHION .....uviiiiiieiiiiiiie et 54
2.2.3.6  Cre protein tranSAUCHION ...........ooiiiiiiiie e 54
2.2.3.7  Selection of stable transfected cells ............cceveeeiiiiiiiiii 54
2.2.3.8 Isolation of single cell CloNeS ..........uuiii i 55
2.2.3.9  Cryopreservation of porcing CellS ...........ouuvviiiiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeee 55
2.2.3.10 Thawing of cryopreserved porcine CellS ............ccovvvviiiiiiiiiiiiiiiiiiiiiiiiiienn, 55
2.2.3.11 Preparation of porcine cells for SCNT .......cccvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee 55
A T 2 /[ o3 (0] ] [=Tox 1 o] o PP PP P PP PPPPPPPPPP 56
2.2.3.13 Porcine pancreatic acinar cell Culture ............cccccoiiiiiiiiiiii e 56
2.2.3.13.1 Isolation of porcine pancreatic acinar Cells ..............cccuvveviiiiiiiiiiiiiinnnnnn. 56
2.2.3.13.2 Culture of pancreatic acinar CellS..............uuuuuuiriiiiiiiiiiiiiiiiiiiiiiiiiiei. 58



Table of contents

2.2.3.13.3 Transduction of pancreatic acinar CellS...............ccccuvemiiiiiiiiiiiiiiiiiiinnnn. 58
2.2.3.13.4 Recovery of pancreatic acinar cells from collagen discs ....................... 58
RESUIES .ttt 59
3.1 Generation of a porcine PDAC model using PTFLAC™ pigs.........ccccoveeeieeieeereeneae. 61
3.1.1  Generation of PTFLAC™ DIgS.....ccciiieieieeietecteeteiee et eete et e v e, 61
3.1.1.1  PTFIASend targeting ......ccovvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 61
3.1.1.2 PTFLIA 3end targeting ....ccooooeiiiieiiiiiii e 62
3.1.1.2.1 Inducible Cre recombinase for PTF1A 3’end targeting..............cccccuuue. 64
3.1.1.3  Generation of PTFLAC® pigs BY SCNT ...ccveiviiieirieceeecieeee e 66
3.1.1.4  Genotypic analysis of PTF1AC™ founder animals............c..cecvevvrerirrennne. 66
3.1.2  Functionality of iCre reCombINASE ........ccooeeeeieieeeeeee e 69
3.1.2.1  Expression analysis of PTFLAC™® DIgS ......ccccoveeiueeeeeeeeeeeeeeeeeee e, 69
3.1.2.2  Analysis of Reporter-PTFLIAC™ DigS .....cocvveveeieeeeeeeeeeeeeee e, 71
3.1.3  Modelling PDAC iN PTFLAC™ PIgS.....ceiiiiiiiieitiecteeeteeeeesiestee et sen e seesree e 73
3.2  Generation of a porcine PDAC model using mPdx1-iCre pigs........cccceeeeeeiieeenieennns 79
3.2.1  Generation of MPAXL-ICre PigsS ....cceviiiiiiiiiiiii e e e 79
3.2.1.1  Generation of mPdx1-iCre pigs by ROSA26 targeting.............ceeevvvvvvnnnnnn. 80
3.2.1.2  Generation of mPdx1-iCre pigs by random integration .................ccccvuen.. 81
3.2.1.3  Generation of mPdx1-iCre pigs by piggyBac-mediated transposition ....... 83
3.2.2  Genotypic analysis of mPdx1-iCre founder animals..............ccccceeevieeeriiieninnnnnn. 84
3.2.3  Expression analysis of mPdx1-iCre founder animals............cccccceevveevirieeinnnnnnn. 87
3.2.4  Modelling PDAC in MPAXL1-ICre PIgS ...ceeeeeeeeeeeeeeeeeeeee e 88
3.3 Transformation and retransplantation of porcine cells ........ccccoooeeeiiiiiiiiiiiieeeeieiinn, 90
3.3.1 Activation of porcine KRAS®*?? and TP53%¢™" by gene editing ....................... 90

3.3.2 Inactivation of porcine tumour suppressor genes by multiplexed gene editing.92

3.3.3  Retransplantation of transformed porcine cellS..............coooiiiiiiiiii. 95
3.4 Porcing ADM MOAEIING «..eueu e e eanees 99
3.4.1 Establishment of porcine acinar cell culture............ccccoevieviiiiiiiiiiin e, 99
3.4.2  Transdifferentiation of porcine acinar Cells ..., 101

3.4.3 The effect of mutational activation on porcine acinar cell transdifferentiation.104

A%



Table of contents

4 DISCUSSION ...ttt e ettt ettt e e e ettt e e e e e ettt e e e e e e et e e e e e e e 109
4.1 Cre driver pigs for PDAC MOdelling........ccooiiiiiiiiiii i 109
4.1.1 PTF1A® pigs for PDAC MOAEING .......ccveiveeieiiieeiie et 110
4.1.1.1 PTF1A targeting and generation of PTFLAC™ PigS.......ccccvvveveeevecerieeeane. 110
4.1.1.2 PTF1AC"® founders and PTFLAC™ PrOgenY ......cccocveveeieeeeeceeeeeescee s 111

4.1.2 mPdx1-iCre pigs for PDAC modelling...........ccovviiiiiiiiiiiiiiiiieeeee 115
4.1.2.1 mPdx1-iCre pig generation by ROSA26 targeting ...........cccccvvvvvvvenennnnnns 116
4.1.2.2 mPdx1-iCre pig generation by random integration................ccccccuvevvennnns 116
4.1.2.3 mPdx1-iCre pig generation by piggyBac-mediated transposition............ 119
4.1.2.4 mPdx1-iCre founders and mPdX1-iCre progeny .......cccceeeeereeeevvvinieeeeenn. 120

4.2 CRISPR/Cas9-mediated mutagenesis in porcing cells .......ccooooeviiiiiiiiiiiiiieeennniinnn, 122
4.3  In vitro modelling of porcine acinar-to-ductal metaplasia .............cccccceeeeeeieeeenninnn, 126
4.3.1 Establishment of porcine pancreatic acinar cell culture ..................cooevvvnnnnnn. 127
4.3.2 Invitro induction and characterisation of porcine ADM..........ccccoeeeeeiiiiiininnnnn. 128

5  Concluding remarks and OULIOOK............coooiieiiiii i 133
6 ADDIEVIALIONS .. ..o 135
T LISEOFtADIES ... 139
8 LISE OF fIQUIES ..o 141
9  List of supplementary fIQUIES .........coi i 143
10 10T = LU TSP P PP PP P PPPPPPPRPPPP 144
11 SUPPIEMENTANY ... .ot e e e e e ettt e e e e e e e e e e ettt e e e e eeeeeeenaaanans 164
11.1 Plasmid MaPS ....couviiiiiii e e e e e e e e e ar 164
1111 L4 (o] o] a0 IAV7=Tod (o] £ PSSP 164
11.1.2 Vectors for PTF1A 5’end targeting...........covvviiiiiiii 164
11.1.3 Vectors for PTF1A 3’end targeting..........ccoovvviiiiiiii 165
11.1.4 Vectors for ROSA26 targeting and random integration of mPdx1-iCre....... 166
11.15 Vectors for transposon-mediated integration of mPdx1-iCre...................... 167
11.2 Vectors for multiplexed gene editing for mutational activation........................... 168
11.3 Vectors for multiplexed gene editing of TSGS .......ccoviiiiiiiiiiiiiiiii e 168
11.4 Vectors for transformation and retransplantation of porcine cells ...................... 169



Table of contents

11.5 Vectors for mutational activation in porcine pancreatic acinar cells................... 170
11.6 Characterisation of cell clones for PTF1A™ pig generation...............ccecueeveean.. 171
11.7  Pyrosequencing results: PTFLAC™ PrOgenY......c..cccvveieeieeieeie e see e sve e 174
11.8 Results for ROSA26 targeting........cccevveiuiiiiiiie e e e e e e e e eareas 188
11.9 Pyrosequencing results: mutational activation by gene editing....................u..... 189
11.10 Results for porcine ADM modelling ..o 190
12 ACKNOWIEAGEIMENT ... 191

Vi



Abstract

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease characterised by late
diagnosis and a very poor prognosis. Due to rising incidence rates, methods for early detection
and progress in therapeutic interventions are urgently needed. As pigs exhibit many similarities
to humans in anatomy and physiology, they represent a suitable translational model to
complement the preclinical data gained from mouse studies and can thus advance the

development of new detection and treatment strategies.

Therefore, this project focused on the generation of a porcine model for PDAC that
recapitulates the human disease phenotype. Based on the murine PDAC model, the Chair of
Livestock Biotechnology has generated pigs carrying latent KRAS®*P and TP53R*™H
mutations, equivalent to the most common mutations found in PDAC patients. In this work,
different strategies were assessed to activate these mutations in the porcine pancreas. The
first strategy focused on CRISPR/Cas9-mediated integration of the improved Cre (iCre)
recombinase gene at the 5’end or 3’end of the porcine endogenous pancreas associated
transcription factor 1a (PTF1A) gene locus followed by somatic cell nuclear transfer (SCNT) to
generate gene edited pigs. The second approach used the piggyBac transposon system to
generate transgenic pigs expressing iCre under the control of the murine pancreatic and
duodenal homeobox 1 (mPdx1) promoter.

All three Cre driver lines successfully expressed iCre recombinase in a tissue-specific manner
as shown by immune-histology and after cross breeding with dual fluorescent Cre reporter
pigs. Up to now these are the only available organ-specific Cre-lines. Breeding them with pigs
carrying the latent KRAS®*P and TP53R*™ mutations resulted in efficient mutational
activation. This in turn induced pancreatic abnormalities ranging from preneoplastic lesions to

invasive PDAC. Severity and timeline depended on the presence or absence of mutant TP53.

PDAC is characterised by an accumulation of genetic alterations. As at the outset of the project
the timeline for PDAC development in the pig was unknown, a method was established to
enhance the mutational load if required, e.g. by multiplexed gene editing for simultaneous
inactivation of the main tumour suppressor genes known from human PDAC. This multiplex
CRISPR/Cas9 editing system was based on a polycistronic tRNA-gRNA (PTG) construct and
accomplished high editing efficiencies in porcine cells, regardless of the position of the
respective gRNA in the tRNA-gRNA array. To assess the tumour induction capacity of edited

cells, autologous transplants were carried out.

Vi



Abstract

The last part of this work describes the generation of a porcine in vitro model for acinar-to-
ductal metaplasia (ADM), the earliest precursor lesion in human PDAC. Therefore, a protocol
for the isolation and cultivation of pancreatic acinar cells was established. Different approaches
for activating KRAS®*P and TP53R*™™ mutations were assessed. The best results were
obtained for transduction with a Cre lentivirus. For transdifferentiation, different cytokines were
evaluated. Both TGF-a and IL-17A were equally efficient in inducing ADM. This now enables

species comparison of early neoplastic events in vitro.

In summary, this work supported the development of the first spontaneous swine model for
PDAC, a most devastating disease, with no options for early diagnosis. For molecular and
therapeutic assessments an ADM culture system was established. Finally, the multiplex editing
tool enables efficient inactivation of multiple tumour suppressor genes and can be used to
induce not only pancreatic but also other types of cancer.
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Zusammenfassung

Zusammenfassung

Das duktale Adenokarzinom des Pankreas (PDAC) ist eine verheerende Erkrankung, welche
durch eine spate Diagnose und eine sehr schlechte Prognose gekennzeichnet ist. Aufgrund
der steigenden Inzidenzraten sind Methoden zur Friherkennung und Fortschritte bei den
therapeutischen Interventionen dringend erforderlich. Da Schweine in Anatomie und
Physiologie viele Ahnlichkeiten mit dem Menschen aufweisen, stellen sie ein geeignetes
translationales Modell dar, um die aus Mausstudien gewonnenen praklinischen Daten zu
erganzen und so die Entwicklung neuer Detektions- und Behandlungsstrategien

voranzutreiben.

Daher konzentrierte sich dieses Projekt auf die Generierung eines Schweinemodells fir
PDAC, welches den menschlichen Krankheitsphanotyp rekapituliert. In Anlehnung an das
murine PDAC-Modell, hat der Lehrstuhl fir Biotechnologie der Nutztiere Schweine generiert,
welche latente KRAS®™P- und TP53R*"-Mutationen tragen, die am héaufigsten
vorkommenden Mutationen bei PDAC-Patienten. In dieser Arbeit wurden verschiedene
Strategien zur Aktivierung dieser Mutationen im porzinen Pankreas verfolgt. Die erste
Strategie konzentrierte sich auf die CRISPR/Cas9-vermittelte Integration des verbesserten Cre
(iCre)-Rekombinasegens am 5'- oder 3'-Ende des endogenen Pankreas-assoziierten
Transkriptionsfaktor 1la (PTF1A) Genlokus des Schweins, gefolgt von somatischem
Zellkerntransfer (SCNT), um gen-editierte Schweine zu erzeugen. Beim zweiten Ansatz wurde
das PiggyBac-Transposon-System verwendet, um transgene Schweine zu generieren, die
iCre unter der Kontrolle des murinen Pankreas- und Duodenal-Homeobox 1 (mPdx1)-

Promotors exprimieren.

Alle drei Cre-Treiberlinien exprimierten die iCre-Rekombinase erfolgreich und
gewebespezifisch, wie immunhistologisch und nach Kreuzung mit zweifach fluoreszierenden
Cre-Reporter-Schweinen nachgewiesen werden konnte. Bislang sind dies die einzigen
verfligbaren organspezifischen Cre-Linien. Ihre Verpaarung mit Schweinen, die die latenten
Mutationen KRAS®*?® und TP53R*™ trugen, fiihrte zu einer effizienten Mutationsaktivierung.
Dies wiederum fiihrte zu Anomalien der Bauchspeicheldriise, die von praneoplastischen
Lasionen bis hin zu invasivem PDAC reichten. Der Schweregrad und der zeitliche Ablauf

hingen vom Vorhandensein oder Fehlen der TP53-Mutation ab.



Zusammenfassung

PDAC ist durch eine Akkumulation von genetischen Verdnderungen charakterisiert. Da zu
Beginn des Projekts der zeitliche Ablauf der PDAC-Entwicklung beim Schwein nicht bekannt
war, wurde eine Methode entwickelt, mit der die Mutationslast bei Bedarf erhoht werden kann,
z. B. durch Multiplex-Gen-Editing zur gleichzeitigen Inaktivierung der wichtigsten
Tumorsuppressorgene, die vom menschlichen PDAC bekannt sind. Dieses Multiplex-Gen-
Editing-System basierte auf einem polyzistronischen tRNA-gRNA (PTG)-Konstrukt und
erreichte hohe Editierungseffizienzen in porzinen Zellen, unabhéangig von der Position der
jeweiligen gRNA im tRNA-gRNA Array. Um die Tumorinduktionsfahigkeit der editierten Zellen

zu beurteilen, wurden autologe Transplantationen durchgefihrt.

Der letzte Teil dieser Arbeit beschreibt die Generierung eines porzinen in vitro-Modells fir die
azino-duktale Metaplasie (ADM), die friiheste Vorlauferlasion bei menschlichem PDAC. Hierflr
wurde ein Protokoll fir die Isolierung und Kultivierung von Azinuszellen der
Bauchspeicheldriise etabliert. Es wurden verschiedene Ansatze zur Aktivierung von
KRAS®'?P- und TP53R®™M-Mutationen bewertet. Die besten Ergebnisse wurden bei der
Transduktion mit einem Cre-Lentivirus erzielt. Fir die Transdifferenzierung wurden
verschiedene Zytokine untersucht. Sowohl TGF-a als auch IL-17A waren bei der Induktion von
ADM gleich effizient. Dies ermdglicht nun einen Artenvergleich der frihen neoplastischen

Ereignisse in vitro.

Zusammenfassend lasst sich sagen, dass diese Arbeit die Entwicklung des ersten spontanen
Schweinemodells fir PDAC unterstitzt hat, einer auRerst verheerenden Krankheit, flr die es
keine Mdglichkeiten der Frihdiagnose gibt. Fiir molekulare und therapeutische Bewertungen
wurde ein ADM-Kultursystem etabliert. SchlieBlich ermdglicht das Multiplex-Editing-Tool eine
effiziente Inaktivierung mehrerer Tumorsuppressorgene und kann nicht nur fir die Induktion

von Bauchspeicheldriisenkrebs, sondern auch bei anderen Krebsarten eingesetzt werden.



Introduction

1 Introduction

The continually increasing human life expectancy and its resulting longevity are associated
with rising expectations regarding health and well-being, drawing attention to age-related
diseases including disorders of the circulatory system, diabetes and cancer [1].

In Germany, cardiovascular diseases (CVD) and cancer represent the major causes of death,
with more than 340,619 and 229,068 deaths in 2021, respectively (Figure 1) [2].

Causes of death by type of disease in Germany, 2021:

Other
—|23.3%

Covid-19

Lun§ 19.5%
/ Pancreas 8.4%

Breast 8.1%
Colon 6.7%
Prostate 6.6%

Injuries & poisoning : - Other 50.7%
4.2% _—

Respiratory system
5.6%

Digestive system
4.3%

Circulatory system
33.3%

u Diseases of circulatory system 4 Lung cancer @ Injuries and poisoning
u Diseases of digestive system i Diseases of respiratory system uCovid-19

u Breast cancer u Other diseases u Pancreatic cancer

u Colon cancer u Prostate cancer @ Other cancer

Figure 1. Causes of deaths in Germany in 2021. lllustration adapted from Statistisches Bundesamt (Destatis) [2, 3].

Over the past decades, CVD mortality rates have decreased significantly in Europe and the
United States [4-6], due to improved prevention and treatment strategies [7]. In contrast, the
number of newly approved cancer drugs between 2000 and 2015 was the lowest when
compared to other diseases [8, 9]. Global cancer incidence has strongly increased [10],
resulting in death rates superseding those of heart disease in some countries or states [11,
12]. Lung, breast, colon, and prostate cancer represent the four most common cancer types
worldwide [13]. Although pancreatic cancer is one of the less frequently diagnosed cancers, it
ranks worldwide as the 7" most common cause of cancer-related deaths with highest

incidence in well-developed countries [14].
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It is already the 4" leading cause of cancer deaths in Europe and the United States [15-18],
and due to increasing incidence rates [19, 20], it is expected to become the 2" by 2030 [21,
22]. In fact, pancreatic cancer has overtaken breast cancer and became the 2" leading cause

of cancer-related deaths in Germany in 2021 [3] (Figure 1).

1.1 Pancreatic cancer

1.1.1 The pancreas

The adult pancreas is a 12-25 cm long retroperitoneal organ located behind the stomach in the
upper part of the abdomen. It has an elongated flattened J-form and can be divided into four
parts: head, neck, body, and tail [23]. The head of the pancreas surrounds the superior
mesenteric artery and vein and lies in the inner curve of the duodenum, while the pancreas tail
extends to the spleen [24].

The pancreas can be further divided into an exocrine and endocrine portion. The exocrine part
accounts for more than 80% of the pancreas mass and plays an important role in digestion by
secreting digestive enzymes (e.g. proteases, lipases and amylases), water and sodium
bicarbonate into the duodenum [25]. In order to protect the exocrine pancreatic cells from self-
digestion, many of these enzymes such as trypsin, carboxypeptidase and elastase, are
secreted as zymogens and are later activated in the duodenum [26].

Acinar cells are arranged in grape-like cell clusters called acini and constitute the functional
unit of the exocrine pancreas. These cells produce, store and secrete the digestive enzymes
into intercalated ducts, which then flow via intralobular ducts into the main pancreatic duct of
Wirsung. In the pancreas head, the latter unites with the end of the common bile duct forming
the hepatopancreatic duct, the so-called ampulla of Vater, which regulates the entry of bile and
pancreatic juices into the duodenum and prevents duodenal reflux [27, 28]. This connection of
gall bladder and pancreas explains why gall stones obstructing the biliary duct can trigger
acute pancreatitis, while cancer located in the pancreas head often blocks the intrapancreatic
part of the bile duct and causes jaundice [29, 30].

The endocrine part of the pancreas only accounts for a small percentage of the total pancreas
mass and consists of the islets of Langerhans that are scattered among the exocrine structures
[31]. Five cell types can be found in the islets of Langerhans: a-, B-, 8-, €- and PP-cells [32].
These cells release hormones, such as insulin, glucagon, or somatostatin, into the blood
stream in response to nutritional, neuronal or hormonal stimuli [33]. The well-known insulin-
producing B-cells form the majority of the islet cell population, with more than 50% prevalence
[34, 35]. Together with glucagon-producing a-cells, they regulate glucose homeostasis and

their loss or dysfunction is thus involved in type 1 and 2 diabetes [36-38].



Introduction

1.1.2 Types of pancreatic cancer

Pancreatic cancer development is associated with risk factors such as obesity, smoking and
alcohol consumption, but also with familial predisposition, age, diabetes and chronic
pancreatitis, the latter often caused by severe alcohol abuse [39]. The vast majority of cancers
found in the pancreas develop from the exocrine part. Pancreatic ductal adenocarcinoma
(PDAC) is the most common exocrine malignancy and accounts for more than 90% of all
pancreatic cancers [40]. Since understanding of PDAC development is crucial in the fight
against pancreatic cancer, this cancer type is discussed in detail in section 1.1.3.

Besides PDAC, other tumour types can also be found in the exocrine pancreas. Pancreatic
acinar cell carcinoma (PACC) is a very rare disease, accounting for only 1% of all pancreatic
cancers [41]. This cancer develops from acinar cells and is characterised by hypersecretion of
digestive enzymes such as lipase, which can lead to clinical syndromes [42]. In the past, there
have been case reports that PACC also occurs in children and adolescents [43-45]. Despite
its relatively high malignancy, PACC has shown to be associated with higher survival rates
than PDAC, especially for younger patients [46-49].

Other exocrine tumours are pancreatoblastoma and solid pseudopapillary neoplasms.
Pancreatoblastoma is a malignant and heterogenous tumour that is often of embryonic origin
and thus belongs to the most common pancreatic cancers in children between 1-10 years [50,
51]. This cancer is suspected to develop from persisting foetal origins of acinar cells and is
usually found later as a slowly growing mass on the pancreas head [52]. In adults,
pancreatoblastoma is very uncommon and associated with worse prognosis than in children
[53].

Solid pseudopapillary neoplasm (SPN) is a tumour with unknown origin, primarily affecting
young women between 20-30 years [54, 55]. The tumour is usually of low malignancy and
grows as an encapsulated mass, thus favouring a good prognosis after surgical resection [56].
Less than 5% of all pancreatic cancers develop from endocrine tissue [57]. These pancreatic
neuroendocrine tumours (PNETS) can be benign and tend to be slow growing [58, 59], but can
also have malignant potential. Depending on their ability to produce hormones and cause
clinical syndromes, PNETs can be divided into functional or non-functional tumours [60].
Functional PNETs are characterised by an increased release of hormones, such as insulin,
gastrin or glucagon, leading to hormonal hypersecretion syndromes [61]. Insulinomas arising
from B-cells are the most common form of functional PNETS, and their excessive insulin
secretion results in hypoglycaemia, which can be a life-threatening condition if left untreated
[62]. In contrast, non-functional PNETSs are not associated with clinical syndromes as they do
not produce hormones, secrete them in small quantities, or produce peptides not causing any
symptoms [63]. These tumours are more common than functional PNETSs, but due to their

unspecific symptomatology they are often only diagnosed by accident or at advanced stage.
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1.1.3 Pancreatic ductal adenocarcinoma

PDAC is one of the most malighant solid cancers and is associated with a very high mortality
and an overall five-year survival rate of only 9% [64]. This poor prognosis is attributable to
numerous characteristics of the disease. For example, patients are usually asymptomatic at
disease onset with symptoms such as weight loss, abdominal pain and jaundice mostly
occurring in late stages. In addition, PDAC progresses rapidly from low T1- to high T4-stage
within only 14 months [65]. As a result, up to 80% of the patients are diagnosed with locally
advanced or metastatic tumours that are unresectable [66, 67]. In the past, successful
treatment of such locally advanced tumours have been reported using a combination of surgery
and chemotherapy [68], however, these cases are rather rare. Another feature of PDAC
tumours is their generally high intra-tumoral heterogeneity and plasticity, which promote drug-
resistance and therefore make most conventional therapies ineffective [69-71].

PDAC mostly occurs in the head of the pancreas and can arise from five different pre-invasive
precursor lesions: pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous
neoplasm (IPMN), mucinous cystic neoplasm (MCN), intraductal tubulopapillary neoplasm
(ITPN), and intraductal oncocytic papillary neoplasm (IOPN) [72]. Thereof, IPMNs, MCNs and
IOPNs are macroscopic mucin-producing cystic lesions that are grossly visible (>1cm) [72].
Of all cystic lesions, IPMNs are the most common and develop, like IOPNs, in the pancreatic
ductal system. IPMNs are characterised by papillary growth of neoplastic epithelium lining the
main pancreatic duct or its branches, and its mucin production and intraluminal growth can
result in duct dilatation [73, 74].

In contrast, MCNSs are rare solitary lesions that usually grow large with no connection to the
pancreatic duct and are mostly found in women [75, 76].

The macroscopic ITPN is a tubule-forming solid nodular mass that is hard to distinguish from
IPMNs due to its intraductal appearance, but is mostly non-cystic with absent mucin production
[77, 78].

PanINs are the most common precursors found in PDAC patients [79]. In contrast to the above
mentioned lesions, PanINs are usually smaller than 0.5 cm and cannot be detected with
conventional imaging methods [80]. These microscopic neoplastic lesions are suggested to
arise from proliferating duct epithelium [81], however, the cell type of origin is still controversial
and is discussed further in section 1.1.4.

The progression of PanINs to PDAC can be divided into three grades of increasing atypia,
dysplasia and cytoarchitectural changes (Figure 2). PanIN-1 stage is characterised as flat (-
1A) or papillary (-1B) lesion consisting of columnar epithelium with mucin production and
basally located nuclei. In contrast, PanIN-2 lesions are mainly papillary showing nuclear

abnormalities such as enlargement, crowding, pseudostratification, and loss of polarity.
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Advanced PanIN-3 lesions, formerly called carcinoma in situ, are defined by serious nuclear
atypia, mitotic abnormalities and budding of epithelial cell clusters into the ductal lumen.
Although being non-invasive, PanIN-3 lesions are only rarely observed when cancer is absent.
[82-84]

Besides cellular changes, the progression of PanINs to invasive PDAC is also associated with
an accumulation of genetic alterations. As more than 90% of all PDAC tumours are sporadic,
the most common somatic gene changes are addressed below. Mutation of the proto-
oncogene kirsten rat sarcoma viral oncogene homologue (KRAS) is found in more than 90%

of PDAC patients and is considered to be the main driver of PanIN formation [85] (Figure 2).
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Figure 2. Progression of PanINs to PDAC. The progression of PDAC is accompanied by an accumulation of genetic
alterations. Activating mutation of KRAS is sufficient to initiate PanIN formation. Further development into PDAC is
accompanied by mutation of tumour suppressor genes, such as pl6, TP53, SMAD4 and BRCAZ2. lllustration
adapted from Hruban et al. (2000) and Murtaugh (2013) [86, 87].

KRAS is a small 21 kDa GTPase that functions as molecular switch in signal transduction by
cycling between a GTP-bound active and GDP-bound inactive state [88] (Figure 3). Regulation
of KRAS activity is based on nucleotide exchange mediated by guanine nucleotide exchange-
factors (GEFs) and GTPase-activating proteins (GAPs) which promote conversion to the active
and inactive conformation, respectively [89]. KRAS mutations in PDAC affect codons 12, 13
and 61, with a G to D amino acid substitution at codon 12 (G12D) being the most prominent
[90, 91]. Oncogenic mutations of KRAS affect its intrinsic GTPase activity and impair binding
of GAPs, resulting in reduced GTP hydrolysis [92]. This continuously active form of KRAS
leads to persistent activation of downstream signalling pathways, thus promoting tumour
growth (Figure 3).
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Figure 3. The KRAS cycle and its role in cancer development. KRAS activity is tightly regulated. GEFs promote the
exchange of GDP by GTP and lead to conversion of KRAS to the active GTP-bound state mediating downstream
effector signalling. Afterwards, signalling is switched off via GTP-hydrolysis and reversion of KRAS to its inactive
GDP-bound form. Oncogenic mutations affecting codons 12, 13 and 61 impair GTP hydrolysis and result in
continuously activated downstream signalling, that can lead to cell transformation. Illustration adapted from
Vatansever et al. (2019) [92].

Apart from KRAS, most mutations found in PDAC affect tumour suppressors, with inactivation
of cyclin-dependent kinase inhibitor 2A (CDKN2A) as earliest event following KRAS mutation.
Loss of CDKN2A is detected in more than 90% of all PDAC tumours and is caused by
intragenic mutation, homozygous deletion or epigenetic silencing [93, 94], mostly occurring at
intermediate PanIN stage [95]. Due to an alternative reading frame, the CDKN2A locus
encodes two proteins, p16™N4* and p14”RF, both acting as tumour suppressors in different anti-
cancer signalling pathways [96]. P14 prevents degradation of TP53 by inhibiting E3 ubiquitin
ligases such as Mdm2, and therefore stabilizes TP53 activity [97]. In contrast, p16 preserves
the tumour-suppressive retinoblastoma protein (Rb) pathway. It binds to cyclin-dependent
kinases 4 and 6 preventing their complex formation with cyclin D and Rb phosphorylation [98].
Thus, Rb remains hypo-phosphorylated and associated with E2F resulting in G1/S transition
blockade and cell cycle arrest [99]. In PDAC, CDKN2A mutation mainly affects p16 rather than
pl4 and is associated with uncontrolled cell proliferation and progression to high-grade PanIN-
stage [57].
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Tumour protein p53 (TP53) is the most frequently mutated gene in human cancers [100], and
is mutated in more than 70% of all PDAC cases [90]. It is a transcription factor (TF) that plays
a crucial role in maintaining genome integrity, also known as ‘guardian of the genome’. TP53
is activated by cellular stress such as DNA damage, hypoxia and oncogene activation and in
response leads to cell cycle arrest, DNA repair, senescence or apoptosis [101]. This cell
response is initiated by binding of TP53 as a homo-tetramer to the response elements of its
downstream target genes [102]. In PDAC, mutations of TP53 mainly arise in high-grade
PanINs and usually occur as missense mutations in the DNA binding domain with mutational
hotspots at codons 175, 248, 273 and 282 [103-105]. As a result, binding and expression of
TP53-regulated target genes is impaired and leads to survival of cells with damaged DNA and
uncontrolled proliferation.

Inactivation of SMAD family member 4 (SMAD4), also called Mothers against decapentaplegic
homolog 4, or deletion in pancreatic carcinoma locus 4 (DPC4), is detected in more than half
of PDAC tumours and is often caused by homozygous deletions or an intragenic mutation
followed by loss of the second allele (LOH) [106-109]. The TF SMAD4 is essential for signal
transduction in the transforming growth factor beta (TGF-B) signalling pathway [110]. Upon
binding of TGF-B to the cell surface receptor, SMAD2/3 are phosphorylated and form a
complex with SMAD4 which then translocates into the nucleus where it interacts with other
cofactors to regulate transcription of TGF-$ target genes [111]. SMAD4-dependent TGF-
signalling mediates cell cycle arrest and apoptosis via expression of cyclin-dependent kinase
(CDK) inhibitors and pro-apoptotic factors [112]. In PDAC, loss of SMAD4 occurs mainly in
high-grade PanINs or invasive carcinoma and results in loss of growth inhibition [113, 114].
Interestingly, while TGF-B signalling is suppressive in early tumourigenesis, it can promote
epithelial-mesenchymal transition (EMT), tumour invasion and metastasis in advanced cancer
[115]. For example, if SMADA4 is lost, EMT can take place via SMAD4-independent pathways
such as PI3K/Akt/mTOR [116]. However, the presence of intact SMAD4 in pancreatic tumours
is suggested to promote EMT and tumour growth, thus highlighting the controversial role of
SMAD4 in PDAC disease [117].

Mutations of the tumour suppressive breast cancer (BRCA) pathway are found in less than
10% of all PDAC tumours and are mainly of germline rather than somatic origin, with BRCA2
being more frequently affected than BRCA1 or PALB2 (partner and localizer of BRCAZ2) [90].
BRCAL1/2 and PALB2 play an essential role in DNA break repair by homologous recombination
and their germline mutation is associated with the hereditary breast and ovarian cancer
syndrome [118, 119], but also with an increased risk of developing pancreatic cancer [120,
121]. PDAC tumours harbouring mutations in such DNA maintenance genes have shown to

be genomically instable with high numbers of structural variations [122].
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BRCAL1/2 are mostly inactivated by deletion followed by LOH [123], where it is assumed that
the wild type allele in germline BRCAZ2 mutation carriers is lost in high-grade PanIN stage [124].
Familial PDAC is also related to other germline mutations affecting cell cycle control and DNA
repair genes such as TP53 and its pathway members ATM Serine/Threonine Kinase (ATM)
and checkpoint kinase 2 (CHEK?2), as well as CDKN2A-p16 [125]. Germline mutations in TP53
and CDKN2A are associated with cancer predisposition disorders such as Li-Fraumeni and
familial atypical multiple mole melanoma syndrome (FAMMM) and leads to an increased risk
for PDAC development, with up to 60% for CDKN2A mutation carriers [126, 127].

1.1.4 Acinar-to-ductal metaplasia

Due to its ductal morphology, PDAC was initially thought to derive from epithelial cells lining
the pancreatic duct. However, the cell type of origin is still controversial and recent evidence
suggests that PDAC originates from pancreatic acinar cells that undergo a transdifferentiation
process towards a ductal-like phenotype, called acinar-to-ductal metaplasia (ADM). In detalil,
this conversion involves dedifferentiation of acinar cells towards a progenitor-like state followed
by transdifferentiation, and is characterised by a loss of acinar cell identity with concomitant
increase of ductal marker expression [128]. It has been shown that PDAC can originate from
both acinar and ductal cells, but acinar-derived PDAC develops via PanINs while ductal-
derived PDAC mainly emerges in a PanIN-independent manner [129, 130]. Indeed, ADM has
been shown to be a precursor of PanIN lesions in KRAS®*?P mutant mice [131, 132]. However,
besides oncogene expression, the development of acinar-derived PDAC in adult mice
additionally required an inflammatory environment [133, 134].

Due to the above mentioned acinar plasticity, ADM also plays an important role in exocrine
pancreas regeneration upon injury or chronic inflammation [135]. Chronic pancreatitis is a
recognized risk factor for PDAC and certain pro- and anti-inflammatory cytokines, such as
tumor necrosis factor (TNF), interleukins or TGFs, are known to be increased in PDAC initiation
and progression [136]. In this context, the role of ADM in pancreatic tumourigenesis was first
shown in transgenic mice in which acinar overexpression of TGF-a gave rise to metaplasia,
pseudoductular structures and malignant pancreatic tumours with ductal phenotype [137, 138].
The establishment of 3D in vitro cultures from murine acinar cell clusters provided further
insights into the development and progression of ADM including the interplay of KRAS
hyperactivation, inflammation, oxidative stress, and increased epidermal growth factor (EGFR)
signalling [139, 140].

In human acinar cells, ADM was shown to be induced in vitro by TGF-f1 in a SMAD-dependent
manner, leading to the assumption that SMAD4 is crucial at disease onset while being lost at
high-grade PanIN stage [141]. TGF-B1-induced ADM was characterised by the formation of

duct-like spheres, an appearance that could be enhanced by oncogenic KRAS signalling [141].
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This sphere formation is characteristic for ADM and can also be observed in TGF-a treated
murine acinar explant cultures [142, 143]. Consistent with the findings from mouse
experiments, ADM formation in human acinar cells was accompanied by a decrease of acinar
cell markers, e.g. amylase alpha 2B (AMY2B) or pancreas associated transcription factor 1a
(PTF1A), and increased expression of ductal markers such as cytokeratin 19 (CK19) or SRY-
Box transcription Factor 9 (SOX9) [141]. Indeed, downregulation of PTF1A has been detected
in human and murine PanIN lesions and its restoration reversed early pancreatic
tumourigenesis in mice [144, 145], supporting the assumption of ADM being a precursor of

PanlIN lesions.

1.2 PTF1A locus

The PTF1A locus consists of two exons located in reverse orientation on chromosome 10 in
pigs and in forward orientation on chromosomes 2 and 10 in mouse and human, respectively,

and is highly conserved among these species [146-148] (Table 1).

Table 1. Similarity of porcine PTF1A in comparison to human and mouse [149].

Species Porcine PTF1A nucleotide Porcine PTF1A amino acid
identity identity
Homo sapiens 85% 93%
Mus musculus 84% 88%

PTF1A is a 48kDa basic helix-loop-helix (bHLH) protein that acts as a DNA binding subunit of
the trimeric PTF1 transcription factor complex and is therefore often referred to as PTF1-p48
[150]. In early murine embryogenesis, Ptfla is expressed from day E9.5 in all progenitors of
exocrine and endocrine cells in the pancreatic buds arising from foregut endoderm [151]. Ptfla
expression was shown to be regulated by three transcriptional domains comprising a ~2 kb
distal 5’-enhancer, a proximal promoter region spanning more than 13 kb and a ~12 kb
downstream 3’-control region, with the last two being more important for neural tube rather
than pancreas development [152]. The 5-enhancer is highly conserved and contains two
bipartite binding sites for the trimeric PTF1 complex, each consisting of an E box and TC box
motif separated by a helical DNA turn [152]. Following its first expression, Ptfla forms a dimer
with a class A bHLH protein (e.g. HEB) and joins the mammalian recombining binding protein
suppressor of hairless (RBP-J) resulting in the trimeric PTF1-J transcription factor complex
[153], which then binds to the 5’-enhancer of Ptfla to autoregulate its own transcription and
drive pancreatic development [152]. In this early embryogenesis, Ptfla acts as an
indispensable regulator of pancreatic cell fate and its inactivation has been shown to result in

reversion of pancreatic progenitors towards duodenal fate in mice [154].
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Thus, biallelic knockout led to a lethal condition of Ptfla’ mice, which lacked the exocrine
pancreas and showed misallocation of endocrine cells [155]. Besides its crucial role in
pancreatic development, PTF1A expression has also been shown to be essential for brainstem
and cerebellum neurogenesis [156, 157].

Later in the mature pancreas, PTF1A expression becomes restricted to acinar cells and RBP-
Jis replaced by its paralogue RBP-L leading to the composition of the PTF1-L complex, which
binds to the promoters of digestive enzymes, such as elastase or amylase, driving their high-
level expression [152, 153, 158]. PTF1A also maintains acinar cell differentiation and
homeostasis and its inactivation in adults can result in cellular stress and acinar cell apoptosis
[159, 160]. As already described above, loss of PTF1A expression is associated with ADM, a
progenitor state of PDAC. In this regard, Jakubison has shown that induced PTF1A expression
in PDAC cell lines decreased their tumorigenic potential [161], which coincides with the
previous findings of Krah et al. mentioned in section 1.1.4 [144, 145].

1.3 Mouse models for PDAC

Animal models represent an essential part of preclinical research as they enable a better
understanding of human diseases. So far, biomedical research is mainly dominated by mice,
due to their ease of husbandry, breeding and genetic modification. Especially in cancer
research, genetically engineered mouse models (GEMMSs) are an essential prerequisite to
investigate disease development and treatment strategies.

Hingorani et al. have generated the first mouse model that fully recapitulates the features of
human PDAC, thus defining the genetic requirements for disease development and
progression. According to the most common mutation found in humans, they carried out

targeted insertion of the oncogenic Kras®'?°

G12D

mutation into the endogenous murine Kras gene.

To avoid ubiquitous expression, Kras was silenced by a preceding lox-stop-lox (LSL)

cassette and activated in pancreatic progenitor cells by interbreeding these Kras-S-¢2PWT

animals with mice expressing Cre recombinase under the control of the pancreas-specific gene

promoters pancreatic and duodenal homeobox 1 (Pdx1l) or Ptfla. Indeed, pancreatic

G12D

expression of Kras was sufficient to initiate the formation of PanIN lesions, which then

spontaneously developed into PDAC at low frequency. [162]

3R172H

By including Trp5 , an orthologue of human TP53R"*" the group further showed that

G120 induced PanlN lesions towards cancer

mutation of Trp53 promotes the progression of Kras
[163]. Triple genetically modified Kras-S-C?2PWTTrp53SLRI72HWTPgy1_-Cre mice developed
metastatic PDAC with severely shortened survival of ~5 months and replicated the human
disease phenotype including sites of metastasis, genomic instability and high degree of

heterogeneity [163].
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As mentioned in chapter 1.1.3, inactivation of the tumour suppressor CDKNZ2A is the earliest
event following KRAS mutation in human PDAC development. As with the mutation of tumour
suppressor Trp53, deletion of Cdkn2a in KRAS®*?® mice also promotes the development of
PDAC from preinvasive lesions. However, these Kras-S-¢2PWTCdkn2a'/*Pdx1-Cre mice
developed highly aggressive tumours that directly invaded other organs, such as duodenum
and spleen [164]. As a consequence, these mice died at 11 weeks of age and therefore did
not show the pronounced metastasis to liver and lung that is usually found in humans and
Kras-S-C12DWTTn53LSLRIZZHWT Py 1 _Cre mice [163, 164].

1.4 Pig models for PDAC

Despite the valuable insights that mice have provided in the past, their application in disease
modelling is also associated with disadvantages. They show substantial differences to
humans, e.g. in size, lifespan, organ anatomy, and immune responses [165-167]. In addition,
their use in cancer research is limited, as murine cells are easier to immortalize than human
cells and expression of human oncogenes sometimes fails to replicate the human disease
phenotype in mice [168-170].

Therefore, non-rodent models are urgently needed to complement the preclinical data gained
from mouse experiments and thus enhance their predictive value. Compared to other large
animals such as dogs or non-human primates, pigs raise fewer ethical concerns as they have
been domesticated as food animals for centuries [171]. Indeed, pigs represent a suitable
translational model as they share many similarities with humans in body and organ size,
physiology and drug metabolism [172-174]. Their long lifespan of 12-15 years enables the
implementation of longitudinal studies to follow disease progression and evaluate imaging and
treatment strategies [175].

In the past, pigs were engineered to model different types of cancer, such as osteosarcoma or
colorectal cancer [176]. Based on the findings obtained from the above-mentioned mouse
models, attempts were also made to generate PDAC in pigs. According to the mice of
Hingorani et al., Schnieke and colleagues generated pigs carrying latent KRAS®*?® and
TP53R™M mutations (orthologue of human TP53R*") in exon 2 and 5 of their endogenous
genes, respectively [177, 178]. Since these mutations are also silenced by an upstream LSL
cassette, activation can be achieved by pancreas-specific Cre recombination using the
pancreatic promoters PTF1A and Pdx1, which is part of this dissertation.

In contrast to these endogenous mutations, Schook et al. randomly introduced Cre-inducible
KRAS®'?P and TP53%%™" mutations into the porcine genome and induced tumour formation by
subcutaneous and intramuscular injection of Cre recombinase encoded by adenovirus (AdCre)
[179]. AdCre delivery into the pancreatic main duct from these pigs resulted in tumours that

were similar to human PDAC, but also showed neuroendocrine regions [180].
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Besides, Berthelsen and colleagues generated a porcine model for PDAC which
overexpresses an oncogene cassette consisting of KRAS®?P  ¢c-MYC (cellular
myelocytomatosis) and SV40LT (Simian virus 40 large T antigen) [181]. None of the generated
piglets survived long but the utilized murine Pdx1 promoter (mPdx1) initiated oncogene
expression early during embryogenesis and led to the formation of proliferative acinar

hyperplastic foci at day 45 after birth [181].

1.5 Generation of genetically modified pigs

The era of generating genetically modified animals began with the development of pronuclear
microinjection. This technique describes the injection of a transgenic DNA construct into the
pronucleus of a fertilized oocyte followed by embryo transfer into a surrogate mother (Figure
4). First established in mice [182], pronuclear microinjection was soon expanded to larger
animals and led to the generation of transgenic rabbits, sheep and pigs [183]. This relatively
straightforward procedure was used for many years, but is far from ideal. Particularly with
regard to livestock, the proportion of transgenic offspring obtained is very low, at only 1-5%,
and the generation of excess non-transgenic animals is undesirable both ethically and in terms
of expense [184]. In addition, pronuclear microinjection enables only random integration of the
transgene into the host genome, which can damage the function of endogenous genes.
Integration into host regulatory regions or heterochromatin can result in position effects, which
in turn lead to substantially variable transgene expression levels and patterns among different
animals [185]. Another drawback of microinjection is mosaicism, which is caused by delayed
integration of the transgene and can also lead to differing expression profiles. In addition, the
use of porcine oocytes is problematic as they are characterised by a high lipid content, which
makes their pronuclei poorly visible and requires centrifugation prior to microinjection [186].
Therefore, recent attempts of generating transgenic pigs are based on cytoplasmic instead of
pronuclear microinjection. This technique has been successfully used for the generation of
simple porcine knockout models, e.g. by injection of the CRISPR/Cas9 system [187, 188].
However, especially with regard to transgene integration, this method is less efficient and
associated with the same disadvantages mentioned above.

The drawbacks of microinjection prompted the search for a more efficient method of generating
genetically modified mammals. In mice, the discovery of embryonic stem cells (ES cells), which
are easily manipulated by gene targeting and subsequently populate the germline, led to the
rapid production of a variety of genetically modified mouse lines [189-191]. In contrast, despite
numerous efforts, the isolation and cultivation of functional ES cells from livestock species was
so far unsuccessful [192]. This led to the development of somatic cell nuclear transfer (SCNT)

as a suitable alternative for the generation of modified farm animals.
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SCNT describes the transfer of a nucleus from a diploid somatic cell, that can be cultured and
modified in vitro, into an enucleated metaphase Il arrested (MIl) oocyte. Following electrofusion
and oocyte activation, the developing embryo is transferred into a surrogate mother and thus

enables the generation of cloned animals with modified genotypes (Figure 4).
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Figure 4. Methods to generate genetically modified pigs. Genetically engineered pigs can be generated in three
different ways: pronuclear microinjection, cytoplasmic microinjection and SCNT. Pronuclear and cytoplasmic
microinjection result in random integration of the transgene, while the latter is mainly used for gene knockouts via
CRISPR/Cas9-mediated genome editing. In contrast, SCNT enables the generation of gene-targeted pigs from
somatic cells that have been previously modified and analysed in vitro.

Cloning by SCNT was first established in sheep, where the usage of embryonic, foetal and
adult cells resulted in viable offspring that were identical to the respective cell donor [193, 194].
Shortly afterwards, the use of genetically modified cells for SCNT led to the generation of the
first transgenic sheep produced by random integration and gene targeting [195, 196]. Thus,
this technique was soon expanded to other livestock species and gave rise to the first random
transgenic and gene-targeted knockout pigs [197, 198].

Compared to microinjection, SCNT has humerous advantages for the production of transgenic
pigs. Besides random integration, it also enables precise genetic modification and detailed
analysis of the cultured cells prior to SCNT. Furthermore, unlike microinjection, the proportion
of transgenic offspring derived from SCNT is virtually 100%. In addition, depending on the
choice of the cell donor, the gender of the resulting piglets can be predetermined, which can

have substantial advantages for further breeding.
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However, despite the many advances it has brought, SCNT is also characterised by numerous
drawbacks. Unlike ES cells, primary somatic cells have a relatively short lifespan in culture,
which severely limits the time available for genetic modification, selection and characterisation
of cell clones.

In addition, homologous recombination (HR) is less frequent in somatic cells when compared
to ES cells, which preferentially use HR as repair pathway [199], thus making gene targeting
in differentiated cells more difficult. Furthermore, SCNT is technically challenging and marked
by a very low cloning efficiency, as the percentage of live-born animals is far below 5% [200,
201]. This is mainly caused by incomplete or inaccurate reprogramming, which often results in
abnormalities in the cloned animals and thus leads to high morbidity and mortality rates [202].
In fact, only few lines of healthy and viable genetically modified pigs were generated within the
last years.

1.6 Genetic engineering

1.6.1 The Cre-loxP recombination system

In the early 1980s, Sternberg and Hamilton discovered a site-specific recombination machinery
in bacteriophage P1, comprising Cre protein (causes recombination) and its recognition
sequences, the so called loxP sites (locus of crossing-over in P1) [203]. This Cre-loxP system
was shown to play an important role in P1 life cycle, most likely by cyclization of the linear
phage genome upon injection into the host and resolution of dimeric P1 DNA molecules [204,
205].

A DNA sequence flanked by two loxP sites is said to be “floxed” and the 34 bp loxP sites each
consist of two 13 bp inverted repeats that are separated by an 8 bp core region [206] (Figure
5A). Cre is a 38 kDa tyrosine recombinase that binds as a monomer to each of those inverted
repeats [207, 208]. In the presence of two loxP sites, Cre dimers form a synaptic tetramer
which then mediates the site-specific recombination reaction: conserved tyrosine residues
from two of the four subunits cleave the DNA leading to the formation of 3’-phosphotyrosine
linkages (Figure 5B). The released 5’-hydroxyl groups then perform nucleophilic attack on the
partner phosphotyrosine bonds leading to the formation of a Holliday-junction intermediate as
a result of the first strand exchange. Afterwards, a second round of cleavage mediated by the
other two subunits completes the recombination reaction and yields the recombined DNA
products. [209, 210]

The outcome of the recombination reaction depends on the orientation and location of the loxP
sites. If located on the same chromosome, equal orientation will result in excision of the floxed
DNA sequence, while oppositely directed loxP sites will lead to sequence inversion. In contrast,
two loxP sites present on different chromosomes induce translocation of the genomic

sequence (Figure 5C).
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As excision is accompanied by the loss of one loxP site, this reaction is primarily non-
reversible, whereas inversion and translocation can be reversed as long as Cre recombinase

is active. However, this reversibility if often undesirable in genome engineering.

Reaction between asymmetric loxP sites, each carrying a mutation in either the left or right
inverted repeat, results in the generation of one loxP site with two mutated Cre binding regions
and one wild type loxP site, rendering the recombination reaction irreversible [211, 212]. While
mutated inverted repeats convey unidirectionality by reducing the binding ability of Cre,
mutations in the core region have an impact on the reaction specificity as Cre cleaves the DNA
within the spacer sequence [213, 214].

The usage of such heterospecific loxP sites enables efficient insertion of DNA sequences into
predefined locations without the integration of plasmid backbone in a mechanism called
recombinase-mediated cassette exchange (RMCE) (Figure 5D) [215].
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Figure 5. Schematic overview of site-specific Cre-loxP recombination. (A) Binding of Cre dimer to the inverted
repeats of one loxP site. Cleavage occurs in the core spacer region at the positions indicated by arrows. (B)
Nucleophilic attack by conserved Tyr-324 residues results in strand cleavage and 3’-phosphotyrosine linkage
formation and presents the first step in the Cre-loxP recombination reaction. (C) The type of recombination reaction
is determined by the orientation and location of the loxP sites. (D) RMCE: heterospecific loxP sites allow for
integration of desired DNA sequences without plasmid backbone. GOI=Gene of interest. lllustration adapted from
Guo et al. (1997) and Bouhassira et al. (1997) [209, 215].

The Cre-loxP system has been optimised for targeted modification of mammals and led to the
development of numerous GEMMs. Of these, many are conditional models that locally and
temporally restrict the recombination reaction and thus enable tissue-specific modification of
genes, which are crucial for development. This spatiotemporality is achieved by using tissue-

specific promoters in combination with inducible systems to drive Cre protein expression.
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A well-known inducible system is based on the fusion of Cre recombinase to the binding
domain of the human oestrogen receptor (Cre-ERT). Due to a mutation, this ligand binding
domain (LBD) responds to synthetic ligands such as tamoxifen or 4-hydroxytamoxifen (4-OHT)
but is unresponsive to endogenous oestrogen [216, 217]. In the absence of tamoxifen, Cre-
ERT is bound to heat shock protein 90 (HSP90) and remains in the cytoplasm. Upon
administration and binding of tamoxifen, HSP90 dissociates from the complex and Cre-ERT
translocates into the nucleus where it executes recombination between the loxP sites [218]. In
order to reduce side effects of tamoxifen treatment, the Cre-ERT system was replaced by the
Cre-ERT system, which carries a triple-mutant of LBD and has up to 10-fold higher sensitivity
for 4-OHT when compared to Cre-ERT [219, 220].

Another inducible system relies on the tetracycline (Tet) resistance operon from Escherichia
coli (E.coli) and is available as Tet-On and Tet-Off variant regulating Cre expression upon
doxycycline (Dox) administration. More specifically, the Tet-Off system consists of a Tet-
Repressor fused to the VP16-activator protein from herpes simplex virus, resulting in the
formation of the tetracycline transactivator (tTa). In the absence of Dox, tTa binds to the Tet-
operon and drives Cre expression, while administration of Dox inhibits this binding and
prevents expression. In contrast, the Tet-On system uses a reversed transactivator (rtTa),
which leads to Cre expression in the presence of Dox, whereas Tet-operon binding and Cre
activation is inhibited when Dox is absent. [218, 221, 222]

Efficient expression of Cre recombinase is crucial for the successful generation of animal
models. However, as Cre recombinase originates from bacteriophage, it is characterised by
prokaryotic codon usage which can affect expression in eukaryotes. Application of mammalian
codon usage with reduction of the high CpG-content resulted in an improved Cre (iCre)
recombinase which enables efficient expression in mammals and reduces the risk of

epigenetic silencing [223].

1.6.2 Transposon systems

Transposable elements (TEs) were first described in 1950 by Barbara McClintock, after she
discovered a variegation of pigmentation in maize [224]. These elements, also known as
“‘jlumping genes”, are repetitive DNA sequences that can move within the genome and can be
found in every organism [225]. In humans, up to 45% of the genome was shown to be derived
from TEs [226].

Depending on their mode of transposition, TEs can be divided in two classes (Figure 6). Class
| transposons move in a replicative manner, via reverse transcription of an RNA intermediate
of themselves, also known as “copy and paste”-mechanism [227]. As they encode their own
reverse transcriptase, they are also called retrotransposons and can be further classified by

the presence or absence of flanking long terminal repeats (LTRS).
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LTR-Retrotransposons are usually 5-7 kb long and possess genes which have a high
equivalence to gag and pol from retrovirus [228]. They are able to form non-infectious virus-

like particles which in turn perform replicative transposition in the genome within a cell [226].

Non-LTR retrotransposons consist of two main groups, composed of long and short
interspersed nucleotide elements (LINEs and SINES), respectively [229]. LINEs represent the
most common TEs in the human genome and have a length of ~6 kb harbouring a 5’-
untranslated region (UTR) containing their own promoter followed by two open reading frames
(ORFs) and 3'UTR [226, 229]. LINEs encode their own RNA-binding protein, endonuclease
and reverse transcriptase, and amplify in the genome by reimport of their mMRNA into the
nucleus as ribonucleoprotein particles (RNPs) followed by reverse transcription and integration
[230, 231]. Unlike the above-mentioned TEs, SINEs are very short (100-500 bp) and possess
an RNA-polymerase Ill promoter [232]. In addition, they are non-protein coding and thus non-
autonomous, requiring the endonuclease and reverse transcriptase function from LINEs for

propagation within the genome [233].

Transposons
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Figure 6. Eukaryotic transposon systems. lllustration adapted from Finnegan (2012) and Feschotte & Pritham
(2007) [228, 234].

Class Il transposons account for 3% of the human genome [226]. They encode a transposase
gene which is flanked by two inverted terminal repeats (ITRs). Upon expression, the
transposase binds to these ITRs and performs excision and reinsertion of the intervening DNA

into another site of the genome [227].
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The last step is performed on a staggered DNA break at the new genomic location and
successful integration results in duplication of the target site sequence [235] (Figure 7).
Therefore, unlike their class | counterparts, class Il TEs move in a non-replicative “cut and

paste”-mechanism through a DNA intermediate and are thus called DNA transposons [225].

Eukaryotic DNA transposons comprise several families which can be distinguished, for
example, by the sequence of their ITRs or target site duplication, with piggyBac, hAT and
Tcl/mariner being the most commonly used DNA transposons for genetic engineering [225].
A small subgroup of DNA transposons is formed by Helitron and Maverick/Polintons, which
move in a replicative manner via single strand cleavage [236]. Although not using the "cut and
paste”-mechanism for movement, they still belong to class Il transposons due to the absence
of an RNA intermediate.
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Figure 7. Mechanism of piggyBac-mediated DNA transposition. Most DNA transposons function in a “cut and paste”
mechanism: PB-Transposase binds to its recognition sequences at the end of the flanking ITRs and generates DNA
nicks to release the intervening sequence. The excised transposon is then integrated into a staggered DNA break
at the new genomic location which harbours the TTAA recognition sequence. This mechanism leads to target site
duplication. lllustration adapted from Woodard & Wilson (2015) and Kim & Pyykko (2011) [237, 238].

Based on the simplicity of their “cut and paste”-mechanism, DNA transposons have become a
widely used tool for non-viral gene delivery. For this purpose, the gene of interest (GOI) is
flanked by ITRs and transferred simultaneously with the transposase into the cell
Transmission can be performed in cis or trans, with transposon and transposase located on
the same plasmid or separately from each other [239]. As already mentioned above, piggyBac
(PB), Sleeping Beauty (SB) from Tc1/mariner and Tol2 from hAT are the most commonly used
transposon systems for gene delivery. They all differ in origin, cargo size capacity and
transposition efficiency and have been subject to numerous optimizations in the past, such as

the generation of hyperactive transposase variants [240, 241].
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The SB transposon belongs to the Tcl/mariner superfamily and has been artificially
constructed using phylogenetic information from salmonid fish [242]. It performs efficient
integration into TA-sites within the genome and has found successful application in the
generation of transgenic mammalian models and in gene therapy studies [243, 244]. However,
it has been shown that SB transposition efficiency decreases by 50% for cargo size > 6 kb and
that high transposase concentrations result in a phenomenon called overproduction inhibition
(OPI) [245].

PB was identified in cabbage looper moth (Trichoplusia ni), as a naturally active transposon
that integrates specifically into genomic TTAA-sites [246, 247] (Figure 7). The PB transposon
system owns a higher cargo capacity compared to SB and even movements of transgenes
larger than 100 kb have been reported [248]. In addition, it is less sensitive to OPI in the
presence of higher transposase concentrations [249]. Therefore, the PB system has been used
for numerous scientific applications, such as for the generation of transgenic mice and induced
pluripotent stem (iPS) cells or for the modification of T cells [250-252].

Tol2 was identified in the genome of Oryzias latipes, the Japanese rice fish, and belongs to
the hAT family of transposons [253]. It is commonly used for studies in zebrafish (Danio rerio)
[254-256], but also works successfully in human and murine cells [257, 258]. Like PB, Tol2 is
also characterised by a high cargo capacity and low sensitivity to OPI, but shows however less
efficient transposition in human cells [249, 259, 260].

1.6.3 CRISPR/Cas9 systems

For a long time, gene targeting was the method of choice for targeted integration of transgenes
and mutations. However, due to the absence of ES cells in mammals other than mice, this
classical approach is less efficient as it solely relies on homologous recombination, an event
that occurs only rarely in mammalian somatic cells [261, 262].

The development of artificial nucleases enabled the introduction of targeted DNA double-
strand breaks (DSBs) and thus opened the era of precise genome editing. Such nucleases
can be classified into three groups: Zinc Finger Nucleases (ZFNs), Transcription Activator-like
Effector Nucleases (TALENSs) and Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) with their CRISPR-associated protein 9 (Cas9).

In eukaryotes, nuclease-induced genomic DSBs are mainly repaired by two distinct
mechanisms: non-homologous end joining (NHEJ) and homology-directed repair (HDR)
(Figure 8) [263]. NHEJ describes the direct ligation of both DSB ends without the need for a
DNA template [264]. Rejoining is mediated by the DNA-dependent protein kinase (DNA-PK)
complex, which consists of the DNA-PK catalytic subunit (DNA-PKcs) and the proteins Ku70
and Ku80 that form the Ku heterodimer [265].
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Binding of Ku70/80 to the DSB leads to recruitment and activation of DNA-PKcs, which in turn
promotes binding of nuclease, polymerase and ligase to fulfil the joining reaction [266]. NHEJ-
mediated repair is highly efficient, but also error-prone and often leads to the introduction of
insertion or deletion mutations (InDels), which can result in a shift of the reading frame and
thus in the generation of premature stop codons [263]. Therefore, this pathway is often

employed for inactivation of particular genes.

In contrast, HDR enables error-free DSB repair for which it requires an homologous template,
either provided by the sister chromatid or by an exogenous DNA sequence. During HDR, the
ends of the DSB are shortened towards 3’-overhangs, followed by BRCA1/2- and PALB2-
assisted binding of recombinase RAD51 which performs strand invasion of the homologous
sequence that serves as a template for DNA synthesis [267]. As a result, an exogenous DNA
sequence can be used to insert specific mutations or sequences into desired genomic
locations. Nevertheless, upon DSB, NHEJ is more frequent than HDR, as it is active throughout
the cell cycle while HDR is mainly restricted to S/G2 phase, when sister chromatids are
available [268].
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Figure 8. DSB-repair in eukaryotes. Eukaryotic cells use two distinct mechanisms for DSB-repair: NHEJ and HDR.
NHEJ is an error-prone mechanism which leads to the introduction of InDel mutations. In contrast, HDR relies on
homologous recombination with a donor template and can be used to insert specific sequences or point mutations.
lllustration adapted from Sander & Joung (2014) [263].

Genome editing was initially based on ZFNs and TALENSs. They consist of engineered DNA-
binding motifs fused to the cleavage domain of Fokl restriction enzyme and bind to the genomic
target region as a protein pair, resulting in dimerization of Fokl and generation of a DSB [269].
However, the generation of ZFNs and TALENS is labour- and cost-intensive and the discovery

of CRISPR/Cas9 soon provided a faster and more efficient system for genome editing.
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The CRISPR/Cas system was originally identified as an adaptable immune system in bacteria
and archaea. This defence system integrates stretches of invading DNA, e.g. from plasmids
or viruses, between CRISPR repeats [270]. Upon repeated infection, the transcripts of these
spacer sequences help the Cas proteins to recognize and cleave the foreign DNA, thus leading
to host immunity [271]. The type Il CRISPR/Cas9 system from Streptococcus pyogenes
represents the most studied tool for genome editing.

In this system, transcription of the repeat-spacer unit yields the precursor CRISPR RNA (pre-
crRNA), which is then bound by transactivating crRNA (tracrRNA) that mediates crRNA
maturation by recruiting RNaselll [272]. Afterwards, the tracrRNA-crRNA duplex directs Cas9
to the target site, whereby site-specific recognition is determined by a ~20 bp crRNA encoded
guide RNA (gRNA) sequence, which binds complementary to the foreign DNA [273]. However,
DNA cleavage occurs only in the presence of a protospacer adjacent motif (PAM), that consists
of a 5-NGG-3’ sequence and lies immediately downstream of the DNA target site [274]. The
RNA-guided endonuclease Cas9 consists of two nuclease domains: HNH and RuvC. These
domains cleave the DNA by generating site-specific nicks on the complementary and
noncomplementary target strand, respectively, and thus generate a blunt-ended DSB 3-4 bp
upstream of PAM [274] (Figure 9).

Cas9
R;i
Genomic
PAM
DNA H;l
crRNA
gRNA (TN 2
tracrRNA SgRNA

Figure 9. Overview of Cas9-mediated DNA cleavage for genome editing. The gRNA directs Cas9 to the
complementary target sequence in the genome which is followed by PAM. The two nuclease domains of Cas9,
HNH and RuvC, cleave the double-stranded DNA 3-4 bp upstream of the PAM sequence, leading to a DSB that
can be repaired by either NHEJ or HDR. lllustration adapted from Redman et al. (2016) [275].

21



Introduction

Based on these findings, the CRISPR/Cas9 system was optimized for its use in targeted
genome editing. Fusion of the crRNA 3’-end with the 5-part of the tracrRNA led to the
generation of a single chimeric RNA, called single gRNA (sgRNA), which imitates the
secondary structure of the tracrRNA-crRNA complex and still efficiently guides Cas9 to the
genomic target site [273] (Figure 9). This enables the use of CRISPR/Cas9 as a two-
component system for targeting any DNA sequence of the 5’-N20-NGG-3’ type, only by altering
the 20 bp gRNA sequence. Hence, the CRISPR/Cas9 system evolved as a cost-effective and
straightforward tool for gene editing, which has found numerous applications in different

species, such as mouse, human and pig [276-278].

Due to its ease of use, this system also allows for the simultaneous manipulation of several
genes. Multiplexed editing can be achieved, for example, by delivering a polycistronic tRNA-
gRNA (PTG) gene that gives rise to one single transcript which is cleaved by endogenous
RNases for releasing the individual sgRNAs in the target cell [279] (Figure 10).
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Figure 10. PTG construct for multiplexed genome editing. Illlustration adapted from Xie et al. (2015) [279].

Furthermore, different experimental requirements led to the development of several Cas9
variants, such as Cas9 nickase (Cas9n). Cas9n has only one active nuclease domain due to
a D10A or H840A mutation in the RuvC or HNH domain, respectively, and thus generates a
DNA single-strand break [273]. Application of Cas9n together with two sgRNAs in a “paired
nickase” system results in the generation of a DSB with increased reaction specificity and can

therefore lead to a reduction of potential off-targets [280].
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1.7 Objectives

The overall objective of this work was to generate a porcine model for PDAC, which
recapitulates the human disease phenotype. These pigs could then enable the validation and
complementation of research findings gained from in vitro and mouse studies and thus serve

as a translational model for preclinical studies with high predictive value.

The established KRASMS'C12PWT gngd TP53-SHRIETHWT pigs carry orthologues of the most
common mutations found in human PDAC disease. The main goal of this thesis was to activate
these mutations in the porcine pancreas by Cre recombination and characterise the aspects
of tumour formation. Based on the mouse models from Hingorani et al., the remit of this project
was to generate pigs that express Cre recombinase under the control of the murine Pdx1
(mPdx1) and porcine PTF1A promoter. If successful, the next aim would then be the
characterisation of the generated Cre-pigs followed by crossbreeding with
KRASSLEL2DWTT PG 3LSLRISTHWT nhigs and analysis of their progeny.

Besides KRAS and TP53 mutations, PDAC is also characterised by an accumulation of other
genetic changes. Therefore, another objective was to establish and test a PTG construct for
KRAS®*?P and TP53R*™ activation and multiplexed CRISPR/Cas9-mediated gene editing of
the porcine tumour suppressor genes (TSGs) TP53, p16, SMAD4 and BRCA2 and the porcine
class | major histocompatibility subunit Beta-2-microglobulin (B2M) in pig cells. If successfully

modified, the tumour induction capacity of these cells should be validated by transplantation.

As ADM is suggested to be the earliest precursor of human PDAC, a final aim was to establish
the isolation and culture of porcine pancreatic acinar cells in order to model ADM in vitro. Upon
successful establishment of the porcine in vitro ADM model, methods of mutational activation

and the influence of different cytokines on the transdifferentiation rate should be investigated.
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2 Materials and methods
2.1 Materials

2.1.1 Chemicals

Table 2. Chemicals.

Chemical type

Source

Acetic acid (C2H40)

AppliChem, Darmstadt, GER

Agarose

Sigma-Aldrich, Steinheim, GER

Boric acid (HsBOs)

AppliChem, Darmstadt, GER

Bovine serum albumin (BSA) Fraction V

Roche Diagnostics, Mannheim, GER

Chloroform (CHCls)

AppliChem, Darmstadt, GER

Citric acid (CsHsO7)

Sigma-Aldrich, Steinheim, GER

Deoxynucleotide (ANTP) solution mix

New England Biolabs, Frankfurt, GER

Disodium hydrogen phosphate
heptahydrate (NaoHPO4x 7H,0)

Sigma-Aldrich, Steinheim, GER

Droplet generation oil for probes

Bio-Rad Laboratories, Hercules, CA, USA

EDTA

Sigma-Aldrich, Steinheim, GER

Eosin solution

Waldeck GmbH, Munster, GER

Ethanol absolute (EtOH)

VWR International GmbH, Ismaning, GER

Ethanol denatured (EtOH)

CLN GmbH, Niederhummel, GER

Formaldehyde solution (37%) (CH.0)

AppliChem, Darmstadt, GER

Gel loading dye purple (6x)

New England Biolabs, Frankfurt, GER

Goat serum

Sigma-Aldrich, Steinheim, GER

Hem alum solution acid (Hematoxylin)

Carl Roth, Karlsruhe, GER

Hydrochloric acid (37%) (HCI)

Sigma-Aldrich, Steinheim, GER

Hydrogen peroxide (30%) (H205)

Riedel-de Haen, Seelze, GER

Magnesium chloride hexahydrate
(MgCl; x6 H20)

Carl Roth, Karlsruhe, GER

Mayer’'s Hemalum solution, acidic

Carl Roth, Karlsruhe, GER

Methanol (CH3;0OH)

Sigma-Aldrich, Steinheim, GER

Paraplast

Carl Roth, Karlsruhe, GER

peqgGreen DNA/RNA Dye

Peglab Biotechnologie, Erlangen, GER

Phenol:Chloroform:Isoamyl alcohol
(25:24:1)

AppliChem, Darmstadt, GER

Potassium chloride (KCI)

Carl Roth, Karlsruhe, GER

Potassium dihydrogen phosphate (KH2PO,)

Carl Roth, Karlsruhe, GER

Propan-2-ol (CsHsO)

Thermo Fisher Scientific, Waltham, MA,
USA

ROTI® Histol (= xylene substitute)

Carl Roth, Karlsruhe, GER

ROTI® Histokitt

Carl Roth, Karlsruhe, GER

Silicon grease

Kurt Obermeier, Bad Berleburg, GER

Sodium bicarbonate (NaHCO3)

Sigma-Aldrich, Steinheim, GER

Sodium chloride (NaCl)

AppliChem, Darmstadt, GER

Sodium Citrate tribasic dihydrate

Sigma-Aldrich, Steinheim, GER

Sodium dihydrogen phosphate
monohydrate (NaH,PO4x H,0)

Merck, Darmstadt, GER

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich, Steinheim, GER

Sodium hydroxide (NaOH)

Sigma-Aldrich, Steinheim, GER

Sucrose (C12H22011)

Riedel-de Haen, Seelze, GER

Tissue-Tek® O.C.T. Compound

Sakura Finetek Germany, Umkirch, GER

Tris-HCI (C4H11N03 X HCl)

Sigma-Aldrich, Steinheim, GER
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Tris ultrapure (C4H11NO3)

AppliChem, Darmstadt, GER

Triton X-100

Sigma-Aldrich, Steinheim, GER

TRIzol Reagent

Ambion, Austin, TX, USA

Tween-20

Sigma-Aldrich, Steinheim, GER

Medium with DAPI

VECTASHIELD® Antifade Mounting

Vector Laboratories, Burlingame, CA, USA

(Z2)-4-Hydroxytamoxifen (4-OHT)

Sigma-Aldrich, Steinheim, GER

2.1.2 Buffers
Table 3. Buffers.

Buffer type Ingredients Quantity
1x PBS (pH=7.2) NacCl 8¢
KCI 0.2¢g
Na;HPO, 1449
KH2PO4 0.24 ¢
H20 Uptoll
1x PBST (pH=7.2) NacCl 8¢
KCI 0.2g
Na;HPO, 1449
KH2PO4 0.24¢
Tween-20 1ml
H20 Uptoll
10x PBS (pH=7.4) NacCl 804g
KCI 29
Na;HPO, 1449
KH2PO4 2449
H20 Uptoll
Blocking buffer (2%) Goat serum 100 pl
PBS Upto5ml
Cell lysis buffer 1M Tris 2ml
0.5 M EDTA 0.2ml
SDS (10%) 0.4 ml
5 M NacCl 0.8 ml
H.O 16.6 ml
0.5 M EDTA (pH=8)) EDTA 93.05¢
NaOH 109
H.O 400 ml
Low-EDTA-Tris buffer 1 M Tris-HCI 0.5 ml
0.5 M EDTA 10 pl
H20 49.49 ml
Permeabilization buffer Goat serum 200 pl
Tween-20 10 pl
Triton-X-100 80 pl
PBS Up to 20 ml
Sodium citrate buffer (pH=6) | Sodium citrate 39
CeHsO7 049
Millipore dH,O Uptoll
TAE (50x) Tris 242 g
0.5 M EDTA 100 ml
C2H40: 57.1ml
H.0 Uptoll
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TBE (10x) Tris 545 g
H3BO3 2759
0.5 M EDTA 200 ml
dH20 Upto5I

TE buffer Tris-HCI 158 mg
EDTA 29 mg
H20 100 ml

TTE buffer Tris 242 mg
Triton X-100 1ml
EDTA 584 mg
H>O 100 ml

2.1.3 Tissue culture reagents

Table 4. Tissue culture reagents.

Reagent

Source

Accutase

Sigma-Aldrich, Steinheim, GER

Ala-GIn (GlutaMax)

Sigma-Aldrich, Steinheim, GER

Amphotericin B

Sigma-Aldrich, Steinheim, GER

Blasticidin S (10 mg/ml)

InvivoGen, San Diego, CA, USA

Bovine pituitary extract (BPE) (2.5 mg/ml)

Corning Inc., Corning, NY, USA

Collagen Type |, Rat tail

Corning Inc., Corning, NY, USA

Collagenase from clostridium histolyticum,
Type 1A

Sigma-Aldrich, Steinheim, GER

Collagenase from clostridium histolyticum,
Type VI

Sigma-Aldrich, Steinheim, GER

Dulbecco's Modified Eagle Medium (DMEM) -
high glucose

Sigma-Aldrich, Steinheim, GER

Dulbecco’s Phosphate Buffered Saline (PBS)
(1x)

Sigma-Aldrich, Steinheim, GER

Fetal bovine serum (FBS) superior

Merck, Darmstadt, GER

Geneticin (G418) (50 mg/ml)

Genaxxon bioscience, Uim, GER

HEPES (1M)

Thermo Fisher Scientific, Waltham, MA,

USA

Insulin-Transferrin-Selenium (ITS) (100x)

Gibco

Lipofectamine 2000

Thermo Fisher Scientific, Waltham, MA,

USA

McCoy’s 5A medium modified with sodium

Sigma-Aldrich, Steinheim, GER

MEM non-essential amino acid (NEAA)
solution (100x)

Sigma-Aldrich, Steinheim, GER

Opti-MEM reduced serum medium

Life Technologies GmbH, Darmstadt, GER

Penicillin-Streptomycin (P/S)

Sigma-Aldrich, Steinheim, GER

Primocin (50 mg/ml)

InvivoGen, San Diego, CA, USA

Puromycin (10 mg/ml)

InvivoGen, San Diego, CA, USA

Recombinant human IL-17A

Recombinant human TGF-a

Recombinant human TGF-31

Sodium pyruvate solution (100mM)
TransDux virus transduction reagent (200x)
Trypan blue (0.4%)

Trypsin inhibitor from Glycine max (soybean)
solution

PeproTech GmbH, Hamburg, GER
PeproTech GmbH, Hamburg, GER
PeproTech GmbH, Hamburg, GER
Sigma-Aldrich, Steinheim, GER

System Biosciences, Palo Alto, CA, USA
Invitrogen, Darmstadt, GER
Sigma-Aldrich, Steinheim, GER
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Ulex Europaeus Agglutinin | (UEA 1),
Fluorescein labelled

Vector Laboratories, Burlingame, CA, USA

Water (H20), cell culture grade

Sigma-Aldrich, Steinheim, GER

Waymouth MB 752/1 medium

Sigma-Aldrich, Steinheim, GER

2.1.4 Tissue culture media and solutions

Table 5. Tissue culture media and solutions.

Reagent type Ingredient Quantity
Acinar cell culture medium Waymouth 752/1 medium 23,425 pl
BSA (10%) 250 pl
Typsin inhibitor 250 pl
Primocin 50 pl
FBS 25 ul
ITS 250 pl
BPE 500 ul
HEPES 250 pl
NaHCO3 65 mg
Final: 25 ml
Acinar cell recovery medium Acinar cell culture medium 3.5ml
FBS 1.5ml
Final: 5 ml
Cell culture medium DMEM 500 ml
FBS 100 ml
GlutaMax 6 ml
NEAA 6 ml
Sodium pyruvate 6 ml
Final: 618 ml
PBS+P/S PBS 500 ml
P/S 5ml
Final: 505 ml
Electroporation solution KCI 5mM
MgCl, 10 mM
NaHPO4 70 mM
NaH;PO4 70 mM
Solution 1 (SOL1) McCoy’s 5A medium 288 ml
BSA (10%) 3ml
P/S 3ml
Trypsin inhibitor (10 mg/ml) 6 ml
Final: 300 ml
Solution 2 (SOL2) SoL1 30 ml
Collagenase, Type VI 30 mg
Final: 30 ml
Wash solution SOoL1 70 ml
FBS 30 ml
Final: 100 ml

27



Materials and methods

2.1.5 Bacterial culture reagents

Table 6. Bacterial culture reagents.

Type

Source

Ampicillin (C16H19N304S)

Carl Roth, Karlsruhe, GER

LB agar, Miller (Luria-Bertani)

Difco BD, Sparks, MD, USA

Luria Broth Base (Miller)

Difco BD, Sparks, MD, USA

2.1.6 Enzymes

Table 7. Enzymes.

Enzyme type

Source

ddPCR™ Supermix for Probes (no dUTP) (2x)

Bio-Rad Laboratories, Hercules, CA,
USA

GoTag® G2 DNA Polymerase
5x Green GoTaq reaction buffer

Promega GmbH, Mannheim, GER

NEBuilder® HiFi DNA Assembly Mastermix

New England Biolabs, Frankfurt, GER

Phire Hot Start || DNA Polymerase
5x Phire reaction buffer

Thermo Fisher Scientific, Waltham,
MA, USA

Proteinase K (20 mg/ml)

Macherey-Nagel, Diren, GER

Q5® High-Fidelity DNA Polymerase,
5x Q5 reaction buffer,
5x Q5 high GC enhancer

New England Biolabs, Frankfurt, GER

Restriction endonucleases

New England Biolabs, Frankfurt, GER

Restriction endonuclease buffers:
CutSmart® Buffer
NEBuffer™ 1.1, NEBuffer™ 2.1, NEBuffer™ 3.1

New England Biolabs, Frankfurt, GER

RNase A

Sigma-Aldrich, Steinheim, GER

T4 DNA ligase
T4 DNA ligase buffer (10x)

New England Biolabs, Frankfurt, GER

2.1.7 Antibodies
Table 8. Antibodies.

Name Utilized dilution for IHC Source

Cre Recombinase (D7L7L) 1:50-1:100 Cell Signaling Technology,

XP® Rabbit mAb #15036 Danvers, MA, USA

Goat anti-mouse 1gG-HRP 1:200 Santa Cruz Biotechnology,
Dallas, TX, USA

Goat Anti-Rabbit IgG-HRP 1:150-1:200 SouthernBiotech,
Birmingham, AL, USA

Pdx1 (D59H3) XP® Rabbit 1:200 Cell Signaling Technology,

mADb #5679 Danvers, MA, USA
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2.1.8 Kits
Table 9. Kits.
Kit Source

Avidin/Biotin Blocking Kit

Vector Laboratories, Burlingame, CA, USA

DAB Substrate Kit

Vector Laboratories, Burlingame, CA, USA

CloneJET PCR Cloning Kit

Thermo Fisher Scientific, Waltham, MA,
USA

FastGene Scriptase Il cDNA Kit

Nippon Genetics Europe GmbH, Diren,
GER

GenElute™ Mammalian Genomic DNA
Miniprep Kit

Sigma-Aldrich, Steinheim, GER

INnuSPEED Tissue RNA Kit

Analytic Jena, Jena, GER

MEGAclear™ Transcription Clean-Up Kit

Invitrogen, Darmstadt, GER

Mix2Seq kit

Eurofins Genomics, Ebersberg, GER

MMESSAGE mMACHINE™ T7
Transcription Kit

Ambion, Austin, TX, USA

NucleoBond® Xtra Midi kit

Macherey-Nagel, Diren, GER

Poly(A) Tailing Kit

Ambion, Austin, TX, USA

PyroMark PCR Kit (200)

Qiagen, Hilden, GER

PyroMark Q48 Advanced CpG Reagents
(4 x 48)

Qiagen, Hilden, GER

SurePrep™ RNA/DNA/Protein Purification
Kit

Thermo Fisher Scientific, Waltham, MA,
USA

Turbo DNA-free™ Kit

Invitrogen, Darmstadt, GER

Vectastain Elite ABC Kit

Vector Laboratories, Burlingame, CA, USA

Wizard® SV Gel and PCR Clean-Up
System

Promega GmbH, Mannheim, GER

2.1.9 Mammalian cells

Table 10. Mammalian cells.

Name Genotype

Source

Porcine adipose-derived
mesenchymal stem cells
(PADMSCs 110111)

Wild type

Chair of livestock
biotechnology, TUM,
Freising, GER

Porcine ear fibroblasts
(PEFs #2094)

KRASLSLGlZD/WT_TP53LSLR167H/WT

Chair of livestock
biotechnology, TUM,
Freising, GER

Porcine ear fibroblasts
(PEFs #2097)

KRAsLSLGIZDANT_TP53LSLR167H/WT

Chair of livestock
biotechnology, TUM,
Freising, GER

(PKF #270)

Porcine kidney fibroblasts | Wild type Slaughterhouse
(PKFs 120419-7)
Porcine kidney fibroblasts | R26™™M¢WT Chair of livestock

biotechnology, TUM,
Freising, GER

Porcine kidney fibroblasts
(PKF #232)

KRAsLSL612D/WT_ RZGmT—mG/WT

Chair of livestock
biotechnology, TUM,
Freising, GER
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2.1.10 Bacterial strains

Table 11. Bacterial strains.

Name Genotype Source
Escherichia coli ElectroMAX | FF mcrA A(mrr-hsdRMS- | Invitrogen, Karlsruhe, GER
DH10B (DH10B E. coli) mcrBC) @80lacZAM15
AlacX74 recAl endAl
araD139A(ara, leu)7697
galU galK ArpsL nupG
2.1.11 Oligonucleotides
2.1.11.1 Primers
Table 12. Primers.
Name | Sequence

PTF1A screening

#229 PTF1a-5'-Screen-F

5'-ctctctggagcctggctttta-3’

#138 Kpnl-LHA-OE-F1

5’-ctgcacgagtactgctaccg-3’

#37 iCre-seq-R1

5’-agagtcatccttggcaccat-3’

#36 iCre-seq-F1

5’-caagctggtggagagatgga-3’

#20 PTF1a-3'-PCR R2

5’-ctggccagagttgttccaac-3’

#113 PTF1la-PCR for Kpnl-R

5’-gctgaaagggatgagagggt-3’

mPdx1

screening

#62 Rosa26 11 F2

5'-tatgggcgggattcttttge-3’

#67 R26-SA-R

5’-gaaagaccgcgaagagtttg-3’

#22 mPDX-loxP-Removal-R1

5’-aatgttctctctggtgggct-3’

#64 Rosa26 |11 R3

5’-gtttgcacaggaaacccaag-3’

#239-mPdx1-screen-F

5’-acagcgctgagttctgcaag-3’

#37 iCre-seq-R1

5’-agagtcatccttggcaccat-3’

#36 iCre-seq-F1

5’-caagctggtggagagatgga-3’

#245-mPdx1-F2

5’-tgagggtacggacacatgaa-3’

#255-iCre-R2

5’-agggacacagcattggagtc-3’

#20g-AAV8_F20

5’-ttccgcgcacatttccccga-3’

#145 T2A-iCre-cloning-R1

5’-cgcagcgagtcagtgagcga-3’

RT-PCR
InDel-F 5'-ctctcagcttcagcacatcg-3’
iCre_rev 5’-ggtcaaagtcagtgcgttca-3’
LEAF 5’-tgacagccaggtgactgaag-3’
LEAexprZR 5’-atgagctccaccttgcagat-3’

#42 PTF1a-RTPCR-F

5’-gaaggtcatcatctgccacc-3’

#43 PTF1la-RTPCR-R

5'-ttgagtttcctggggtcctc-3’

#44 PDX-1-RTPCR-F

5’-cacctccaccaccacctc-3’

#45 PDX-1-RTPCR-R

5’-gcttgttctectcgggcet-3’

F.GAPDH S.scrofa

5'-ttccacggcacagtcaaggc-3’

R.GAPDH S.scrofa

5’-gcaggtcagatccacaac-3’

RPS28 1F 5’-gttaccaaggttctgggcag-3’

RPS28 1R 5'-cagatatccaggacccagcc-3’
ddPCR

ddGAPDH F1 5’-ctcaacgaccacttcgtcaa-3’

ddGAPDH R1 5’-ccctgttgctgtagccaaat-3’

ddGAPDH-HEX

5’-HEX-tgtgatcaagtctggtgccc-BHQ-3’
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ddiCre F1 5’-gtgcaagctgaacaacagga-3’
ddiCre R1 5’-gactccaatgctgtgtcect-3’
ddiCre-FAM 5’-FAM-cagaggcctggctgtgaaga-BHQ-3’

#269-Lac-ddPCR-test-F2

5’-cacagccggtaagagtaacc-3’

#270-Lac-ddPCR-test-R2

5’-caccccaggctttacacttt-3’

Lac-FAM-ddPCR-Probe

5-FAM-tccacacaacatacgagccgga-BHQ-3’

Pyrosequencing

#177 KRAS-Pyro-F (Ex1)

5’-ccatttcggactgggagcta-3’

#181 KRAS-Pyro-R1-biotin (Ex2)

5’-BlO-gctgtattgtcaaggcactcttgc-3’

#276-KRAS-Seq-F1 (Ex2)

5’-gcctgctgaaaatgactga-3’

#280-KRAS-Pyroseg-R1-Bio (Ex3)

5’-BlO-catgtactggtccctcatt-3’

#182 KRAS-Pyro-Seq

5'-tgtggtagttggagctg-3’

p53 SNP 1F 5’-tgtccgegcecatggecatct-3’
p53 SNP 1R 5’-BlO-cagagccgacctcgggeg-3’
p53 SNP 1S 5’-accgaggtggtga-3’
LSL-excision PCR & genotyping
KRAS loxP_F 5’-aaagcggtacttgcctttaat-3’
KRAS loxP_R 5'-tgaggaaaagaacagtgcaaa-3’
TP53 intlF 5'-tgaggaatttgtatgccaagg-3’
TP53 intlR 5'-ttccaccagtgaatccacaa-3’
R26-Targ-F 5’-tctgctgcectcecttttccta-3’
R26 targ SA R 5’-gaaagaccgcgaagagtttg-3’
Neo-KF R 5’-agcccctgatgctcticgte-3’
Multiplexing of gRNAs

gRNA _scaff-R

5’-taggtctccaaacggatgagcgacagcaaacaaa
aaaaaaagcaccgactcg-3’

PCRolap_3 (LSL_TP53_R)

5’-tcaataagctgttttgccaggtcccaccgagat-3’

PCRolap 6 (LSL_TP53 F)

5’-ggcaaaacagcttattgagttttagagctagaaa-3’

#211 PCRolap_7 (p16-3-R)

5'-tcggccgactggctagectcaggtcccaccgagat-3°

#212 PCRolap_7 (p16-3-F)

5'-gaggctagccagtcggecgagttttagagctagaaa-3*

#213 PCRolap_7 (Smad4-2R)

5'-gtctgagcattgtacatagtcaggtcccaccgagat-3

#214 PCRolap_7 (Smad4-2F)

5'-gactatgtacaatgctcagacgttttagagctagaaa-3

#215 tRNA-BbsI-Fok-R1

5’-ggcaggatgagcgacagcaaactcgtcttct
cgaagactcgcaccgactcg-3’

#216 Bbsl-tRNA-F

5’-gaagacctgtgcgcagcaggtcccat-3’

#217 Bbsl-gRNA-p16-R

5'-gaagactcaaactcggccgactggctagcctc-3

#226 Smad4-BbsI-R

5’-gaagactcaaacgtctgagcattgtacatagtcag
gtcccaccgagat-3°

#227 BRCA2-gRNA1-Rolap-R

5’-attggatgcaaagagagaccaggtcccaccgagat-3’

#228 BRCA2-gRNA1-Rolap-F

5’-ggtctctctttgcatccaatgttttagagctagaaa-3’

#230 BRCA2-BbsI-R

5’-gaagactcaaacattggatgcaaagagagacc
aggtcccaccgagat-3’

#233 gRNA-scaffold-F1

5'-gttttagagctagaaatagc-3’

#234 gRNA-scaffold-F2

5’-ggctagtccgttatcaacttg-3’

#248-Fokl-BbsIx2-pIDT-F1

5’-ggatgggcagtctgcaccgggtcticgagaagac
gagttttagagctaga-3’

#249-Fokl-BbsIx2-pIDT-R1

5’-ggatgagcgacagcaaaccgaggggagce
catcgctaaggtcccaccgaga-3’

#250-Bbsl-Pentaplex-F1

5’-gaagactgcaccgcagcaggtcccatgg-3’

#251-Bbsl-Pentaplex-R1

5’-gaagacgaaaacattggatgcaaagagagacc-3’

#256-B2M-R1

5’-cgaggggagccatcgcta-3’

#257-B2M-Scaffold-F1

5’-tagcgatggctccccteggttttagagctagaaatage-3’

tRNA Bsal-FokI-F

5’-cgggtctcaggcaggatgggca-3’
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Screening of

RNA target sites

porP16_TIDE_F1

5’-ctccgggtggaaagataccg-3’

porP16_TIDE_R1

5’-tgtcctccgacggatttctg-3’

porSMAD4_TIDE_F1

5’-agcaatttcatcttttcccaagt-3’

porSMAD4_TIDE_R1

5’-gactaacctgaagcctccca-3’

porTP53_TIDE_F1

5’-accctggtcccaaagttgaa-3’

porTP53 TIDE_R1

5’-gcccactcaccatcgctata-3’

#158 BRCA1-gRNAITIDE-F1

5’-ggcaacaccggatccttaac-3’

#159 BRCA1-gRNAILTIDE-R1

5’-acccctaacctggaaacctc-3’

#160 BRCA1-gRNA2TIDE-F1

5'-tcaggatccgagctgtgttt-3’

#161 BRCA1-gRNA2TIDE-R1

5’-tgcaccattattttctgtaccac-3’

#162 BRCA2-gRNAILTIDE-F1

5’-gcggaatcttgctcttttgga-3’

#163 BRCA2-gRNAILTIDE-R1

5’-gccagtctcctctttgtcca-3’

pB2M Scr 5’'UTR F1

5’-ccacccagtccaacctttgcec-3’

pB2M Scr 11 R1

5’-ccagagttagcgcccggagt-3’

#23 3'-control-gDNA-F1

5’-atgaagcctaagacgcctgt-3’

#24 3'-control-gDNA-R1

5’-tccactccctttcagctcaa-3’

2.1.11.2 gRNA oligonucleotides
Table 13. gRNA oligonucleotides.

gRNA target site

Oligonucleotide name

Sequence

B2M gRNA
(Beate Rieblinger)

B2M-F1

5’-cacctagcgatggctcccctcg-3’

B2M-R1

5’-aaaccgaggggagccatcgcta-3’

BRCA1

porBRCA1-gRNA1-F1

5’-caccgaaatatgtggtcacactttg-3’

gRNA 1 porBRCA1-gRNA1-R1 5’-aaaccaaagtgtgaccacatatttc-3’
BRCA1 porBRCA1-gRNA2-F1 5'-caccgtaaatcttgtactttcttgt-3’
gRNA 2 porBRCA1-gRNA2-R1 5’-aaacacaagaaagtacaagatttac-3’
BRCA2 gRNA 1 porBRCA2-gRNA1-F1 5’-caccggtctctctttgcatccaat-3’
porBRCA2-gRNA1-R1 5’-aaacattggatgcaaagagagacc-3’
p16 gRNA 3 porpl6-gRNA3-F1 5’-caccgaggctagccagtcggecga-3’
porpl6-gRNA3-R1 5’-aactcggccgactggctagcectc-3’
pl6 gRNA 4 porpl6-gRNA4-F1 5’-caccgtgcggceggaggctagccagt-3’
porpl6-gRNA4-R1 5’-aaacactggctagcctccgecgeac-3’
PTF1A-Ex1-gRNA 4 | PTF1A-gRNA4-F 5’-caccgtcctcttactttgacgagg-3’
(Alessandro PTF1A-gRNA4-R 5’-aaaccctcgtcaaagtaagaggac-3’
Grodziecki)
PTF1A-3’'UTR gRNA1l 3'UTR-F1 5’-caccgaccagatcctcaggagggtc-3’
gRNA 1 gRNAl1l 3'UTR-R1 5’-aaacgaccctcctgaggatctggtc-3’
PTF1A-3’'UTR gRNA2 3'UTR-F1 5’-caccgacataaccagatcctcagg-3’
gRNA 2 gRNA2 3'UTR-R1 5’-aaaccctgaggatctggttatgtc-3’
PTF1A-3'UTR gRNA3 3'UTR-F1 5’-caccgacataaccagatcctcagga-3’
gRNA 3 gRNA3_3'UTR-R1 5’-aaactcctgaggatctggttatgtc-3’
R26-gRNA R26-gRNA-F1 5’-caccattgaacctacaacctcg-3’
R26-gRNA-R1 5’-aaaccgaggttgtaggttcaat-3’
SMAD4 gRNA 2 SMADA4-sus scrofa- 5’-caccgactatgtacaatgctcagac-3’
(Alessandro gRNA2-F1
Grodziecki) SMADA4-sus scrofa- 5’-aaacgtctgagcattgtacatagtc-3’
gRNA2-R1

TP53 gRNA (Carolin
Perleberg)

CRISPR_TP53 Ex5 1A

5’-caccggcaaaacagcttattga-3’

CRISPR TP53 Ex5 1B

5’-aaactcaataagctgttttgcc-3’
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gRNAs for KRAS/TP53 mutational activation (multiplexed)
#173 PCRolap_2 5'-taacttcgtataatgtatgcaggtcccaccg
SAgRNA 1 (LSL-G1R) agat-3’
#175 PCRolap_4 5’-gcatacattatacgaagttagttttagagct
(LSL-G1F) agaaa-3’
#174 PCRolap_3 5'-tcgatccccactggaaagacaggtcccac
SA gRNA 2 (LSL-G2R) cgagat-3’
#176 PCRolap_6 5’-gtctttccagtggggatcgagttttagagcta
(LSL-G2F) gaaa-3’
#218 SA-Remov-gRNA- 5’-gtggggatcgacggtatcgacaggtccca
SA gRNA 3 New-R ccgagat-3’
#219 SA-Remov-gRNA- 5’-gtcgataccgtcgatccccacgttttagagce
New-F tagaaa-3’
#220 SA-Neo-Remov- 5’-cggcacttcgcccaatagcacaggtccca
Neo gRNA 1 gRNA2-R ccgagat-3’
#221 SA-Neo-Remov- 5’-gtgctattgggcgaagtgccggttttagagc
gRNA2-F tagaaa-3’
2.1.12 Nucleic acid ladders
Table 14. Nucleic acid ladders.
Name Range Source
2-log DNA ladder 0.1-10 kb New England Biolabs,
Frankfurt, GER
RiboRuler High Range RNA 0.2-6 kb Thermo Fisher Scientific,
Ladder & RNA loading dye Waltham, MA, USA
(2x)
Quick-Load® 1 kb Extend DNA | 0.5-48.5 kb New England Biolabs,
Ladder Frankfurt, GER
2.1.13 Vectors and DNA constructs
Table 15. Vectors and DNA constructs.
Name Source

1044 pBS-CMV-gag-pol plasmid
(Addgene plasmid #35614)

Addgene, Watertown, MA, USA

990_GAG-CRErec plasmid
(Addgene plasmid #119971)

Addgene, Watertown, MA, USA

CAG-LEA29Y plasmid

Kindly provided by Nikolai Klymiuk, Institute
of Molecular Animal Breeding and
Biotechnology, LMU, Munich, GER

CMV-VSV-G plasmid
(Addgene plasmid #8454)

Addgene, Watertown, MA, USA

hyPB-Transposase-T2A-mCherry-WPRE
plasmid

Kindly provided by Prof. Dr. Roland Rad,
Institute of Molecular Oncology and
Functional Genomics, Klinikum rechts der
Isar, TUM, Munich, GER

hyPB-Transposase-T2A-mCherry-bGH_pA
plasmid

Daniela Kalla, Chair of livestock

biotechnology, TUM, Freising, GER

iCre-pA plasmid

Chair of Livestock Biotechnology, TUM,
Freising, GER
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mPdx1-iCre-PGK-Neo plasmid for random | Daniela  Kalla, Chair of livestock
integration biotechnology, TUM, Freising, GER
Multiplexed PTG constructs Daniela  Kalla, Chair of livestock

biotechnology, TUM, Freising, GER

PB/SB-DNA transposon plasmid

Kindly provided by Prof. Dr. Roland Rad,
Institute of Molecular Oncology and
Functional Genomics, Klinikum rechts der
Isar, TUM, Munich, GER

PB-mPdx1-iCre-DNA transposon plasmid Daniela Kalla, Chair of livestock
biotechnology, TUM, Freising, GER

pcDNA3.1-Hygro-CAG plasmid Konrad Fischer, Chair of livestock
biotechnology, TUM, Freising, GER

pcDNA3.1-Hygro-CAG-LEA29Y plasmid Daniela Kalla, Chair of livestock

biotechnology, TUM, Freising, GER

Pdx1-mTQ2-P2A-FIpO-PA
(Addgene plasmid #67279)

Addgene, Watertown, MA, USA

PGK-ERT™-Cre-ER™ plasmid (plasmid #814)

Chair of Livestock Biotechnology, TUM,
Freising, GER

pJET1.2/blunt cloning vector

Thermo Fisher Scientific, Waltham, MA,
USA

pSL1180 cloning vector

Amersham Biosciences, Amersham, UK

PTF1A double cut donor templates

Daniela Kalla, Chair of livestock
biotechnology, TUM, Freising, GER

PTG template construct

Tatiana Flisikowska, Chair of Livestock
Biotechnology, TUM, Freising, GER

pX330-U6-Chimeric_BB-CBh-hSpCas9
(Addgene plasmid #42230)

Addgene, Watertown, MA, USA

pX330-U6-Chimeric_BB-CBh-hSpCas9-
T2A-Puro_MCS (plasmid #841)

Daniela Huber, Chair of livestock

biotechnology, TUM, Freising, GER

pX330-hSpCas9-PTF1A_Ex1_gRNA4

Alessandro Grodziecki, Chair of livestock
biotechnology, TUM, Freising, GER

pX330-hSpCas9-PTF1A_3'UTR_gRNA3

Daniela Kalla, Chair of livestock

biotechnology, TUM, Freising, GER

pX330-hSpCas9-R26-gRNA

Chair of Livestock Biotechnology, TUM,
Freising, GER

pX462-U6-BB-hSpCas9n(D10A)-T2A-Puro
(Addgene plasmid #62987)

Addgene, Watertown, MA, USA

pX462-hSpCas9n(D10A)- Daniela  Kalla, Chair of livestock
PTF1A Ex1 gRNA4 biotechnology, TUM, Freising, GER
R26-SA-BS-mPdx1-iCre targeting vector Daniela Kalla, Chair of livestock

biotechnology, TUM, Freising, GER

R26-SA-Neo-Pdx1-Cre targeting vector
(plasmid #792)

Chair of Livestock Biotechnology, TUM,
Freising, GER

R26-SA-Neo-mPdx1-iCre targeting vector

Daniela Kalla, Chair of livestock

biotechnology, TUM, Freising, GER
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2.1.14 Consumables

Table 16. Consumables.

Name

Source

Cell strainer (200 um)

PluriSelect Life Science, Leipzig, GER

C-Chip Neubauer improved cell counting
chamber

Carl Roth, Karlsruhe, GER

Cloning rings: reaction tubes

Brand, Wertheim, GER

Countess™ Cell Counting Chamber Slides

Invitrogen, Karlsruhe, GER

Cryovials

Corning Incorporated, Corning, NY, USA

ddPCR™ 96-Well Plates

Bio-Rad Laboratories, Hercules, CA, USA

DG8™ Cartridges for QX200™/QX100™
Droplet Generator

Bio-Rad Laboratories, Hercules, CA, USA

DG8™ Gaskets for
Droplet Generator

QX200™/QX100™

Bio-Rad Laboratories, Hercules, CA, USA

Electroporation cuvettes (2 mm)

VWR International GmbH, Ismaning, GER

Embedding cassettes, Q Path® MicroStar V

VWR International GmbH, Ismaning, GER

Falcon tubes (15 ml, 50 ml)

Greiner Bio-One, Frickenhausen, GER

Glass pasteur pipettes

Brand, Wertheim, GER

Microscope slides

VWR International GmbH, Ismaning, GER

Microtome Blades R35

FEATHER® Safety Razor, Osaka, JPN

Parafilm

Bemis, Neenah, WI, USA

PCR reaction tubes (8-strip, 0.2 ml)

Starlab, Hamburg, GER

Petri dishes

Greiner Bio-One, Frickenhausen, GER

Pipette tips (2 pl, 20 pl, 200 pl, 1000 ph

Mettler-Toledo, Columbus, OH, USA

Pierceable foil heat seal

Bio-Rad Laboratories, Hercules, CA, USA

PyroMark Q48 Absorber Strips

Qiagen, Hilden, GER

PyroMark Q48 Discs

Qiagen, Hilden, GER

Reaction tubes (1.5 ml, 2 ml)

Zefa Laborservice, Harthause, GER

Scalpels

Braun, Melsungen, GER

Serological pipettes Costar® stripettes
(A ml, 2ml, 5ml, 10 ml, 25 ml, 50 ml)

Corning Incorporated, Corning, NY, USA

StarGuard® nitril gloves (S, M, L, XL)

Starlab, Hamburg, GER

Sterile filter (0.22 pm)

Berrytec, Griinwald, GER

Syringes (2 ml, 5 ml, 25 ml)

Becton Dickinson, Franklin Lakes, NJ, USA

Tissue culture flask (T25, T75, T150)

Corning Incorporated, Corning, NY, USA

Tissue culture plates (10 cm, 15 cm, 6-well,
12-well, 24-well, 48-well, 96-well)

Corning Incorporated, Corning, NY, USA

Tissue-Tek® Cryomold® Standard (25 x 20
X 5 mm)

Sakura Finetek Germany, Umkirch, GER

2.1.15 Laboratory equipment
Table 17. Laboratory equipment.

Device

Source

BlueLight table

Serva, Heidelberg, GER

BTX ECM 830 Electro Square Porator

BTX Harvard Apparatus, Holliston, MA, USA

Bacterial incubator

Thermo Fisher Scientific, Waltham, MA,
USA

Centrifuges: Sigma 3-16; Sigma 1-15;
Sigma 1-15K; Sigma 4K15

Sigma, Osterode, GER

CO; incubator “Forma Steri-Cycle”

Thermo Fisher Scientific, Waltham, MA,
USA
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Countess™ Automated Cell Counter

Invitrogen, Karlsruhe, GER

CryoStar™ NX70 Cryostat

Thermo Fisher Scientific, Waltham, MA,
USA

Electroporator “Multiporator”

Eppendorf, Hamburg, GER

Freezer -20°C

Liebherr International, Bulle, Switzerland

Freezer -80°C

Thermo Fisher Scientific, Waltham, MA,
USA

Fridge +4°C

Beko, Neu-Isenburg, GER

Gel electrophoresis system

Peglab Biotechnologie, Erlangen, GER

Heating block

Thermo Fisher Scientific, Waltham, MA,
USA

HERAsafe safety cabinet

Heraeus, Hanau, GER

Hot plate magnetic stirrer AREC.X

VELP Scientifica, Usmate, IT

Ice machine

Eurfrigor, Lainate, IT

Leica ST5020 Multistainer

Leica Mikrosysteme Vertrieb GmbH
Mikroskopie und Histologie, Wetzlar, GER

Leica TCS SP8 HyVolution 2
confocal microscope

Leica Mikrosysteme Vertrieb GmbH
Mikroskopie und Histologie, Wetzlar, GER

Leica TP1020 tissue processor

Leica Mikrosysteme Vertrieb GmbH
Mikroskopie und Histologie, Wetzlar, GER

M8 digital microscope & slide scanner

PreciPoint, Freising, GER

Microscopes: Axiovert 40CLF,
Axiovert 200 M, Primo Star

Carl Zeiss, Jena, GER

Microwave

MHA, Barsbuttel, Germany

Mr. Frosty Freezing Container

Thermo Fisher Scientific, Waltham, MA,
USA

MS2 Minishaker IKA®

IKA®-Werke GmbH, Staufen, GER

Nanodrop Lite Spectrophotometer

Thermo Fisher Scientific, Waltham, MA,
USA

Orbital shaker

Thermo Fisher Scientific, Waltham, MA,
USA

PCR cycler: PegStar 2x Thermocycler

Peglab Biotechnologie, Erlangen, GER

PCR cycler: DNS Engine DYAD

Bio-Rad Laboratories, Hercules, CA, USA

Perfect Spin Mini Centrifuge

Peqglab Biotechnologie, Erlangen, GER

Pipettes: Gilson pipetman (0.2-2 pl, 2-20 ul,
20-200 pl, 100-1000 pl, multichannel)

Gilson, Middleton, WI, USA

Pipette controller: Pipettus® reddot

Hirschmann Laborgeréte, Eberstadt, GER

Pipetting controller: accu-jet pro®

Brand, Wertheim, GER

Power supply EPS 301

Thermo Fisher Scientific, Waltham, MA,
USA

Power supply Owl™ EC-105

Owl™ EC-105 Compact Power Supply

Power supply PegPOWER

Peglab Biotechnologie, Erlangen, GER

PX1™ PCR Plate Sealer

Bio-Rad Laboratories, Hercules, CA, USA

PyroMark® Q48 Autoprep Instrument

Qiagen, Hilden, GER

Quantum ST5 gel documentation system

Vilber Lourmat, Eberhardzell, GER

QX 200™ Droplet Generator

Bio-Rad Laboratories, Hercules, CA, USA

QX 200™ Droplet Reader

Bio-Rad Laboratories, Hercules, CA, USA

Rotary microtome “Microm 355"

Microm International, Walldorf, GER

Rotary oven

Thermo Fisher Scientific, Waltham, MA,
USA

Slide staining system M920-StainTray

Simport Scientific, Saint-Mathieu-de-Beloell,
Québec, CA

SpeedMill PLUS

Analytic Jena, Jena, GER

Water bath

Memmert GmbH, Schwabach, GER
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2.1.16 Software and online tools

Table 18. Software and online tools.

Software/tool

Source

“Axio Vision” Microscope software

Carl Zeiss, Gottingen, GER

“Benchling” biotechnology software

https://www.benchling.com/

“CRISPOR” gRNA design tool

http://crispor.tefor.net/
Santa Cruz Genomics Institute, Santa Cruz,
CA, USA

Digital microscope software

PreciPoint, Freising, GER

“Endmemo” DNA/RNA GC Content
Calculator

http://mwww.endmemo.com/bio/gc.php/
EMBL-EBI, Hinxton, UK

“Ensembl” genome browser

https://www.ensembl.org/index.html

“Finch TV” chromatogram viewer

Geospiza Inc., Seattle, WA, USA

“ICE v2 CRISPR Analysis Tool”

https://ice.synthego.com/
Synthego, Menlo Park, CA, USA

“‘miRBase” MicroRNA target prediction
software

http://www.mirbase.org
University of Manchester, Manchester, UK

Microsoft Office 365

https://www.microsoft.com

“NCBI” Genome database

https://www.ncbi.nlm.nih.gov
National Center for Biotechnology
Information, Bethesda, MD, USA

“NEBuilder® Assembly Tool”

https://nebuilder.neb.com

“Primer3” Primer design tool

https://primer3.ut.ee/
Whitehead Institute for Biomedical
Research, Cambridge, MA, USA

“PyroMark Q48 Autoprep Software”

Qiagen, Hilden, GER

“QuantaSoft™ software” ddPCR software

Bio-Rad Laboratories, Hercules, CA, USA

“TIDE: Tracking of Indels by
Decomposition”

https://tide.deskgen.com/
Desktop Genetics, London, UK
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2.2 Methods

2.2.1 Molecular biological methods
2.2.1.1 Isolation of nucleic acids

2.2.1.1.1 Isolation of genomic DNA by phenol-chloroform extraction

Phenol-Chloroform extraction was used to obtain mammalian tissue DNA with high yield and
purity. The cells were detached from the cell culture vessel and depending on the size, the cell
pellet was resuspended in 0.5-3 ml cell lysis buffer containing 0.4 mg/ml proteinase K. Cell
lysis was performed overnight at 37°C. The next day, 20 ul RNase A was added, followed by
incubation for 5 min at room temperature (RT). After mixing with one volume of phenol-
chloroform-isoamyl alcohol (25:24:1), the samples were shaken by hand and incubated at RT
for 10 min, followed by centrifugation for 10 min at 14,000 rpm. For precipitation, the upper
phase was transferred into a new tube and then mixed with 1/10 volume of 3M NaCl and 0.7
volumes of isopropyl alcohol by shaking. Precipitated DNA was pelletized by centrifugation for
10 min at 14,000 rpm. After removing the supernatant, the cell pellet was washed with 1 ml
70% EtOH and centrifuged for 5 min at 14,000 rpm. The DNA pellet was air-dried and dissolved
in 30-50 pl Low-EDTA-Tris buffer at 50°C for 30 min.

2.2.1.1.2 Isolation of genomic DNA using QuickExtract

For rapid isolation of genomic DNA (gDNA) from mammalian cells, QuickExtract DNA
extraction solution was used. Cells were detached from a half of 12-well or 6-well and
centrifuged at 300 x g for 5 min. The supernatant was aspirated and the cell pellet was
resuspended in 30 pl of QuickExtract solution. Extraction was performed by heating the sample

at 68°C for 15 min, followed by 98°C for 8 min in a thermal cycler.

2.2.1.1.3 Isolation of plasmid DNA using NaCl purification

NaCl purification was used to recover large amounts of plasmid DNA in high purity after
restriction digest. Therefore, the restriction digest was mixed with 1/10 volume of NaCl and 2
volumes of ice-cold 100% EtOH. The sample was shaken until precipitation and then incubated
for 2 h at -80°C. After centrifugation for 15 min at 14,000 rpm, the supernatant was removed
and the DNA pellet was washed with 1 ml 70% EtOH, followed by another centrifugation step.
The supernatant was discarded and the pellet was dissolved in 30-50 ul Low-EDTA-Tris buffer
for 15 min at 50°C.

2.2.1.1.4 Isolation of plasmid DNA from bacteria
Plasmid DNA was isolated from bacterial cells using the NucleoBond® Xtra Midi kit. For this,

a 100 ml bacterial overnight culture was prepared as described in section 2.2.2.3.
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On the next day, the bacterial suspension was divided onto two 50 ml falcons and centrifuged
for 20 min at 5000 x g and 4°C. The supernatant was discarded and the pellets were each
resuspended in 4 ml Resuspension buffer and combined. Further plasmid isolation was
performed as described in the manufacturer’s instructions. Finally, the pellet was dissolved in
100 pl nuclease-free H20 or Low-EDTA-Tris buffer.

2.2.1.1.5 Genomic DNA/RNA isolation using SurePrep™ Purification Kit

The SurePrep™ RNA/DNA/Protein Purification Kit was used to isolate DNA and RNA of
porcine cells grown in monolayer and pancreatic acinar cells from 3D culture. Cells were
harvested as described in sections 2.2.3.3 and 2.2.3.13.4, respectively. RNA and DNA was
isolated according to the manufacturer’s protocol for lifted cells. Elution was performed using
30 pl RNA elution buffer or 50 pl DNA elution buffer.

2.2.1.1.6 Isolation of RNA using TRIzol

RNA from cells grown in monolayer and pancreatic acinar 3D culture was isolated using TRIzol
reagent. For monolayer culture grown in a T150 flask, growth medium was removed and 2 ml
of TRIzol were directly added onto the cells. After numerous pipetting up and down, the lysed
cells were transferred to a tube. For pancreatic acinar 3D culture, cells were harvested as
described in section 2.2.3.13.4 and resuspended in 1 ml TRIzol. RNA isolation was performed
according to the manufacturer’s protocol and the RNA pellets were solved in 50 ul and 28 pl

nuclease-free H,O for monolayer cells and pancreatic acinar cells, respectively.

2.2.1.1.7 Isolation of RNA using innuPREP RNA kit

RNA from tissues was isolated using innuPREP RNA Mini Kit 2.0. A small piece of 1-3 mm
was cut from the tissue and transferred into a homogenizer reaction vessel containing 450 pl
Lysis Solution RL. The tissue was homogenized for 30 s using the SpeedMill Plus machine.
RNA isolation was performed according to the manufacturer’s instructions. An additional
washing step with 70% EtOH was included at the end to improve RNA purity and elution was

performed using 50 pl nuclease-free H,0.

2.2.1.2 DNase digest
After RNA isolation, digestion of remaining DNA was performed using the Turbo DNA-free™

Kit according to the manufacturer’s instructions.
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2.2.1.3 Determination of DNA/RNA concentration

Concentrations of DNA and RNA were determined using the NanoDrop™ Lite
Spectrophotometer, which measures the absorbance of nucleic acids at 260 nm. Measurement
was performed as described in the manufacturer’s manual and concentrations were calculated

using the respective conversion factor (Table 19) and a pathlength of 1 cm:

Aze0 X conversion factor

Concentration =
1cm

ng/ul

Table 19. Conversion factors for nucleic acid concentration determination.

Nucleic acid type Conversion factor in "g:%
Double-stranded DNA (dsDNA) 50
Single-stranded DNA (ssDNA) 33

RNA 40

The purity was calculated as Azso/Azso ratio.

2.2.1.4 Polymerase chain reaction

Amplification of DNA fragments from gDNA, cDNA or plasmids was performed by polymerase
chain reaction (PCR). Depending on the template and the experimental design, different
polymerases were used. Colony PCR and PCRs for simple gDNA and cDNA targets were

performed using GoTaq® G2 DNA Polymerase (Table 20).

Table 20. GoTag® G2 DNA Polymerase reaction and cycling protocol.

Pipetting scheme Cycling conditions
Component Volume Step Temperature | Duration | Cycles
DNA <200 ng Initial 95°C 3 min 1
denaturation
GoTag® 5ul Denaturation 95°C 45s
Reaction Buffer
Green(5x) 35
dNTPs (10 uM) 0.5 ul Annealing 58-60°C 45s
Primer forward 0.5 ul Elongation 72°C 60 s/kb
(10 uM)
Primer reverse 0.5 pl Final 72°C 5 min 1
(10 uMm) elongation
GoTag® G2 DNA 0.15 pl Hold 8°C infinite 1
Polymerase
H.O Up to 25 pl
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For cloning purposes, DNA fragments from plasmids were amplified using Q5® High-Fidelity
DNA Polymerase that has a high proofreading capability (Table 21).

Table 21. Q5® High-Fidelity DNA Polymerase reaction and cycling protocol.

Pipetting scheme Cycling conditions
Component Amount/ Step Temperature | Duration | Cycles
Volume
DNA 100 ng Initial 98°C 30s 1
denaturation
Q5® Reaction 10 pl Denaturation 98°C 10s
Buffer (5x)
dNTPs (10 uM) 1l Annealing 59-62°C 30s 35
Primer forward 2.5 ul Elongation 72°C 30 s/kb
(10 uM)
Primer reverse 25 ul Final 72°C 2 min 1
(10 uM) elongation
Q5® GC 10 pl Hold 8°C infinite 1
Enhancer (5x)
Q5® High- 0.5 pl
Fidelity DNA
Polymerase
H>O Up to 50 ul

Difficult templates with high GC content were amplified by Phire Hot Start II DNA Polymerase
in combination with 1.4 M Betaine, which was added for the reduction of secondary structures
(Table 22).

Table 22. Phire Hot Start I| DNA Polymerase reaction and cycling protocol.

Pipetting scheme Cycling conditions
Component Volume Step Temperature | Duration | Cycles
DNA 100 ng Initial 98°C 4 min 1
denaturation
Phire 1l Reaction 5ul Denaturation 98°C 20s
Buffer (5x)
Betaine (5M) 7 pl Annealing 64-66°C 20s 35-40
dNTPs (10 pMm) 1ul Elongation 72°C 20 s/kb
Primer forward 2.5 ul Final 72°C 3 min 1
(10 uM) elongation
Primer reverse 25yl Hold 8°C infinite 1
(10 pm)
Phire Hot Start I 0.5 ul
DNA Polymerase
H.O Up to 25 pl
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Amplification for pyrosequencing was performed by GoTaq or PyroMark PCR (Table 23).

Table 23. PyroMark PCR reaction and cycling protocol.

Pipetting scheme Cycling conditions
Component Volume Step Temperature | Duration | Cycles
cDNA 1-2 ul Initial 95°C 15 min 1
denaturation
PyroMark PCR 12.5 pl Denaturation 95°C 30s
master mix (2x)
CoralLoad 2.5 ul Annealing 59°C 30s 45
concentrate (10x)
25 mM MgCl, 0.5 ul Elongation 72°C 30
Primer forward 0.5 pl Final 72°C 10 min 1
(10 uMm) elongation
Primer reverse 0.5 ul Hold 8°C infinite 1
biotinylated
(10 p™)
H.O Up to 25 pl

2.2.1.5 Agarose gel electrophoresis

DNA fragments were separated by size using agarose gel electrophoresis. 1x TAE buffer and
1x TBE buffer were used for preparative and analytical purposes, respectively. Depending on
the expected fragment size, gels were prepared containing 0.8-2% agarose. 4 pl pegGreen
DNA/RNA dye were added per 100 ml of agarose gel. PCR reactions containing loading dye
in their reaction buffer were directly applied onto the gel, while other samples were mixed with
loading dye first. Separation was performed for at least 1 h at 90-120 V and the DNA fragments
were visualized with UV light at 366 nm using the Quantum ST5 gel documentation system.
Agarose gels for RNA fragments contained 800 pl formaldehyde and 6 pl peqGreen per 100
ml of 1% TBE gel. The samples were mixed with 2x RNA loading dye, heated for 10 min at
70°C and then cooled for 5 min at 4°C. Afterwards, the samples were immediately stored on

ice until they were applied on the gel.

2.2.1.6 Purification of DNA fragments and PCR products

Purification of agarose gel fragments containing DNA fragments and PCR products as well as
of PCR amplifications and DNA ligations was performed using Wizard® SV Gel and PCR
Clean-Up System. For gel fragments, 10 pl Membrane Binding Solution was added per 10 mg
of gel slice and the mixture was incubated at 65°C until the gel slice completely dissolved. For
PCR amplifications and ligation reactions, the PCR reaction was mixed with an equal volume
of Membrane Binding Solution. Binding of DNA to the column and washing were performed

according to the manufacturer’s protocol.
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Elution was carried out using 35 pl and 20 pl of nuclease-free H>O preheated to 65°C for gel

fragments and PCR or ligation products, respectively.

2.2.1.7 Restriction digest

Analytical and preparative restriction digest was performed with 1 pg and 10-30 pg DNA,
respectively. Buffers and supplements were used according to the manufacturer’s instructions.
The reaction was set up as described in Table 24 and was incubated at 37°C for 1.5-2 h.

To prevent enzyme star activity, the proportion of enzyme in the total reaction volume was

always kept below 5%.

Table 24. DNA restriction digest reaction.

Component

Amount/Concentration

DNA

Analytical digest: 1 ug
Preparative digest: 10-30 ug

Reaction Buffer (10x)

1/10 of total volume

Restriction enzyme

3 Units/ug

H>0

Depending on enzyme volume

2.2.1.8 Generation of CRISPR/Cas9 plasmids

Suitable gRNAs with high editing efficiencies and low off-target effects were identified using
the “CRISPOR” gRNA design tool. The respective oligonucleotides were designed to contain
overhangs compatible with Bbsl digested pX330-U6-Chimeric_BB-CBh-hSpCas9-T2A-
Puro_MCS (plasmid #841) and pX462-U6-BB-hSpCas9n(D10A)-T2A-Puro vectors. Per each
gRNA, the single stranded DNA oligonucleotides (forward and reverse) were diluted in TE
buffer to a concentration of 1 pug/ul. Subsequently, the oligonucleotides were diluted to 10 ng/ul
by adding 1 ul of each to 100 pl TE buffer. Oligo annealing was performed by heating the
mixture for 5 min at 100°C, followed by slow cooling down to RT. After annealing, 1.5 pl (£ 15

ng) were used for ligation into the above mentioned Bbsl digested Cas9 plasmids.

2.2.1.9 Multiplexing of gRNAs

As described in section 1.6.3, the application of PTG constructs enables the simultaneous
modification of several genes. For gRNA multiplexing, a PTG template construct containing
the pig specific pre-tRNA sequence was used. The strategy for multiplexing two gRNAs is
depicted in Figure 11A. Furthermore, up to five gRNAs were multiplexed according to the
strategies shown in Figure 11B and C. As plasmid #841-pX330-U6-Chimeric_BB-CBh-
hSpCas9-T2A-Puro_MCS already included one scaffold and U6 terminator, it was not
mandatory to add these after the last gRNA during the cloning procedure (Figure 11B+C).
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Figure 11. Cloning strategy for gRNA multiplexing. (A) Multiplexing of two gRNAs. (B) Multiplexing of four gRNAs.

(C) Multiplexing of five gRNAs. T: tRNA, S: scaffold
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The multiplexing procedure was based on annealing of multiple sequence segments that had
overlapping regions. These sequence parts were amplified from plasmids using Q5® High-
Fidelity DNA Polymerase with the help of primers containing the respective overlap sequences
as overhangs. Following overhang PCR, the generated PCR products were annealed at the
corresponding overlapping sequences by overlap extension PCR (Table 25). Overlap
extension PCR included annealing of two PCR products in a short cycling step. Afterwards,

annealing of the third PCR segment and amplification of the final end product was carried out.

Table 25. Overlap extension PCR reaction and cycling protocol.

Pipetting scheme Cycling conditions
Component Volume Step Temperature | Duration | Cycles
Q5® Reaction 8 ul Initial 98°C 30s 1
Buffer (5x) denaturation
dNTPs (10 uM) 2ul Denaturation 98°C 5s
Purified PCR 2 pl Annealing 48°C 15s
product 1 5
Purified PCR 2ul Elongation 72°C 15s
product 2
Q5® GC 8 ul Final 72°C 2 min 1
Enhancer (5x) elongation
Q5® High- 0.5 ul Hold 8°C infinite 1
Fidelity DNA
Polymerase
H.0 17.5 ul
Addition of the following components and further cycling protocol:
Component Volume Step Temperature | Duration | Cycles
Q5® Reaction 2ul Initial 98°C 30s 1
Buffer (5x) denaturation
Purified PCR 2 pl Denaturation 98°C 5s
product 3
Q5® GC 2ul Annealing 48°C 15s 5
Enhancer (5x)
Primer forward 2 pl Elongation 72°C 15s
(10 pm)
Primer reverse 2ul Denaturation 98°C 5s
(10 pMm)
Annealing 58°C 15s 35
Elongation 72°C 15s
Final 72°C 2 min 1
elongation
Hold 8°C infinite 1

Following overhang and overlap extension PCR, the final multiplexed constructs were

completed by further subcloning and cloning steps using the generated PCR products.
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2.2.1.10 Determination of gRNA efficiencies

To evaluate the efficiencies of cloned gRNAs, porcine cells were transfected with the
generated CRISPR-Cas9 constructs, followed by puromycin selection for 48 h. After isolation
of genomic DNA from the cell pool, the respective genomic gRNA target sites were screened
by PCR and the PCR products were sent for sequencing. Correct analysis also required
amplification and sequencing of the unedited wild type region. For analysis, the obtained .ab1
files and the respective gRNA sequence were uploaded to the “TIDE: Tracking of Indels by
Decomposition” or “ICE v2 CRISPR Analysis Tool” websites, which calculated the total
mutational rate as well as InDel identity and frequency using specific algorithms.

The goodness of fit was determined using the statistical R? value ranging from zero to one and

reliable results were obtained with R?>0.9 [281].

2.2.1.11 Ligation
Ligation of DNA fragments was performed using T4 DNA ligase. The reaction was prepared in

a molar ratio of 3:1 of insert to backbone as described below.

Sizensert
Massinsen=——————Xx MasSgackbone X 3
Sizegackbone
Table 26. DNA ligation reaction.
Component Amount/Volume

Backbone 50 or 100 ng

Insert Calculated mass (3:1)
T4 DNA Ligase Buffer (10x) 2 pl
T4 DNA Ligase 1.5 pl

H.O Up to 20 pl

The ligation mix was incubated overnight at 16°C and was then purified using Wizard® SV Gel

and PCR Clean-Up System prior to bacterial transformation.

2.2.1.12 Cloning via DNA assembly

In the absence of suitable restriction sites, cloning was performed using NEBuilder® DNA
assembly. The backbone plasmid was linearized by restriction digest and the desired insert
sequence was amplified by PCR with primers previously generated using the NEBuilder®
Assembly Tool. These primers generate overhangs complementary to the backbone restriction
site. PCR product and linearized plasmid were purified from the gel and used for DNA

assembly in a molar ratio of 2:1 (Table 27).

Sizeinsert
MasSinset=—<—————x MasSSgackbone X 2
Sizegackbone
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Table 27. NEBuilder DNA assembly reaction.

Component Amount/Volume
Backbone 100 ng
Insert Calculated mass (2:1)
NEBuilder® HiFi DNA Assembly Mastermix 10 pl
H.0 Up to 20 pl

The reaction was incubated for 1 h at 50°C and then 2 pl were used for transformation into
E.coli.

2.2.1.13 DNA sequencing
Sequencing of DNA samples was performed using the Mix2SegKit from Eurofins Genomics.
The samples were prepared according to the manufacturer’s instructions and the sequencing

results were obtained on the next day.

2.2.1.14 Droplet digital PCR

Copy numbers of transgenes were determined using droplet digital PCR (ddPCR). For this
purpose, 0.25-1 pg genomic DNA was digested with the restriction enzyme Hindlll according
to the protocol described in section 2.2.1.7. Incubation was performed for 2 h at 37°C, followed
by inactivation at 65°C for 20 min.

The PCR reaction was set up as described in Table 28. The housekeeping gene
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as reference gene for

normalization of copy numbers.

Table 28. DdPCR reaction.

Primer/probe mix (20 ul) ddPCR mastermix (23 pl)
For ~17 reactions For 1 reaction
Component Volume Component Volume
ddPrimer F 3.6 pl Digested DNA 2 pl (& 25-100 ng)
ddPrimer R 3.6 ul 2x ddPCR supermix | 11.5 pl
for probes (no
dUTP)
ddProbe (FAM/HEX) | 1 pl 20x target 1.15 pl
primer/probe mix
(FAM)
H.O 11.8 pl 20x reference 1.15 pl
primer/probe mix
(HEX)
H.O 7.2 ul

20 ul of the ddPCR mastermix was pipetted into the respective wells of the cartridge shown in

Figure 12 and 70 pl droplet generator oil was filled into the wells below.
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Figure 12. Cartridge filling at ddPCR.

Droplet generation was performed using the QX 200™ Droplet Generator. Afterwards, the
droplets were carefully transferred to a 96-well plate and the plate was sealed with pierceable
foil for 5 s at 180°C. The PCR was performed according to the cycling protocol depicted in
Table 29. Droplet and copy number analysis was performed using the QX 200™ Droplet

Reader and QuantaSoft™ software.

Table 29. DdPCR cycling protocol.

Step Temperature Duration Cycles
Enzyme activation 95°C 10 min 1
Denaturation 94°C 30s 40
Annealing/extension 60°C 1 min 40
Enzyme deactivation 98°C 10 min 1
Hold 4°C infinite 1

2.2.1.15 Pyrosequencing

Activation and expression of KRAS®?" and TP53R*™ mutations was analysed by
pyrosequencing at the cDNA level. Pyrosequencing describes a method of DNA sequencing
that uses single-stranded DNA to enzymatically generate the complementary strand. Each
incorporated nucleotide leads to the release of pyrophosphate and generates a light reaction,
which enables the analysis of point mutations or Single Nucleotide Polymorphisms (SNPs).

A certain stretch of cDNA for porcine KRAS or TP53 was amplified by GoTaq or Pyromark
PCR as described in section 2.2.1.4. As pyrosequencing requires the addition of biotin to the
PCR product, PCR was performed using a biotinylated reverse primer. Before use, the
PyroMark device was cleaned according to the machine’s instructions. A new absorber strip
was placed into the device and injector priming was performed. A PyroMark Q48 disc was
inserted and the cavities were each loaded with 3 pl magnetic beads and 10 pl PCR product.
Sequencing was performed according to the preinstalled program derived from the PyroMark
Q48 Advanced and PyroMark Q48 Advanced CpG Reagents Handbook.
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Afterwards, the data were analysed using the PyroMark Q48 Autoprep Software which

assessed run quality (Figure 13) and calculated allele frequencies as percentage values.

Blue: Passed Yellow: Check

. Red: Failed White: Not analyzed

Figure 13. Pyrosequencing run quality assessment.

2.2.1.16 cDNA synthesis
For cDNA synthesis, the FastGene Scriptase || cDNA Kit was used. 30-500 ng of total RNA
were reverse transcribed using random hexamer primers according to the manufacturer’s

protocol.

2.2.1.17 In vitro transcription

In vitro transcription of DNA template encoding PB transposase was performed using the
MMESSAGE mMACHINE™ T7 Transcription Kit. Before transcription, 15 ug of plasmid was
linearized with a single-cutter restriction enzyme. The restriction digest was then purified by
NacCl purification. The in vitro transcription reaction was assembled according to the protocol
shown in Table 30, which deviated slightly from the manufacturer's instructions, and was
incubated for 4 h at 37°C.

Table 30. In vitro transcription reaction.

Component Amount/Volume
NTP/CAP (2x) 10 pl
Reaction Buffer (10x) 2 ul
GTP 0.5ul
Purified linear DNA 5 ug
Enzyme mix 2ul
H20 Up to 20 pl

Afterwards, 2 pl of RNA transcript were retained for an RNA agarose control gel.

2.2.1.18 Poly(A) tailing

Polyadenylation of RNA transcripts generated by the mMESSAGE mMACHINE™ T7
Transcription Kit was performed according to the manufacturer’s instructions of the Poly(A)
Tailing Kit. 0.5 pl of the reaction was then taken to perform an RNA agarose control gel together

with the retained sample from in vitro transcription.
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2.2.1.19 Purification of RNA
After polyadenylation, the in vitro transcribed RNA was purified using the MEGAclear™
Transcription Clean-Up Kit according to the manufacturer’s instructions. The purified RNA was

eluted twice with 50 yl Low-EDTA-Tris buffer each and then stored at -80°C for further use.

2.2.1.20 Immunohistochemistry (IHC)
Tissues were fixed in 4% formaldehyde solution for 48 h and stored in 70% ethanol until
dehydration, which was performed using Leica TP1020 tissue processor and the following

protocol:
Table 31.Tissue dehydration protocol.
Step Reagent Duration

1 EtOH 70% 60 min
2 EtOH 70% 60 min
3 EtOH 80% 60 min
4 EtOH 96% 60 min
5 EtOH 96% 60 min
6 EtOH 100% 60 min
7 EtOH 100% 60 min
8 EtOH 100% 60 min
9 Xylene 60 min
10 Xylene 60 min
11 Paraplast 90 min
12 Paraplast 90 min

Afterwards, the samples were embedded into paraffin and sections with 2 um thickness were
prepared. Deparaffinization was performed by heating the slides at 55°C for 10 min followed
by washing twice for 5 minutes in ROTI® Histol. The sections were rehydrated by washing
twice in 100% ethanol, 95% ethanol, 70% ethanol, 50% ethanol and H»>O for 5 min each. For
antigen demasking, the slides were boiled in 1L of citrate buffer (pH=6) for 25 min in the
microwave and cooled down at RT for 30-45 min.

The slides were washed twice for 5 min in PBS and endogenous peroxidases were inactivated
by 15 min incubation with 3% H>O; in methanol. After washing three times for 5 min in PBS,
the slides were carefully dried with a paper towel and the tissues were circled with a
hydrophobic barrier pen. Permeabilization was performed by 10 min incubation with
permeabilization buffer. Unspecific signals were blocked by incubation in blocking buffer for 1
h at room temperature in the dark. Afterwards, the sections were incubated with primary
antibody in dilutions ranging from 1:50 to 1:200 overnight at 4°C in the dark. The next day, the
slides were washed three times for 5 min in PBS and incubated with secondary antibody in
1:200 dilution for 1 h at RT in the dark. Sections were washed three times for 5 min in PBS

and stained using the DAB substrate kit according to the manufacturer’'s instructions.
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Counterstaining was performed by incubating for 1-2 min in hematoxylin followed by 5 min
under flushing tap water. Samples were dehydrated at 70% ethanol, 96% ethanol, 100%
ethanol and ROTI® Histol for 2 min each. Then, the slides were mounted with ROTI® Histokitt,
covered with cover slips and dried overnight.

For the generation and analysis of cryo sections, the standard operating procedure of the
Institute of Diabetes and Regeneration Research (IDR) at the Helmholtz Diabetes Center
Munich was adapted to porcine tissue samples.

Tissues were cut into pieces of 0.5 cm and fixed in 4% formaldehyde solution at 4°C overnight.
After washing with PBS, the tissue was incubated at room temperature for 4 h in PBS with
7.5% sucrose on a roller. Subsequently, the specimen was incubated at room temperature for
4-6 hin PBS containing 15% sucrose and then in 30% sucrose at 4°C overnight. The next day,
the sample was transferred into a petri dish containing Tissue-Tek® O.C.T. Compound and
cleaned from remaining sucrose. Afterwards, the specimen was put into a Tissue-Tek®
Cryomold® and frozen on dry ice. Then, the tissue blocks were wrapped into parafilm and
stored at -80°C. Sections with 12 pum thickness were prepared using the CryoStar™ NX70
Cryostat and transferred onto cryo glass slides. The sections were incubated in PBS for 30-60
min and then washed twice in PBST. Subsequently, the specimen was covered with a drop of
VECTASHIELD® Antifade Mounting Medium with DAPI and the sections were analysed using
the Leica TCS SP8 HyVolution 2 confocal microscope.

2.2.1.21 Hematoxylin and Eosin (H&E) staining
After embedding into paraffin, tissues were sectioned and the tissue slides were automatically

stained with H&E using the Leica ST5020 Multistainer and the following protocol:

Table 32. H&E staining protocol.

Step Reagent Duration
1 Xylene 5 min
2 Xylene 5 min
3 EtOH 100% 5 min
4 EtOH 100% 5 min
5 EtOH 96% 2 min
6 EtOH 96% 2 min
7 EtOH 70% 2 min
8 EtOH 70% 2 min
9 Aqua distilled 30s
10 Hematoxylin 2 min
11 Aqua distilled 15s
12 Bluing Agent 30s
13 Aqua distilled 30s
14 EtOH 96% 30s
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15 Eosin 2 min
16 EtOH 96% 30s
17 EtOH 96% 30s
18 EtOH 100% 30s
19 EtOH 100% 30s
20 Xylene 1,5 min
21 Xylene 1,5 min
22 Xylene infinite

Afterwards the tissue slides were mounted with ROTI® Histokitt, covered with cover slips and

dried overnight.

2.2.2 Microbiological methods

2.2.2.1 Transformation of electrocompetent bacteria

For the introduction of plasmids into bacterial cells, electroporation was used. An aliquot
containing 50 pl electrocompetent E.coli DH10B cells was thawed on ice before it was mixed
with the plasmid or ligation product. For cloning, 5 pl and 2 pl were used for purified and non-
purified ligation products. Retransformation of already existing plasmids was carried out with
1 ul of a 1:10,000 dilution. The respective amount of plasmid was added to the bacteria and
the suspension was transferred into a precooled electroporation cuvette with 2 mm gap width.
The bacteria were electroporated for 5 ms at 2500 V and then immediately mixed with 1 ml LB
medium. The bacterial suspension was transferred into a 2 ml tube and incubated for 45-60
min at 37°C and 210 rpm. Subsequently, 50-200 pl of the bacterial suspension was plated onto
LB agar plates containing 100 pg/ml ampicillin. The plates were incubated overnight at 37°C
and checked the next day for growth of bacterial colonies.

2.2.2.2 Colony PCR

Bacterial colonies carrying the correct plasmid were identified by Colony PCR. Single bacterial
colonies were picked with a pipette tip and spread out on a new agar plate containing the
respective antibiotic and resuspended in 30 pl TTE buffer. The mixture was then heated for 5
min at 95°C for bacterial lysis. Colony PCR was performed using GoTag® G2 DNA Polymerase
according to the protocol described in Table 20 with primers binding in the insert and plasmid

backbone and 2 pl of the lysed TTE-bacterial mixture as DNA template.

2.2.2.3 Cultivation of bacteria
Besides incubation on LB agar plates containing ampicillin, bacterial cells were also cultivated
as liquid overnight cultures for plasmid isolation via midiprep. Therefore, 100 ml LB medium

containing 100 pg/ml ampicillin were prepared in a 500 ml or 1000 ml flask.
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Then, the cells were transferred into the flask by dropping a pipette tip into it, that was either
used to pick one single bacterial colony from the LB agar plate or to dip into a glycerol stock
of previously preserved bacteria. The liquid bacterial culture was incubated overnight at 37°C

and 210 rpm.

2.2.2.4 Preservation of bacteria

Long-term storage of bacterial cultures that contain a plasmid of interest was performed by
cryoconservation. Therefore, 500 pl bacterial culture were mixed with 500 pl 99% glycerine
and stored at -80°C.

2.2.3 Cell culture methods

2.2.3.1 Isolation of porcine cells

Porcine kidney fibroblasts (PKFs) were isolated from kidneys of German Landrace pigs from
the TUM experimental facility in Thalhausen or a slaughterhouse. Porcine ear fibroblasts
(PEFs) were isolated from a piece of porcine ear tissue. After removal of fat and blood, a 1 cm
piece of tissue was cut from the inside of the kidney and washed twice with 80% EtOH and
PBS. The piece was cut into small pieces using sterile scissors and washed with PBS until the
supernatant became clear. The pieces were then transferred into an Erlenmeyer flask
containing 10 ml collagenase Type IA (10 mg/ml) and incubated for 30 min at 37°C while
stirring. Afterwards, medium was added and the cells were centrifuged for 5 min at 300 x g.
The supernatant was discarded and the cell pellet was resuspended in an appropriate amount
of medium and distributed onto three to five T-150 flasks. During the first week after isolation,
the cultivation medium contained P/S and amphotericin B and was exchanged every day. The

cells were then cultured in antibiotic-free medium and tested for mycoplasma.

2.2.3.2 Cultivation of porcine cells

PKFs, PEFs and PADMSCs were cultured in DMEM containing 20% FBS, 1x NEAA, 2 mM
Ala-GIn and 1 mM sodium pyruvate solution at 37°C and 5% CO- in a humidified Steri-Cycle
CO; incubator. All cell culture works were performed in a sterile class 2 laminar flow hood. The

cell culture medium was exchanged every 2-3 days.

2.2.3.3 Passaging of porcine cells

The cells were passaged when reaching 80-90% confluence. The medium was aspirated, cells
were washed with PBS and then incubated with accutase at 37°C for 5-10 min. The
detachment reaction was stopped by adding at least the same volume of cell culture medium.
The cells were separated by pipetting up and down and were either transferred to a new culture

vessel or used for cell counting, transfection, freezing or DNA/RNA isolation.
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2.2.3.4 Counting of porcine cells

After detachment, 10 pl of cell suspension was mixed with 10 pl of trypan blue stain (0.4%). Of
this mixture, 10 pl were transferred into a Countess™ Cell Counting Chamber Slides for
automatic cell counting using the Countess™ Automated Cell Counter, which determined the
total cell density, concentration of dead and living cells and cell viability. Alternatively, cells

were counted manually with the help of a C-Chip Neubauer improved cell counting chamber.

2.2.3.5 DNA transfection

DNA transfection of PKFs and PADMSCs was performed by electroporation. Therefore, 4-6
pg of DNA was mixed with 100 pl of electroporation solution. After detachment, 0.5-1 million
cells were centrifuged for 5 min at 300 x g. The supernatant was aspirated, the cell pellet was
resuspended in the electroporation mixture and transferred into an electroporation cuvette with
2 mm gap width. Cells were transfected using the BTX ECM 830 Electro Square Porator at
300 V with two pulses and a pulse length of 1 ms each. Afterwards, the cuvette was flushed
with 500 pl cell culture medium to transfer all cells into a T-25 flask containing 4.5 ml of medium.

The next day, cells were washed with PBS and puromycin selection was started for 48 h.

PEFs were transfected by lipofection. The day before lipofection, the cells were seeded on 6-
well plates at 30% density. The next day, the cell culture medium was removed, cells were
washed with PBS and 1 ml of Opti-MEM was added to the respective wells. For each reaction,
two mixtures were prepared, containing 50 pl Opti-MEM with 1 pl Lipofectamine 2000 and 50
ul Opti-MEM with 1 ug DNA, respectively. The mixtures were incubated for 5 min at RT and
then the lipofection mix was added dropwise to the DNA mixture followed by incubation for 25
min at RT. Afterwards, the complete mixture was dropped onto the cells by holding the 6-well
plate transversely. After 4-5 h cultivation in the incubator, 1 ml of cell culture medium was
added. The next day, cells were washed with PBS and puromycin selection was started for 48
h.

2.2.3.6 Cre protein transduction
Cre protein was produced by Erica Schulze. For efficient Cre recombination, cells were

transduced with 2 uM Cre protein using Lipofectamine 2000 as described in section 2.2.3.5.

2.2.3.7 Selection of stable transfected cells

Cell clones with stable transgene integration were identified by selecting for the presence of
the neomycin and blasticidin resistance genes using the antibiotics geneticin (G418) and
blasticidin S, respectively. The selection was started 24 h after transfection with an antibiotic

concentration that had previously been determined for the respective cell type in a killing curve.
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Media change was performed every second day and the selection was stopped after 21-28

days.

2.2.3.8 Isolation of single cell clones

For isolation of single cell clones, 1x10° cells were seeded per 150 mm cell culture dish
containing 20 ml of cell culture medium. After 7-10 days, well separated single cell clones were
marked with the help of the microscope and the cells were washed with PBS.

Self-made cloning rings were dipped into silicone grease, placed onto the marked cell clones
and lightly pressed on using sterile tweezers. Accutase was added into the cloning rings and
the cells were incubated for 5-10 min at 37°C until they had detached. The reaction was
stopped by adding cell culture medium and the cell suspension was pipetted up and down
before being transferred to a 24-well plate containing 500 pl of cell culture medium in each
well. Isolated cell clones were incubated at 37°C and 5% CO, until they reached confluence

and were then used for cell clone analysis and expansion.

2.2.3.9 Cryopreservation of porcine cells

For cryopreservation, the cells were detached and centrifuged for 5 min at 300 x g. The cell
pellet was resuspended in 1 ml cold cryomedium containing 70% FBS, 20% cell culture
medium and 10% DMSO, transferred into a cryovial and slowly frozen to -80°C using a Mr.

Frosty Freezing Container. Long-term storage was performed in liquid nitrogen tanks.

2.2.3.10 Thawing of cryopreserved porcine cells

Cryopreserved cells were thawed in a water bath at 37°C and then transferred into a 15 ml
falcon containing 5 ml cell culture medium. After centrifugation for 5 min at 300 x g, the
supernatant was aspirated and the cell pellet was resuspended in 2 ml cell culture medium

and transferred into an appropriate cell culture vessel.

2.2.3.11 Preparation of porcine cells for SCNT

One week before embryo transfer, the cells were seeded on a 96-well plate at densities of
6.25%, 12%, 25%, 35% and 50% and cultivated in standard cell culture medium. Two days
before SCNT, the cells were washed twice with PBS and starvation medium containing 0.5%
FBS was added to induce cell cycle synchronization. Then, the cell clones were sent for SCNT,
which was performed by Prof. Dr. Valeri Zakhartchenko and Dr. Mayuko Kurome (Chair of
Molecular Animal Breeding and Biotechnology, Munich). Embryo transfer into recipient sows
was performed by Dr. Barbara Kessler (Chair of Molecular Animal Breeding and

Biotechnology, Munich).
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2.2.3.12 Microinjection

Oocytes were isolated from porcine ovaries and in vitro maturation (IVM) and fertilisation (IVF)
was performed. Prior to microinjection, hyPB-Transposase-T2A-mCherry mRNA and mPdx1-
iCre transposon plasmid DNA were freshly mixed in sterile low tris EDTA buffer at
concentrations of 5 ng/ul and 7.5 ng/ul, respectively. Subsequently, ~10 picoliter (pl) of the
transposon mixture were injected into the cytoplasm of the porcine zygotes. Injected zygotes
were incubated in a triple gas incubator (5% O», 5% CO2, 90% N,) at 38.5°C for 12-36 h before
being transferred into synchronised recipient sows. Oocyte collection, IVM, IVF and
microinjection was performed by Dr. Bernhard Klinger, Thomas Winogrodzki, Liang Wei and
Alexander Carrapeiro. Embryo transfer was performed by Dr. Bernhard Klinger or Dr. Barbara

Kessler (Chair of Molecular Animal Breeding and Biotechnology, Munich).

2.2.3.13 Porcine pancreatic acinar cell culture

2.2.3.13.1 Isolation of porcine pancreatic acinar cells

The protocol for the isolation of porcine pancreatic acinar cells was based on the isolation
protocol for mice by Lubeseder et al. [282], and was kindly provided by Thorsten Neuld
(Klinikum rechts der Isar, TUM, Munich). Initial adjustments to the pig were made by Kirsten
Goijvaerts as part of her master's thesis and were then further optimised by Alexander
Carrapeiro and Daniela Kalla. The optimal yield of acinar cells was achieved by using
pancreata from 4-5 weeks old pigs. The pancreas was removed immediately after the death
of the piglet and transferred to a petri dish, where a ~1.5 cm piece was cut off. The piece was
briefly washed in 80% EtOH and then twice in PBS+1%P/S. Afterwards, the piece was
transferred into a beaker glass containing 7 ml SOL2. The solution was taken up using a sterile
5 ml syringe and injected several times into the tissue until bubbles formed. The piece was cut
into 1-2 mm small pieces using sterile scissors, transferred into a 10 cm cell culture dish and
incubated for 5 min at 37°C and 5% CO; with occasional shaking. The content was then
transferred into a 50 ml falcon and pipetted up and down several times using a serological 10
ml pipette. The dish was washed with a volume of 12 ml, which was then added to the
suspension in the falcon. The falcon was centrifuged for 5 min at 20 x g and 18°C and the
supernatant was carefully removed using a serological 25 ml pipette. The pellet was
resuspended in 7 ml SOL2 and pipetted up and down several times, before it was transferred
to a fresh 10 cm cell culture dish and incubated for 10 min at 37°C and 5% CO; with occasional
shaking. In the meantime, a mesh filter with 200 um mesh size was placed onto a 50 ml falcon
and wetted with 1 ml SOLL1. After incubation, the cell suspension was pipetted onto the mesh
filter. The mesh filter was washed twice with 5 ml SOL1 and in between, the tissue was pressed
through the filter using a syringe piston. The falcon was centrifuged for 5 min at 20 x g and

18°C and the supernatant was removed with a serological 25 ml pipette.
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The cell pellet was carefully aspirated in 20 ml wash solution and transferred into a fresh 50
ml falcon, which was then centrifuged for 5 min at 20 x g and 18°C. This washing step was
repeated three times. After centrifugation and removal of the supernatant, the pellet was
resuspended in 1 ml acinar cell recovery medium and transferred into the well of a 6-well plate.
The falcon was washed with a volume of 1 ml, which was then added to the well. Pancreatic
acinar cell clusters where checked under the microscope and the plate was incubated for 60
min at 37°C and 5% CO:for cell recovery. During this recovery step, the first collagen layer for

the 3D acinar cell culture was prepared according to the following protocol shown in Table 33.

Table 33. Pipetting scheme for 15t and 3" collagen layer of the 3D collagen system.

Pipetting Reagent Stock Volume Final

order concentration

1. Cell culture grade | Not specified Up to total volume Not specified
H.O
2. PBS 10x 1/10 of total volume 1x
3. NaOH 1M Mlcoliagen X 0.023 Not specified
4 Collagen Type |, Depends on Xul 2.5 mg/ml
Rat tail LOT

After rapid mixing on ice, 150 pul of the solution was pipetted into each well of a 48-well plate
using a 200 ul pipette and distributed over the entire bottom of the well using the pipette tip.
To harden the collagen, the plate was incubated at for 45 min at 37°C and 5% CO.. After acinar
cell recovery, the cell suspension was collected from the 6-well plate and transferred into a 15
ml falcon. The well was flushed with 1 ml acinar cell recovery medium to collect all remaining
cells. The falcon was centrifuged for 5 min at 20 x g and 18°C and the supernatant was carefully
removed using a 1000 pul pipette. The cell pellet was then resuspended in an appropriate
volume of acinar cell culture medium so that the pipette tip was easily visible in the cell
suspension. A certain volume of cell suspension was saved for nucleic acid isolation of day 0
sample. For the second collagen layer, the same volume (vol) of collagen and the
corresponding amount of NaOH was added to the cell suspension according to the following

protocol:

2" collagen layer = 1 vol cell suspension + 1 vol collagen + plcoliagen X 0.023 1M NaOH

150 pl was pipetted into each pre-coated well and the cell-collagen mixture was carefully
distributed over the entire surface of the well with the pipette tip without destroying the 1%
collagen layer. The second layer was cured for 45-60 min at 37°C and 5% CO,. The 3
collagen layer was then mixed according to the protocol in Table 33 and carefully spread over
the second layer. After another hardening step, the wells were covered with 350 pl acinar cell
culture medium each.
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2.2.3.13.2 Culture of pancreatic acinar cells

Porcine pancreatic acinar cells were cultured up to one week. The effect on transdifferentiation
was tested for four different culture conditions: 100 ng/ml TGF-a, 50 ng/ml TGF-B1, 20 ng/ml
IL-17A and untreated. Media change was performed on the first, third and fifth day after
isolation. Old medium was carefully removed from the well using a 1000 pl pipette and fresh
medium was added by slow pipetting against the wall of the well.

The transdifferentiation rate was evaluated mainly on day two by manual counting of acinar

cell clusters and ADM structures within selected facial fields:

ADM in % = Number of acinar cell clusters 100%
nze= Number of transdifferentiated structures X ?

2.2.3.13.3 Transduction of pancreatic acinar cells

Transduction with Cre virus-like particles (VLPs) or Cre lentivirus (LV) was performed during
the acinar cell recovery step. Cre VLPs were produced by Dr. Tatiana Flisikowska from the
chair of livestock biotechnology (TUM). For transduction with VLPs, the cells were either
incubated in 1 ml Cre VLP supernatant or in 2 ml cell culture medium+30% FBS containing 20
ul concentrated Cre VLP. In addition, the cells were embedded into the 2" collagen layer
containing 30 ul of concentrated Cre VLP.

A non-integrating LV expressing Cre recombinase under the control of the spleen focus
forming virus (SFFV) promoter was kindly provided by Dr. Marcel Rommel from Paul-Ehrlich-
Institute (viral titer: 2.3x10* TU/ul). For transduction with Cre LV, 15 pl TransDux virus
transduction reagent were mixed with 15 pl of non-integrating Cre LV and added to the acinar
cells residing in 1 ml acinar cell recovery medium during the recovery step. Afterwards, the
cells were embedded into the 2™ collagen layer containing an additional mixture of 15 pl

TransDux virus transduction reagent and 15 ul Cre LV.

2.2.3.13.4 Recovery of pancreatic acinar cells from collagen discs

The collagen discs were usually recovered for nucleic acid isolation on the second, third and
sixth day after isolation. Medium from the 48-well plate was removed and the collagen discs
were carefully removed from the wells using a small spoon. Collagen discs from 3 wells of a
48-well plate were combined into one 15 ml falcon, which were then filled with 1 ml SOL2. The
falcons were fixed horizontally on a shaker and shaken for 10-15 min at 37°C and 60 rpm.
After addition of 2 ml PBS per tube, the falcons were centrifuged for 5 min at 300 x g. The
supernatant was aspirated and the cell pellets were used for nucleic acid isolation via
SurePrep™ RNA/DNA/Protein Purification Kit or TRIzol reagent.
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3 Results

Pancreatic cancer is a devastating disease characterised by late diagnosis and very poor
prognosis, thus requiring improvements in early detection and treatment strategies. Based on
the murine model from Hingorani et al. [163], Schnieke and colleagues have generated pigs
carrying latent KRAS®*?? and TP53%'¢"H mutations, which are orthologues of the most common
mutations found in human PDAC disease [177, 178]. As shown in Figure 14, the mutations
were targeted into exons 2 and 5 of the endogenous porcine KRAS and TP53 genes,
respectively, and have been silenced by a preceding lox-stop-lox (LSL) cassette. Activation of
these mutations can be achieved by Cre recombination, which leads to excision of the LSL

cassette und thus to expression of the downstream mutations.

Porcine KRASG12D sjlent

—||:|—|onP| SA | NeoR [3x pA|onP|—|*:|—|:H:|—|:H:|—

Porcine TP53R167H gjlent
1

O - 7 [

Cre recombination

\ 4

Porcine KRASS72D expressed

Porcine TP53R167H expressed

S -

Figure 14. Activation of porcine KRAS®?P and TP53R67H by Cre recombination. Blue box: exon; loxP: loxP site;
SA: splice acceptor; NeoR: neomycin resistance gene; BlasR: blasticidin resistance gene; pA: polyA; *: mutation

But so far, no tissue-specific porcine Cre-driver line existed. The main objective of this thesis
was therefore to generate transgenic pigs with pancreas-specific Cre expression. This would
then allow the generation of a porcine model for pancreatic ductal adenocarcinoma (PDAC),

which should recapitulate the human disease phenotype.
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The generation of Cre driver lines for PDAC modelling requires the expression of Cre
recombinase from a pancreas-specific promoter. In mice, the transcription factors Pdx1 and
Ptfla are expressed from embryonic day 8.5 and 9.5 in all developing cells of the murine
pancreas and become later restricted to islet and acinar cells, respectively [151, 283] (Figure
15). Thus, expression of Cre recombinase driven by Pdx1 or Ptfla promoters will result in
recombination of mutated Kras and Trp53 alleles in all pancreatic cell types. Indeed, it has
been shown that crossing mice carrying latent Kras">-¢*?° with Pdx1-Cre or Ptfla-Cre mice

G12D

leads to activation of Kras mutation in the pancreas [162].

Adult
Islet cells
oS5
—Pdt o Pifla Acinar cells
E8.5 E9.5 ?,6'\’0
Foregut Early Committed
endoderm pancreatic pancreatic
buds progenitor Duct cells

Figure 15. The developing mouse pancreas. lllustration adapted from Hingorani et al. (2003) and ljichi (2011) [162,
284].

Based on these findings, sections 3.1 and 3.2 describe the generation of porcine Cre driver
lines using either the endogenous porcine PTF1A or the murine Pdx1 promoter for pancreas-
specific expression of iCre recombinase. Founder animals were characterised by expression
analysis and were then used for crossbreeding with dual-fluorescent reporter pigs and
KRAS!SE612P gnd TP53MSHRI67H pigs to assess tissue-specificity of Cre recombination as well as

mutational activation and tumour formation.

As an alternative to developing Cre driver lines to model tumour formation in the pig, section
3.3 focuses on the transformation and retransplantation of porcine cells. Therefore,
polycistronic tRNA-gRNA (PTG) constructs were generated and evaluated for multiplexed
CRISPR/Cas9-mediated activation of KRAS®**® and TP53%®™" and inactivation of porcine

TP53, p16, SMAD4, BRCA2 and B2M genes.

Another aim of this work was to mimic the transdifferentiation of acinar cells towards a ductal-
like phenotype via acinar-to-ductal metaplasia (ADM) in vitro. Therefore, section 3.4 describes
the establishment of porcine pancreatic acinar cell isolation and culture. In this process, a 3D
cell culture system was used to study the effects of different cytokines on the

transdifferentiation rate of acinar cells.
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3.1 Generation of a porcine PDAC model using PTF1AC® pigs

As mentioned above, the major goal of this work was to generate a porcine model for human
PDAC. Therefore, Schnieke and colleagues have generated pigs carrying latent KRAS®'?® and
TP53R™M mutations [177, 178], which can be activated by breeding with pigs expressing Cre
recombinase in the porcine pancreas. Thus, one of the main objectives was the generation of
porcine Cre driver lines. As the transcription factor Ptfla was shown to be expressed during
early pancreatic organogenesis in all pancreatic cell types in mice [151], a part of this project
was to generate pigs expressing iCre recombinase from the endogenous PTF1A promoter.
The resulting Cre driver pigs can then be bred with KRAS"'6'?P and TP53“S-R67H mutant

animals to model PDAC.

3.1.1 Generation of PTF1A°"® pigs

To generate PTF1A°"® driver pig lines, the iCre recombinase gene was targeted into the
endogenous porcine PTF1A locus using CRISPR/Cas9 systems. The first strategy aimed at
targeting of iCre recombinase into the 5’end of PTF1A to achieve expression at endogenous
levels. However, targeting into the 5’end leads to disruption of the respective PTF1A allele and
thus had to be strictly limited to one allele due to the importance of PTF1A expression for
development. Since possible detrimental effects of reduced PTF1A expression on pig
development could not be completely excluded, a second strategy aimed at targeting of iCre
into the 3’'end of PTF1A to preserve the function of the targeted PTF1A allele. Some of the
data described in sections 3.1.1.4, 3.1.2.1 and 3.1.2.2 have already been published during the
completion of this thesis (The missing link: Cre pigs for cancer research; frontiers in Oncology;

Kalla et al. [285]) and are shown here in adapted form.

3.1.1.1 PTF1A 5end targeting

For targeting into the 5’end of porcine PTF1A, different gRNAs binding in exon 1 were designed
and tested by Alessandro Grodziecki [286]. The most efficient gRNA, binding 47 bp after the
start codon, was then selected for CRISPR/Cas9-mediated homology-directed repair (HDR).
As mentioned in section 1.2, expression of PTF1A is essential for pancreatic cell fate and
development. As targeting of exon 1 leads to disruption of the respective PTF1A allele, it was
crucial that only one allele was modified. However, as shown in my master thesis [287], in
addition to monoallelic integration of iCre, transfection of pX330-hSpCas9-
PTF1A_Ex1_gRNA4 plasmid in combination with a conventional targeting vector also led to
InDel mutations of the second PTF1A allele. This introduced premature stop codons resulting
in an inactivation of both alleles. In order to maintain the integrity of the second PTF1A allele,

targeting of iCre into the first exon was now performed by using Cas9 nickase (Cas9n).
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Cas9n generates only single-strand breaks and in turn causes less mutagenic end-joining than
DNA double-strand breaks (DSBs) [288, 289]. Regarding iCre integration, the efficiency of
Cas9n-mediated HDR can be increased with the help of a double cut donor template [290,
291]. Therefore, a vector was generated, consisting of two exon 1 gRNA target sites
(gRNA+PAM) flanking the PTF1A homology arms and iCre-polyA (Figure 16).

gRNA
v
—= N i Ex 1 |—| Ex 2 i—
QRNA gRNA
—“ PTF1A 5’-HA iCre-pA | PTF1A 3’-HA I’—

P =

Figure 16. PTF1A 5'end targeting using Cas9n and double cut donor template. Targeting into the first exon of
porcine PTF1A was achieved by using Cas9n in combination with a double cut donor template containing exon 1
gRNA target sites flanking the two homology arms. Primer positions for 5’ and 3’screening PCRs are indicated as
purple and brown arrows, respectively. Ex: exon; HA: homology arm; pA: polyA

For the generation of PTF1A®’“"® pigs, male porcine kidney fibroblast (PKF) 120419-7 cells
were transfected with pX462-hSpCas9n(D10A)-PTF1A Ex1 gRNA4 plasmid and the double
cut donor template shown in Figure 16. Afterwards, correct iCre placement into PTF1A was
determined by 5’ and 3’junction PCRs (Supplementary figure 11A+B). The PCRs revealed that
25% of all screened single cell clones were positive for 5’targeting, of which 89% also showed
correct 3’'targeting. Monoallelic integration was confirmed by combination of endogenous PCR

and ddPCR for iCre copy number determination (Supplementary figure 11C+D).

3.1.1.2 PTF1A 3’end targeting

In addition to integration into the first exon, a second strategy aimed at integrating iCre into the
3’end of porcine PTF1A. In contrast to 5'end targeting, integration into the 3’'UTR does not lead
to a loss of the targeted PTF1A allele but instead allows simultaneous expression of both
PTF1A alleles together with iCre recombinase. For targeting into the 3'UTR of PTF1A, three
different gRNAs were selected for efficiency testing, all of which bind in the 3’'UTR between
29-35 bp downstream of the stop codon (Figure 17).

PTF1A Exon 2 CDS PTF1A 3’'UTR

ccttcaacaacatagaaaatgaaccgectttegagtttgtgtedtgagaagtcccagacectectgaggatetggttatgtetgtgtgeatattgtacat
gaagttgttgtatcttttacttggcggaaagetcaaacacaggpcticttcagggtetgggaggactectagaccaatacagacacacgtataacatgta

Stop ggtictgggaggactcctagaccal gRNA 1
codon A
PAM gactcctagaccaatacag] gRNA 2

A
|gg§aggactcctagaccaataca| gRNA3
|

Figure 17. Binding sites of PTF1A 3'UTR gRNAs.
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All three tested gRNAs showed similar efficiencies, with the highest score for PTF1A gRNA 3
(Table 34). As NHEJ-induced InDel mutations in the 3'UTR should not result in a loss of
expression of the functional protein from the second allele, conventional Cas9 nuclease could
be used for cleavage and a pX330-hSpCas9-PTF1A_3'UTR_gRNAS plasmid was generated.

Table 34. gRNA efficiency results for PTF1A 3'UTR editing.

gRNA gRNA target site | InDel efficiency R? value
PTF1IAgRNA1 | PTF1A3UTR 71.8% 0.97
PTF1A 3UTR 68.2% 0.94
PTF1IAgRNA2 | PTF1A3'UTR 76.4% 0.87
PTF1A 3UTR 79.0% 0.89
PTF1IAgRNA3 | PTF1A3'UTR 92.2% 0.99
PTF1A 3IUTR 85.4% 0.9

In order to achieve expression of iCre from the 3’end of PTF1A, targeting vector generation
required the removal of the stop codon after the second PTF1A exon. In addition, a “self-
cleaving” peptide from thosea asigna virus 2A (T2A) was introduced upstream of iCre to allow
polycistronic expression of iCre recombinase from the porcine PTF1A locus [292] (Figure 18).
As with 5'end targeting, HDR efficiency for integrating iCre into the 3'end should also be
increased by using a double cut donor template [291].

gRNA
1
—_ v
i Ex 1 Ex 2 -
gRNA " gRNA
e Ca S
——Y PTF1A 5'-HA | T2A-iCre-pA | PTF1A 3'-HA
P~

Figure 18. PTF1A 3'end targeting using Cas9 and double cut donor template. Targeting into the 3'UTR of porcine
PTF1A was achieved by using conventional Cas9 nuclease in combination with a double cut donor template
containing 3’'UTR gRNA target sites flanking the two homology arms and a T2A peptide sequence in front of iCre.
Primer positions for 5’ and 3’screening PCRs are indicated as purple and brown arrows, respectively. Ex: exon; HA:
homology arm; pA: polyA

Targeting of iCre-pA into PTF1A 3'UTR was performed by transfecting male porcine adipose-
derived mesenchymal stem cells (PADMSCs) 110111 with pX330-hSpCas9-
PTF1A_3'UTR_gRNA3 plasmid and the double cut donor construct depicted in Figure 18.
Afterwards, correct iCre placement into PTF1A was determined by 5’ and 3’junction PCRs
(Supplementary figure 12A+B). Precise 5’targeting was only found in 11% of all cell clones
examined, of which solely 40% were also correctly 3'targeted. The positive cell clones were

further analysed by endogenous PCR and ddPCR (Supplementary figure 12C+D).
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3.1.1.2.1 Inducible Cre recombinase for PTF1A 3’end targeting

The PTF1A 3’end targeting strategy was also used to generate an inducible Cre driver pig line
for spatiotemporal control of iCre expression. For this, iCre recombinase was fused to the
ligand binding domain of the triple mutant human oestrogen receptor (iCre-ER'?). As described
in section 1.6.1, this mutated binding domain only responds to synthetic ligands like 4-
hydroxytamoxifen (4-OHT) but not to endogenous oestrogen and can therefore be used to
switch on iCre expression by administration of 4-OHT. However, Cre-ER™ has been

repeatedly reported to be leaky in mice [293, 294].

Hence, two different constructs, fusion of iCre to one or two ER™ domains, were generated
and compared (Figure 19). Prior to the possible generation of genetically modified pigs the
iCre-ER™ and ER™-iCre-ER™ systems were first tested for efficiency and leakiness in vitro.
For this purpose, PKF #270 cells (R26™"™"T) were transfected with the PGK-iCre-ERT2-pA
and PGK-ER™-iCre-ER"2-pA plasmids shown below (Figure 19).

PGK :
promoter iCre ER™ pA

PGK )
promoter ERT2 iCre ER™ pA

Figure 19. Structure of the iCre-ER™ and ERT2-iCre-ER™? expression vectors.

PKF #270 cells were isolated from a dual-fluorescent reporter pig carrying a floxed membrane-
targeted Tomato fluorescence cassette (mTomato) followed by membrane-targeted GFP
(MGFP) placed at the porcine ROSA26 (R26) gene locus [295]. In the absence of Cre
recombination the cells show red fluorescence. Recombination leads to an excision of the

mTomato cassette and thus to a switch to green fluorescence (Figure 20A).

A)

Reporter pig
RogmT-mGWT { Ex1 | sa-Blasr-cAG || >{mTomato-pa }| >{ meFp-pa }—{ Ex2 }-

Cre recombination

-[ Ex 1 ]—[SA-BIasR-CAG ]-[>[ mGFP-pA } Ex 2
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B) C)
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Not Brightfield: Tomato: GFP: Merged: Not Brightfield: Tomato: GFP: Merged:
induced: % 3 induced:
48 h: 24 h:
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Figure 20. Fluorescence microscopy results of 4-OHT induction experiment. (A) Dual fluorescence reporter cassette
placed at the porcine R26 locus. Cre recombination results in excision of the floxed mTomato sequence leading to
a switch from red to green fluorescence. The efficiencies of the tamoxifen-inducible iCre systems were assessed
by induction with 4-OHT. (B) Fluorescence microscopy of PKF #270 cells transfected with PGK-iCre-ER™-pA
plasmid. (C) Fluorescence microscopy of PKF #270 cells transfected with PGK-ERT2-iCre-ER2-pA plasmid. Ex:
exon, SA: splice acceptor, BlasR: blasticidin resistance gene, CAG: CAG promoter, pA. polyA, triangle: loxP site

In order to test the efficiency and leakiness of the above mentioned tamoxifen-inducible
systems, the cells were induced with 1 uM 4-OHT 24 h after transfection and the fluorescence
was evaluated by microscopy for a time period of 6 days (Figure 20B+C). Switching to green
fluorescence for both PGK-iCre-ER™-pA and PGK-ER'2-iCre-ER™-pA transfected cells was
observed from 24 h after induction. As expected, the recombined cells were dually labelled, as
it has been reported that red fluorescence persists for up to 8 and 9.2 days in dual-fluorescent
pig and mouse cells, respectively [295, 296]. The leakiness of both systems was tested using
control cells that were transfected with the respective plasmid but not induced with 4-OHT
(Figure 20B+C, lower panels). In fact, the presence of only one ER™ site was found to be
slightly leaky (Figure 20B, lower panel), while the presence of two ER™ sites efficiently

prevented recombination in the absence of 4-OHT (Figure 20C, lower panel).
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Since the size of the targeting vector could be minimised by using only one ER™ site, a T2A-
iCre-ER™ double cut donor template was generated for targeting into PTF1A 3'UTR (Figure
21).

gRNA
1
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gRNA i "gRNA
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—i{ ”IV=’TF1A 5’-HA| /"I:ZA-iCr;ERTZ-pA "| PTF1A 3-HA P—
P~ ==

Figure 21. PTF1A 3'end targeting for inducible Cre driver line generation. Primer positions for 5’ and 3’screening
PCRs are indicated as purple and brown arrows, respectively.

For the generation of a 4-OHT inducible Cre driver pig line for spatiotemporal control of iCre
expression, male PKF #270 cells were transfected with pX330-hSpCas9-
PTF1A_3’'UTR_gRNA3 plasmid and T2A-iCre-ER™ double cut donor template (Figure 21). Of
all screened cell clones, 20% revealed correct 5’targeting, of which 80% were also precisely
3'targeted (Supplementary figure 13A+B). Further analysis of the cell clones was performed

by endogenous PCR and ddPCR (Supplementary figure 13C+D).

3.1.1.3 Generation of PTF1A™ pigs by SCNT

For the generation of PTF1A°" pigs, two PKF 120419-7 cell clones for PTF1A 5’end targeting
with one copy of iCre each, and three PADMSC 110111 cell clones for PTF1A 3'UTR targeting
with two, four and seven iCre copies, were selected. The cell clones were mixed and sent for
SCNT, which was performed by Prof. Dr. Valeri Zakhartchenko and Dr. Mayuko Kurome (Chair
of Molecular Animal Breeding and Biotechnology, Munich). 111 reconstituted embryos were
generated and transferred into two recipient sows (performed by Dr. Barbara Kessler, Chair of
Molecular Animal Breeding and Biotechnology, Munich). After a gestation period of 115 days,
both sows gave birth to a total of nine male piglets, three of which were stillborn (Table 35).
PKF #270 cell clones with T2A-iCre-ER™ targeting into the 3’end of PTF1A were not used for

SCNT due to cell incompatibility reasons, which are described in more detail in section 3.2.1.2.

3.1.1.4 Genotypic analysis of PTF1A°™ founder animals

All live-born founders were healthy and viable. DNA was isolated from earclip tissue of both
stillborn and viable piglets and used for genotyping via screening PCRs and for copy number
determination. Furthermore, tissue samples from stillborn piglets were used for expression
analysis. Genotyping identified four PTF1A%“" and five PTF1A%“" piglets, of which two and
one were stillborn, respectively (Figure 22A+B). In addition, monoallelic integration of iCre into

PTF1A was confirmed by endogenous PCR for all nine piglets (Figure 22C).
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Figure 22. Genotyping of PTF1AC® founders. Left panel: PTF1A5C screening PCRs. Right panel: PTF1A3%Cre
screening PCRs. (A) 5’junction PCRs: correct PTF1A 5end and 3’end targeting resulted in 2233 bp and 2127 bp
PCR products, respectively. (B) 3’junction PCR revealed a 2346 bp product for correct 5’end targeting and a 2300
bp product for 3’end targeting. (C) Endogenous PCR for the non-targeted allele resulted in amplification of 3020 bp
and 2887 bp PCR products for PTF1A%7C and PTF1A3C founders, respectively. lllustration adapted from Kalla et
al. (2021) [285].

Determination of iCre copy numbers by ddPCR revealed the presence of one copy of the iCre
transgene in all PTF1A%™" founders (Figure 23A), which is consistent with the genotype of the
cell clones used for SCNT (Figure 23B). In contrast, PTF1A%"" founders were shown to carry
iCre copy numbers between two and seven, indicating that they were derived from all three
cell clones used for SCNT. However, as the screening PCRs and the endogenous PCR of the
three utilized cell clones showed only single insertion of iCre at PTF1A with simultaneous
integrity of the second allele, the extra copies are suggested to be non-functional due to the

absence of a promoter.
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Figure 23. iCre copy number determination. (A) DdPCR results of PTF1AC"® founder piglets. (B) DdPCR results of
cell clones used for PTF1A™® pig generation.

The genotyping results shown above are summarized in Table 35. Out of nine piglets, three

were stillborn (grey), two were positive for 5’end targeting (blue) and four were positive for

placement of iCre into the 3’end of PTF1A (green).

Table 35. Summarised genotyping analysis of PTF1AIC® founders.

Piglet Live-born Gender | Generation | Genotype | iCre copy number
#1961 Yes Male GO PTF1A%Cr 4
#1962 Yes Male GO PTF1A%/Cre 7
#1963 Yes Male GO PTF1A°"® 1
#1964 Yes Male GO PTF1A®™" 1
#1965 Yes Male GO PTF1A%®® 2
#1966 Yes Male GO PTF1A%C 4
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3.1.2 Functionality of iCre recombinase

3.1.2.1 Expression analysis of PTF1A™ pigs
In a next step, tissue samples from stillborn piglets D1 and D3 were used for expression
analysis of iCre, PTF1A and GAPDH on RNA level using reverse transcription-polymerase

chain reaction (RT-PCR) (Figure 24).
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Figure 24. RT-PCR analysis of stillborn PTF1AC"® piglets D1 and D3. Wild type piglet RNA was used as a control.

For both stillborn PTF1A™ piglets, iCre recombinase expression was detected in testis,
stomach and pancreas, while PTF1ASC"® piglet D1 also expressed iCre in the brain, albeit at
the same weak intensity as in the testis. The difference between the two animals in the brain
expression pattern may be due to the fact that the samples were possibly obtained from
different brain regions. Furthermore, despite targeting of one PTF1A allele, the maintenance
of endogenous PTF1A expression could be demonstrated, as expression of PTF1A was
detected in the stomach and pancreas of both animals, with additional weak expression in the
testis of PTF1A%™C™ piglet D3. Consistent with this, the wild type piglet that served as a control
expressed PTF1A in stomach and pancreas, while expression of iCre was absent.

Figure 25. PTF1A®® boars #1961, #1963 and #1965 at age of 5.5 weeks. lllustration adapted from Kalla et al.

(2021) [285].
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Boars #1964 and #1962 were terminated at age of 6.5 weeks and 9 months, respectively.
Tissue samples isolated from those animals were used to compare the RNA expression
patterns with the stillborn animals analysed above (Figure 26). Due to the inconsistent results
of brain expression in the piglets shown above, care was taken this time to distinguish between
cerebrum and cerebellum when sampling the brain. For PTF1A%" pig #1964, expression of
iCre was detected in the pancreas and stomach. Expression of PTF1A was detected in
pancreas and stomach, and to a lesser extent in the cerebellum. PTF1A%" pig #1962 showed
the same expression pattern as PTF1A%°"® boar #1964. However, it should be mentioned that
GAPDH expression was very weak for testis of pig #1962 and thus did not allow to make
conclusions regarding no or low Cre expression in the testis of this pig. In summary, the results
for pigs #1964 and #1962 corresponded to the PTF1A expression pattern of the wild type pig

that served as a control.
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Figure 26. RT-PCR analysis of PTF1A®™ boars #1964 and #1962. RNA from a wild type pig was used as a control.

Next, iCre expression was validated on protein level by immunohistochemistry (IHC). In both
PTF1A® ™ and PTF1A%" piglets, the expression of iCre recombinase in the pancreas was
restricted to acinar cells, while ductal cells remained negative (Figure 27A). Isolated
expression was also found in the stomach, but was absent in other organs such as the

cerebellum and kidney (Figure 27B).
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Figure 27. Cre protein expression in stillborn PTF1AIC® piglets D1 and D3. (A) IHC staining of PTF1A% and
PTF1A%7Cr pancreata. (B) IHC staining of PTF1A®%C"e and PTF1A%7 stomach, cerebellum and kidney. Wild type
samples serves as control. Scale bar represents 100 um. lllustration adapted from Kalla et al. (2021) [285].

3.1.2.2 Analysis of Reporter-PTF1A°" pigs

For functional analysis, the generated PTF1A“® founders were crossed with the dual
fluorescent reporter pig line R26™™™"T The F1 animals were healthy and viable and showed
an inheritance of iCre recombinase according to the Mendelian rules. Two of the piglets were
selected for functional analysis by fluorescence imaging. As expected, the numbers of iCre
copies of the F1 piglets corresponded to those of the founder animals used for breeding, which

had one and four copies of iCre, respectively (Table 36).
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Table 36. Reporter-PTF1AC™ piglets used for fluorescence analysis.

Sow Boar Genotype of Generation | Gender | iCre
(F4 generation) | (GO generation) piglet used for copies
fluorescence
analysis
#1838 #1963 R26MT-MEWT. F1 Male 1
R26mT—mG/\NT_ PTF1A5’iCre/WT KRAsLSLGlZD/VVT_
KRAsLSLG12D/\NT_ PTFA5'iCre/WT
TP53LSLR167H/WT
#1842 #1961 R26MTMEWT. F1 Female 4
RZBmT-mG/WT_ PTFlAfS’iCre/WT KRAsLSLGIZD/VVT_
KRAsLSLGlZD/WT PTFAS'iCre/WT

In order to verify the functionality and tissue specificity of iCre, the selected R26™"
MEMWTPTE1ASC® and R26™T™CMTPTE1AYC" piglets and one R26™™C"T piglet were sacrificed
on postnatal day one for fluorescent imaging of four different tissues (Figure 28). In contrast to
the expression analysis of the PTF1A™ founder pigs, which showed iCre expression at the
time of analysis, the Reporter-PTF1A“™ pigs showed the marking of expression during
development by means of a fluorescence switch from red to green fluorescence. Therefore, it
was expected that the results of the fluorescence analysis of the Reporter-PTF1A"™ pigs would
differ from the expression patterns of the founder animals detected by RT-PCR and IHC.
Indeed, while tissues from R26™ " piglet were red fluorescent, imaging revealed extensive
green fluorescence in the pancreata and small brains of Reporter-PTF1A" piglets. In addition,
stomach tissues of those animals showed single green fluorescent cells, while all other tissues

such as the kidney were negative.

Reporter Reporter-PTF1A%7cre Reporter-PTF1A%icre
mTomato mGFP mTomato DAPI Merged mTomato mGFP DAPI Merged

Figure 28. Fluorescent imaging for functional analysis of iCre in Reporter-PTF1A®" pigs. Detection of mTomato
and mGFP fluorescence in tissues from one day old R26MT-MGWT  R2MT-MGWTPTE]ASCe and R26MT
mGWTPTE1ASCre piglets. Scale bar represents 20 pum. lllustration adapted from Kalla et al. (2021) [285].
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3.1.3 Modelling PDAC in PTF1A®® pigs

After the functionality of iCre recombinase was proven, the next step was to model PDAC in
pigs. This was to be achieved by mutational activation in the porcine pancreas by breeding of
the PTF1A°"® pigs with KRASSIC12PWT gng TP53-SERIETHWT pigs, The PTF1AC™ offspring all
appeared physically healthy, but in contrast to Reporter-PTF1A“*® animals, the
KRAS!SECI2PWTPTEIAC® o KRASHSEC12DWTTPE3LSLRISTHWTPTE] AlCe piglets showed varying
degrees of leg problems, the so-called splay leg syndrome.

Tissues from one day old KRASSIC12PWTPTE] A€ gnd TP53SLRISTHWTPTE] AC™ piglets were
examined for Cre recombination and mutational activation. Excision of the LSL cassette in front
of the KRAS®*?P and TP53R**"" mutations was verified by LSL-excision PCR using gDNA from
seven different porcine tissues (Figure 29). PCR revealed recombination and thus excision of
the LSL cassette in pancreas and cerebellum for both KRAS-S:C1ZDWIPTEIAC® gnd
TP53LSERITHWTPTE] AICTe pigs regardless of whether they were generated by breeding with
PTF1A 5 or 3’end targeted pigs. In contrast, other tissues of those animals, such as large
brain, colon or kidney, showed only PCR products for the wild type and unrecombined allele.
As expected, PCR of tissue samples from wild type pig only gave rise to 167 bp and 198 bp
KRASYT and TP53"T bands, respectively.

KRAS LSL-excision PCR
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Figure 29. LSL-excision PCR results for KRAS-PTF1AC® and TP53-PTF1AC piglets. KRAS LSL-excision PCR
revealed recombination in cerebellum and pancreas of one day old KRASMSLGIZDWIPTE]ASCre gng
KRASLSLG12DIWTPTE] ASCre piglets, leading to bands at 167 bp and 203 bp for the wild type and recombined allele,
respectively, and a weak band of 1878 bp band for the unrecombined allele. All other tissues showed PCR products
at 1878 bp for the unrecombined allele and 167 bp for the wild type allele. TP53 LSL-excision PCR revealed
recombination in cerebellum and pancreas of TP53LSLRISTHWTPTE]ASICre gnd TP53LSLRISTHWTPTE] ASCre piglets,
leading to bands at 198 bp and 238 bp for the wild type and recombined allele and a weak band of 1520 bp for the
unrecombined allele. All other tissues showed PCR products at 1520 bp for the unrecombined allele and 198 bp for
the wild type allele. Tissues from a wild type piglet served as a control and showed the wild type bands of 167 bp
and 198 bp for KRASYT and TP53%T, respectively.
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As mentioned above, excision of the LSL cassette leads to expression of the downstream
KRAS®*?P and TP53R*"" mutations, which are characterised by a G to A base mutation (G>A)
at the DNA level. For KRAS, this single-base missense mutation results in Glycine->Aspartic
acid amino acid substitution (G>D) and thus leads to expression of KRAS®'?P,

For TP53, the G>A mutation leads to Arginine->Histidine amino acid substitution (R->H) and
to expression of TP53%¢™ (Figure 30).

Porcine KRASWT Porcine KRAS¢G12D
DNA sequence 5’-gtt gga gct got ggce gta ggc aag-3'  5’-gtt gga gct gat ggc gta ggc aag-3’
Amino acid sequence  [VI[GI[A][GI[GIVI[GI[K] VILGI[AIDILGIVI[GIK]
Codon IEN | KT | 2N PN | KEX | B2 (EE | R IEN | KT | N P3| KEN | K73 | EE (RO
Porcine TP53WT Porcine TP53R167H
DNA sequence 5’-gtg gtg agg cgc tgt ccc cac cat-3’  5’-gtg gtg agg cac tgt ccc cac cat-3’
Amino acid sequence  [VI[VI[RI[RILCI[PI[HI[H] VIVIRIHICCIPI[HIH]
Codon

Figure 30. Representation of KRASC®12P and TP53R167H mutations.

RNA isolated from different tissues was used to analyse the presence and frequency of a G>A
mutation at the cDNA level at KRAS codon 12 and TP53 codon 167 by pyrosequencing (Table
37). As the analysed piglets were heterozygous for KRASS612P or TP53-SHR167H the expected

maximum frequency of a G->A mutation was 50%.

Table 37. Pyrosequencing results for KRAS and TP53 mutations in PTF1AC’® progeny. SB: stilloorn

KRAS
Genotype Age Tissue Nucleobase | Nucleobase
G A
Small brain 57% 43%
KRAS!-SLG12DWTPTE] A SiCre 3 Pancreas 65% 35%
days Stomach 94% 6%
Kidney 98% 2%
Small brain 53% 47%
Reporter-K RAS!SLG12DWTPTE] A S'iCre SB Pancreas 51% 49%
Stomach 92% 8%
Kidney 98% 2%
Small brain 53% 47%
KRASSLG12DWTT PG 3LSLRIGTHWT 2 Pancreas 63% 37%
PTF1ASiCre days Stomach 96% 4%
Kidney 97% 3%
Small brain 46% 54%
KRASLSLC12DWTPTE] A FiCre SB | Pancreas 65% 35%
Stomach 96% 4%
Kidney 88% 13%
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Small brain 66% 34%
Reporter-K RAS!SLC12DWTPTE] A 3'iCre SB | Pancreas 39% 61%
Stomach 95% 5%
Kidney 94% 6%
Small brain 98% 2%
SB | Pancreas 96% 4%
WT Stomach 99% 1%
Kidney 98% 2%
TP53
Genotype Age Tissue Nucleobase | Nucleobase
G A
Small brain 60% 40%
TP53LSLRISTHWTPTE ] A SiCre SB Pancreas 85% 15%
Stomach 97% 3%
Kidney 98% 2%
Small brain 67% 33%
KRAS!SLG12DWTT PG 3LSLRIGTHWT 2 Pancreas 77% 23%
PTF1ASiCre days Stomach 97% 3%
Kidney 97% 3%
Small brain 55% 45%
TP53LSLRISTHWTPTE ] A 3Cre 3 Pancreas 73% 27%
weeks | Stomach 97% 3%
Kidney 97% 3%
Small brain 97% 3%
SB | Pancreas 96% 4%
wWT Stomach 98% 2%
Kidney 97% 3%

Indeed, pyrosequencing of four different tissues revealed conversion of nucleobase G to
nucleobase A in small brain and pancreas of all tested mutant PTF1A" genotypes (Table 37).
In these two tissues, frequency of the G> A mutation ranked between 34% and 61% for KRAS,
while TP53 mutations were less frequent, ranging between 15% and 45%. However, the low
value of 15% for the pancreas of the TP53StRIETHWTPTE] ASCre pbiglet was most likely due to
poor quality or too late collection of the sample. In contrast, stomach and kidney were negative
for G> A conversion. The original pyrosequencing results are shown in Supplementary figures
14-23.

Since the ability of PTF1A-iCre to excise the LSL cassette and thus activate the KRAS and
TP53 mutations was proven, pancreatic tissue samples from different genotypes of one-day-
old piglets were analysed by H&E staining (Figure 31). As shown in Figure 31, activation of
TP53R7M alone did not lead to pancreatic abnormalities in PTF1A°“" piglets, resulting in the
same pancreatic phenotype as in wild type piglets. In contrast, pancreatic activation of
KRAS®'?" |ed to the development of widespread ADM accompanied by the onset of fibrosis,
as shown in Reporter-KRASSLCI2DWTPTE] AICe piglets. Pancreata from triple mutant piglets
revealed higher-grade lesions, which were caused by the simultaneous activation of KRAS®?P

and TP53%%"™ in these newborn animals.
75



Results

TP5. 3LSLR167H/WT PTF1 A5’iCre

L7 L7

3 5
¥

wds

KRASLSLG12D/WTTP53LSLR16TH/WTPTF1A5'iCre
f g \N

&

Figure 31. H&E staining of pancreata from KRAS and TP53 mutant PTF1AIC™® piglets. Scale bar represents 100
pm.
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To analyse the PDAC development and timeline, 4-5 week old piglets were terminated. Apart
from splay legs, these animals showed no physical abnormalities such as slow growth or
insufficient weight gain, which could indicate a pancreatic problem. However, the dissection of
4-5 week old KRASS-CL12DWTIT PG 3LSLRISTHWTpTE] ASTCre gnd KRASHSEEI2PWTPTEASC® gnimals
revealed severely altered pancreata, ranging from single (Figure 32A, lower panels) to multiple
tumours (Figure 32A, upper panel). Interestingly, the disease severity varied between animals
of the same genotype that originated from one litter, as shown for piglets #2237 and #2238.
These differences between individual animals were also confirmed by histological analysis,
which showed a mixture of ADM, PanIN lesions and PDAC with severe connective tissue
deposition (Figure 32B). Simultaneous activation of KRAS®*?° and TP53%¢™ in 10 weeks old
PTF1A%“" piglet also resulted in altered pancreas histology with ADM and PanlN lesions with
fibrosis (Figure 32B). Activation of only KRAS®!? resulted in the development of ADM and
PanIN lesions in the pancreata of 5-week-old KRASSICIZPWIPTEIASCE  gnd
KRASSLE12PWTPTE] ASTCe piglets. With regard to the Cre-driver lines, no differences in the
disease phenotype have been found when oncogenic mutations were induced by PTF1A%c"®
or PTF1A%Cr,

KRASLSLG12DWTTP53LSLRISTHWTPTF1 ASiCre (pig #2238, 4 weeks old)
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Figure 32. Analysis of pancreatic tissues from KRAS and TP53 mutant PTF1A® pigs. (A) Pictures of pancreata
from 4-5 week old KRAS!SLG12DWTTPS3LSLRIGTHWTPTE] A5iCre gnd KRASESLE12DWTPTE] A5iCre pigs, (B) H&E staining
of pancreatic samples from KRASSLG12DWTTP53LSLRIGTHWTPTE] AiCre gnd KRASISLG12DWTPTE]AICre pigs, Scale bar
represents 100 pm.

78



Results

In summary, the above results describe the generation of PTF1A™ pigs by 5'end or 3’end
targeting of iCre recombinase into the endogenous porcine PTF1A locus with the help of
CRISPR/Cas9 systems. Expression analysis of the founder animals and Reporter-PTF1AC™®
pigs revealed concordant iCre expression and recombination patterns for both targeting
approaches. In addition, crossbreeding of PTF1LAC™ with KRASSF612PWT gnd TP53LSERIGTHWT
pigs allowed successful modelling of PDAC, as the offspring showed efficient mutational

activation and various pancreatic alterations ranging from ADM, PanINs to multiple tumours.

3.2 Generation of a porcine PDAC model using mPdx1-iCre pigs

In addition to Ptfla, the transcription factor Pdx1 is another important player in the development
of the pancreas, which Hingorani and colleagues also used to model PDAC in mice [163].
Therefore, a second approach for the creation of a porcine PDAC model was based on the
generation of pigs expressing iCre recombinase from the Pdx1 promoter to enable mutational

activation in the porcine pancreas by breeding with KRAS and TP53 mutant pigs.

3.2.1 Generation of mPdx1-iCre pigs

However, targeting of iCre into the endogenous porcine PDX1 gene, as applied for PTF1A,
would most likely result in maturity-onset diabetes of the young (MODY), as is the case in
humans [297, 298] and in heterozygous knockout mice [299, 300]. To avoid possible adverse
effects it was decided to use a Cre expression vector for random or targeted insertion into the
porcine genome. A previous experiment (by PhD student Erica Schulze) using the human
PDX1 promoter to drive Cre resulted in piglets with insufficient expression to induce excision
of the LSL cassette [301]. However, others had shown that the mouse Pdx1 promoter (mPdx1)
in combination with part of the rabbit 3-globin gene, which comprises a sequence from part of
the second exon through to the third exon, allows efficient pancreas-specific expression of
transgenes in pigs [181, 302]. Therefore, an equivalent construct was generated in order to
produce genetically modified pigs with pancreas-specific expression of iCre recombinase
(Figure 33).

— Murine Pdx1 promoter Partlal_ 19 iCre recombinase PA
B-globin gene

Figure 33. Structure of the mPdx1-iCre transgene. The transgene consists of the 6.3 kb murine Pdx1 promoter
fused to a part of the rabbit -globin gene followed by iCre recombinase and polyA.

Three different strategies for the generation of mPdx1-iCre pigs were pursued: targeting into
the ubiquitously expressed porcine ROSA26 locus and random transgene integration using

linearized gene constructs or piggyBac transposon systems.
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3.2.1.1 Generation of mPdx1-iCre pigs by ROSA26 targeting

The non-coding Rosa26 (reverse orientation splice acceptor B-geo 26) locus was first
discovered in mice in gene trapping experiments in embryonic stem cells [303]. Since gene
targeting into murine Rosa26 is characterised by a high frequency of homologous
recombination and ubiquitous transgene expression without effects on viability or fertility, this
strategy has been used to generate numerous murine knock-in strains such as Cre reporter
mice [296, 304-306]. The subsequently identified human and rat orthologues showed similar
properties in terms of successful gene targeting and widespread transgene expression [307,
308], and the high conservation between the three species allowed the identification of the
porcine ROSA26 gene [295].

The ubiquitously expressed ROSA26 locus is located on porcine chromosome 13 and consists
of four exons that give rise to two non-coding transcripts, allowing for transgene expression in
several porcine tissues without detrimental effects on physiology and reproduction [295].

As porcine ROSA26 has been identified as permissive for gene targeting, the first strategy was
targeted placement of mPdx1-iCre into the first intron of the porcine ROSA26 gene (Figure
34).

Ex1 > - y Ex 2 —
) SA-NeoR . .
R26 5°-HA (2119 bp) mPdx1 promoter rBg iCre pA R26 3’-HA (4662 bp)
SA-BlasR
- <

Figure 34. ROSA26 targeting strategy. Primer positions for 5’screening PCRs are indicated as purple arrows. Ex:
exon; HA: homology arm; SA: splice acceptor; NeoR: neomycin resistance gene; BlasR: blasticidin resistance gene;
rg: rabbit B-globin; pA: polyA

However, conventional gene targeting did not result in correctly targeted cell clones. In order
to increase the efficiency, the CRISPR/Cas9-mediated HDR strategy was applied using
linearized R26-SA-BS-mPdx1-iCre or R26-SA-Neo-mPdx1-iCre targeting vectors in
combination with a pX330-hSpCas9-R26-gRNA plasmid. The sgRNA recognized a site in the
first ROSA26 intron between the two homology arms. Screening of transfected PADMSC
110111 cells revealed that ~19% of all screened cell clones were positive for §’junction PCR
(Supplementary figure 24A). Furthermore, the presence of mPdx1-iCre and monoallelic
integration into ROSA26 was proven by PCR (Supplementary figures 24B+C). It was not
possible to confirm the correct 3'junction, as the PCR across the long arm of homology was
unsuccessful. Next, ddPCR analysis revealed that among 20 screened cell clones only one

carried single copy integration of iCre (Supplementary figure 24D).
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3.2.1.2 Generation of mPdx1-iCre pigs by random integration

Besides targeting into porcine ROSA26, another strategy was based on random transgene
integration. Since it has been reported in the past that Pdx1 is also expressed in organs other
than the pancreas [309-311], it was unclear whether the mPdx1 promoter is active in porcine
kidney cells. In order to monitor mPdx1 promoter activity, PKF #270 cells isolated from a dual-
fluorescent reporter pig were used for transfection with a linearized mPdx1-iCre gene construct
from which the bacterial plasmid backbone had previously been removed. Subsequently, the
transfected cells were selected for stable transgene integration using G418.

Activity of the mPdx1 promoter in PKF #270 cells results in expression of iCre recombinase,
which in turn leads to excision of the floxed mTomato sequence and thus to a switch from red
to green fluorescence as shown in Figure 20A in section 3.1.1.2.1.

In most cases selection with G418 resulted in mixed cell clones consisting of red and green
fluorescent cells. Only green fluorescent cell clones, with proven mPdx1-iCre functionality,
were further analysed by ddPCR. Cell clones #1, #4, #5 and #17 with iCre copy numbers
between three and 18 were sent for SCNT (performed by Prof. Dr. Valeri Zakhartchenko and
Dr. Mayuko Kurome, Chair of Molecular Animal Breeding and Biotechnology, Munich).
Afterwards, embryo transfer was performed by Dr. Barbara Kessler (Chair of Molecular Animal
Breeding and Biotechnology, Munich). Two sows gave birth to five mPdx1-iCre piglets, one of
which was stillborn. However, the live-born piglets only survived for a maximum of two days,
as they showed severe abnormalities such as enlarged tongue and splay legs and had to be
humanly killed. As SCNT with PKF #270 cells resulted in animal defects, these cells were no
longer used. However, tissues from the five mPdx1-iCre piglets were isolated for analysis
(Figure 35). Genotyping revealed the presence of three copies of the mPdx1-iCre transgene
in all five piglets (Figure 35A+B). As green fluorescent cells were used for SCNT, the piglets

and cells isolated from them showed green fluorescence (Figure 35C).
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Figure 35. Analysis of mPdx1-iCre piglets generated by random integration. (A) Genotyping PCR showed a 2226
bp band for mPdx1-iCre piglets. (B) iCre copy number determination by ddPCR. (C) Fluorescence microscopy of
PKF cells isolated from mPdx1-iCre piglets #3 and #4. (D) IHC staining for Cre protein and PDX1 in pancreata of
mPdx1-iCre piglets #3, #4 and wild type piglet. (E) IHC staining for Cre protein and PDX1 in liver and muscle of
mPdx1-iCre piglets #3, #4 and wild type piglet. Scale bar represents 100 um. WT: wild type, SB: stillborn
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Furthermore, the isolated pancreata from piglets #3 and #4 showed a widely distributed
expression of iCre recombinase with different intensity levels (Figure 35D+E). Liver and muscle
were negative for iCre expression. In contrast, IHC for PDX1 revealed widespread expression
in pancreas, liver and muscle, which was probably due to unspecific binding of the utilized

antibody as it was produced based on human residues.

3.2.1.3 Generation of mPdx1-iCre pigs by piggyBac-mediated transposition

Since the generation of a mPdx1-iCre driver pig line via SCNT was unsuccessful, a different
approach was chosen. It was decided to use transposon-mediated integration of the mPdx1-
iCre transgene into the porcine genome via microinjection of in vitro produced fertilized

oocytes.

The work on porcine embryo culture, which included oocyte collection, in vitro maturation, in
vitro fertilization and microinjection was carried out by Dr. Bernhard Klinger, Thomas
Winogrodzki, Liang Wei and Alexander Carrapeiro. The hyperactive PB transposase and
transposon plasmids were kindly provided by Prof. Dr. Roland Rad (Institute of Molecular

Oncology and Functional Genomics, Munich) and were further modified.

For the generation of mPdx1-iCre pigs, the mPdx1-rBg-iCre-pA sequence was inserted into
the transposon plasmid by cloning and the hyperactive piggyBac (PB) transposase plasmid

was used to produce hyperactive PB transposase mRNA.

The components of the transposon system, hyperactive PB transposase mRNA and mPdx1-
iCre transposon plasmid DNA (Figure 36A) were co-injected into the cytoplasm of fertilized
oocytes (Figure 36B). In a first round of microinjection, the toxicity and efficiency of the
transposon system was assessed by co-injection of PB transposase mRNA and mPdx1-iCre
transposon plasmid DNA into 100 oocytes. Following parthenogenetic activation, 42% of
parthenotes developed to blastocyst stage (Figure 36C), compared to 50% for the non-injected
control group (data not shown). As the PB transposase gene was linked to a red fluorescence
marker (mCherry), it was also possible to assess the efficiency of microinjection (Figure 36E).
In total, 43% of parthenogenetic blastocysts revealed the presence of the mPdx1-iCre

transgene as indicated by PCR (Figure 36D).
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Figure 36. Generation of mPdx1-iCre pigs using the piggyBac transposon system. (A) Genetic constructs for porcine
oocyte injection of Transposase-T2A-mCherry mRNA and mPdx1-iCre transposon plasmid DNA. (B) Cytoplasmic
injection of porcine zygotes. (C) Development of injected oocytes to blastocyst stage. Early and late blastocysts are
marked by black arrows. (D) Screening PCR for mPdx1-iCre showed the expected band at 2226 bp for 43% of the
blastocysts. (E) Fluorescence microscopy of porcine zygotes 24 h after injection. Scale bar represents 250 pum.

Based on these promising results, two days after the second round of microinjection a total of
320 embryos were transferred into a recipient sow. After a gestation period of 114 days, the
sow gave birth to ten piglets, two males and eight females.

3.2.2 Genotypic analysis of mPdx1-iCre founder animals

The born piglets were first analysed by PCR for the presence of the mPdx1-iCre transgene.
Genotyping PCRs amplifying either 184 bp, 2226 bp or 6064 bp of the transposon vector,
identified three female piglets carrying the mPdx1-iCre transgene (Figure 37A+C). Piglets
#2017 and #2022 showed strong bands for all three genotyping PCRs, while the signal for
piglet #2024 was of very low intensity (Figure 37A). DAPCR analysis indicated the presence
of eleven and four iCre recombinase copies for piglets #2017 and #2022, respectively, and
below level of detection for piglet #2024 (Figure 37B), which could be indicative of low

mosaicism.
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Figure 37. Analysis of mPdx1-iCre founders. (A) Genotyping PCRs. Piglets #2017 and #2022 showed bands at 184
bp (upper left image), 2226 bp (lower left image) and 6064 bp (right image) for the presence of the mPdx1-iCre
sequence. Piglet #2024 showed the same result, but with very weak band intensity. (B) iCre copy number
determination by ddPCR. (C) mPdx1-iCre piglets at age of 3 days.

To determine if transgenesis was caused by either piggyBac-mediated transposition or simple
integration of the transposon plasmid, the mPdx1-iCre piglets were tested for the presence of
the plasmid backbone. Two sets of primers, binding within the plasmid backbone and in the
mPdx1-iCre transgene, were used for PCR analysis (Figure 38A). Transposon plasmid
backbone was detected in piglet #2017, while piglets #2022 and #2024 were negative (Figure
38B+C). Subsequent ddPCR determined a single plasmid backbone copy for piglet #2017
(Figure 38D).
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Figure 38. Examination for residual transposon plasmid backbone in mPdx1-iCre piglets. (A) Plasmid backbone
detection by PCR using two primer pairs binding upstream of 3'ITR and in mPdx1 promoter (purple arrows) or in
iCre and upstream of the 5’'ITR sequence (brown arrows). (B) PCR with primer pair one (purple arrows) revealed a
band of 1026 bp for piglet #2017. (C) PCR with primer pair two (brown arrows) showed a band of 1273 bp for piglet
#2017. (D) Plasmid backbone copy number determination by ddPCR.

After reaching reproductive fertility, sow #2017 was used for breeding, as this animal carried
the highest copy number of iCre recombinase. Pig #2017 was mated with an
APCRIWITPG3LSLRISTHISLRIE™H hoar and gave birth to one stillborn and six live-born piglets. In

this case, APC31WT

was included in order to generate the broadest possible spectrum of
genotypes that can be used for future breeding, also for other projects.
A segregation of the transposon copies was expected in the offspring, and accordingly the live-

born piglets showed different iCre copy numbers as determined by ddPCR.
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The genotypes and iCre copy numbers are listed in Table 38. Further breeding was performed

with the F1 animals marked in blue.

Table 38. mPdx1-iCre F1 generation.

Piglet | Gender | Generation Genotype iCre copy Used for
number number further
breeding
2329 Male F1 APCBIWTImpx1ce 1 No
2330 Male F1 mPdx1'c"® 6 Yes
2331 Male F1 mPdx1cre 4 No
2332 Male F1 TP53LStRISTHWT Py Cre 11 Yes
2333 | Female F1 APCEMWImpdx1cre 7 Yes
2334 | Female F1 mPdx1c"® 10 No

3.2.3 Expression analysis of mPdx1-iCre founder animals

After establishing the mPdx1-iCre pig line, the founder animals were sacrificed and used for

expression analysis. Pancreatic tissues of the founder animals were examined for expression

of iCre recombinase (Figure 39). IHC analysis showed localised expression of iCre

recombinase in the islets of Langerhans.

Pig #2017

Pig #2022

Figure 39. Cre protein expression in the pancreas of mPdx1-iCre founders. IHC revealed localised Cre recombinase
expression in circularly arranged cell clusters (black arrows) in the pancreata of pigs #2017 and #2022 at 14 and
12 months of age, respectively. Scale bar represents 100 pm. Staining was performed by Laura Beltran Sangiesa.
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3.2.4 Modelling PDAC in mPdx1-iCre pigs
In order to model PDAC in mPdx1-iCre pigs, F1 boar #2332, carrying 11 copies of the mPdx1-
iCre transgene was bred with a TP53-StRIETHLSLRIETHIKR AGLSLEI2DWT gq\y . Breeding resulted in

birth of nine live-born piglets with iCre copy humbers varying from one to six (Table 39).

Table 39. mPdx1-iCre F2 generation.

Piglet | Gender | Generation Genotype iCre
number copy
number
2653 | Female F2 TP53 S RITHMW TPy 1 e 2
2654 | Female F2 TP53-SIRIETHWT gy icre 1
2655 | Female F2 KRAS'SHe12PWTmPdy 1 ire 5
2656 | Female F2 KRAS"SHe12PWTIT P53 SLRISTHWTm Py 1 2
2657 | Female F2 TP53 St RITHMWTmPdx1 2
2658 | Female F2 KRAS"S-6120WTmpy1cre 3
2659 | Male F2 TP53LSLRISTHWT Py g 1Ce 4
2660 Male F2 TP53 -SRI T mPdx1 e 5
2661 Male F2 TP53-SLRISTHWT 1

One animal (piglet #2658) was sacrificed at day 4 post partum to determine iCre function. This
animal was genotyped as KRASS'C12PWTmpgx1© with three copies of iCre. KRAS LSL-
excision PCR for nine different tissues detected recombination in pancreas and duodenum
(Figure 40A). Most importantly, analysis of pancreatic tissue revealed the presence of
widespread ADM and PanIN regions with strong expression of Cre recombinase localised to

these areas (Figure 40B+C), indicating a pronounced Pdx1 expression in these regions.
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KRAS!SLG12DMTmPpdx1iCre piglet #2658 showed recombination in pancreas and duodenum, leading to three bands
of 167 bp and 203 bp for the wild type and recombined allele, respectively, and the 1878 bp band for the
unrecombined allele. (B) H&E staining of pancreatic tissue from piglet #2658. (C) IHC for expression of Cre
recombinase in pancreatic tissue of piglet #2658. Scale bar represents 100 um. Staining was performed by Laura
Beltran Sangiesa.

In summary, the results demonstrate the successful use of the PB transposon system to
generate mPdx1-iCre pigs. The mPdx1-iCre pigs expressed iCre recombinase in the porcine
pancreas, with restriction to pancreatic islet cells. In addition, analysis of a
KRASSLE12PMTmpdx 1 piglet of the F2 generation revealed iCre recombination in the
pancreas and duodenum as well as extensive ADM and PanlIN lesions in the porcine pancreas.
These findings show that the generated mPdx1-iCre pigs, like the PTF1A™ pigs, enable the
generation of a porcine PDAC model.
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3.3 Transformation and retransplantation of porcine cells

As described above, the main objective of this work was to activate KRAS®'?® and TP53R¢™
mutations in KRASSIG12DWT gnd TP53SIRIETHWT nigs by crossing with pigs expressing Cre
recombinase in the pancreas. As creating Cre driver pig lines was challenging, it was decided
to use a parallel approach for the activation of KRAS®*?® and TP53%*"" mutations and the
induction of tumour formation in the pig. Here the aim was to activate the porcine KRAS®?P
and TP53R™M mutations with the help of the CRISPR/Cas9 system. Since progression of
PDAC is accompanied by an accumulation of genetic alterations, a multiplex gene editing
strategy was developed to manipulate the tumour suppressor genes (TSGs) most affected in
PDAC development. Following activation of KRAS®?® and TP53%'%™" and the introduction of
additional TSG mutations, the cells could then be used for retransplantation into the pig to

assess their ability to induce tumour formation.

3.3.1 Activation of porcine KRAS®?P and TP53R17H py gene editing

As an alternative to activating the KRAS®'?® and TP53%¢™" mutations via Cre recombinase,
the option to excise the splice acceptor (SA) of the LSL cassette, using the CRISPR/Cas9
system, was assessed. Therefore, four gRNAs were designed (Table 40). SA gRNA 1 is
specific for the loxP sequence, but only leads to cleavage of the 5’ loxP site, due to the absence
of a PAM sequence downstream of the 3’ loxP site (Figure 41A). SA gRNAs 2 and 3 target the
3’end of the SA sequence of both the mutant KRAS and TP53 alleles, while Neo gRNA 1 binds

to the neomycin resistance gene only in the KRAS targeted allele (Figure 41B).

A
SAgRNA1 PAM SAgRNA1 No PAM
‘ataacttcgtatagcatacattatacgaagttat' ag lataacttcgtatagcatacattatacgaa(.;ttatl at
T T
Left loxP site Right loxP site
B
SAgRNA3 SAgRNA2
Porcine KRASLSLG12D g|lele SAQRNA1 Neo gRNA 1
I -
—| Ex 1 |—|onP| SA | NeoR |3pr||oxP|—| Ex 2 |7§L
SAgRNA3 SAgRNA2
Porcine TP53LSLR167H g|lele SAgRNA1

I .
—| Ex1 |—| loxP | SA | BlasR | 3x pA | loxP HExZHExBHEx4|—| Ex 5 |7§L
Figure 41. Application of gRNAs for KRASC?P and TP53R67H activation. (A) SA gRNA 1 binds in both loxP sites,
but only leads to cleavage of the left loxP site due to the absence of PAM following the gRNA binding site in the
right loxP site. (B) Schematic representation of the gRNA binding sites in the porcine KRAS-SL612D gnd TP53LSLR167H
alleles. Ex: exon; loxP: loxP site; SA: splice acceptor; NeoR: neomycin resistance gene; BlasR: blasticidin
resistance gene; pA: polyA; *: mutation
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Table 40. gRNA sequences for SA excision.

Target gRNA gRNA sequence

Left loxP site SAgRNA 1 5’-gcatacattatacgaagtta-3’
Splice acceptor SA gRNA 2 5'-tctttccagtggggatcga-3’
Splice acceptor SA gRNA 3 5’-tcgataccgtcgatccccac-3’
Neomycin resistance gene Neo gRNA 1 5'-tgctattgggcgaagtgecg-3’

As sequence excision required the simultaneous application of two gRNAs, the following three
Cas9-polycistronic tRNA-gRNA (PTG) multiplex-constructs were generated (Figure 42).

CBh [ ue SA SA h
promoter /| Cas9 | T2A PA | promoter /| tRNA | jona q | scaffold | IRNA | oy, | scaffold | Terminator

CBh [ ue SA SA .
promoter Cas9 | T2A pA | promoter tRNA GRNA1 scaffold | tRNA gRNA3 scaffold | Terminator

CBh [ us SA Neo .
promoter Cas9 | T2A pA | promoter tRNA GRNA1 scaffold | tRNA gRNA1 scaffold | Terminator

Figure 42. Cas9-PTG constructs for KRASC®?P and TP53R7H activation. (A) Cas9-PTG1/2 constructs for SA
excision and activation of KRAS®12P and TP53R167H, (B) Cas9-PTG3 construct for removal of SA and part of the
neomycin resistance cassette for KRAS®12P gctivation.

SA gRNA 1 in combination with SA gRNA 2 (Cas9-PTG1) or SA gRNA 3 (Cas9-PTG2) should
lead to removal of the SA sequence and thus to activation of both latent KRAS®*?" or TP53R*6""
mutations (Figures 41B+42A). Since the TP53"-R™M gllele does not contain a neomycin
resistance gene (Figure 41B), activation of only KRAS®*?P

SA gRNA 1 together with Neo gRNA 1 (Cas9-PTG3) (Figures 41B+42B).

, if desired, can be achieved by using

Since the analysis of the porcine KRAS"'¢1?P gjlele allowed the evaluation of all three Cas9-
PTG constructs, only PKF #232 cells (KRAS'SLG12DWT_RogMT-mGMT) \were used for the
determination of gene editing and mutational activation efficiencies. Therefore, PKF #232 cells
were transfected with the generated Cas9-PTG constructs and genomic DNA and RNA was
isolated for further analysis. PCR showed sequence excision upstream of porcine KRAS exon
2 for all three constructs compared to untransfected PKF #232 cells (Figure 43). The bachelor

student Melissa Thalhammer participated in performing excision PCR.
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Figure 43. PCR for SA excision. PCR of PKF #232 cells transfected with Cas9-PTG1 showed an excision of
approximately 148 bp, resulting in bands of 787 bp and 639 bp. Transfection with Cas9-PTG2 resulted in excision
of about 143 bp, leading to bands of 787 bp and 644 bp. In contrast, gDNA from cells transfected with Cas9-PTG3
led to excision of a larger fragment of 467 bp and thus resulted in two bands of 787 bp and 320 bp on the agarose
gel. PCR of untransfected PKF #232 cells showed no sequence excision and only one band of 787 bp.

Next, the efficiency of KRAS®!?P allele activation by CRISPR/Cas9-mediated SA excision was
determined by pyrosequencing as described in section 3.1.3 (performed by the bachelor
student Melissa Thalhammer). As pig #232 was heterozygous for KRAS"-¢?P | the maximum
frequency of a G>A mutation could be 50%. The frequency of an A variant in the KRAS gene
was 26% for both Cas9-PTG1 and Cas9-PTG3, and 17% for Cas9-PTG2. Untransfected PKF
#232 cells served as a control and showed a G—>A prevalence of 2%, which was caused by
background noise (Table 41) (Supplementary figures 25+26).

Table 41. Pyrosequencing results for G>A mutation at KRAS codon 12.

Condition Nucleobase A Nucleobase G
Cas9-PTG1 (SA gRNA 1 & SA gRNA 2) 26% 74%
Cas9-PTG2 (SA gRNA 1 & SA gRNA 3) 17% 83%
Cas9-PTG3 (SA gRNA 1 & Neo gRNA 1) 26% 74%
PKF #232 control 2% 98%

3.3.2 Inactivation of porcine tumour suppressor genes by multiplexed gene editing

The development and progression of PDAC is characterised by an accumulation of genetic
alterations. As already mentioned in section 1.1.3, most affected genes are the proto-
oncogene KRAS and the TSG TP53, but also TSGs p16, SMAD4 and BRCA1/2 [86, 87, 312].
In the context of pancreatic cancer, TSG alterations are largely of an inactivating or truncating
nature. The CRISPR/Cas9 system allows efficient and straightforward manipulation of genes

and therefore offers a suitable tool for the mutation of TSGs.
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Using the “CRISPOR” gRNA design tool, different gRNAs were generated to target the coding
DNA sequence (CDS) of porcine pl6 and BRCAL1/2. Guide RNAs for inactivation of porcine
SMAD4 and TP53 were designed and tested by Alessandro Grodziecki and Carolin Perleberg,
respectively. As mentioned in section 1.1.3, the tumour suppressor p16™K*A is encoded by the
CDKN2A locus, which also produces p14“RF due to an alternative reading frame. Both genes
have their own promoter and first exons, but share parts of a common second exon [96, 313]
(Figure 44). Therefore, gRNAs targeting porcine p16 were designed to bind in the CDS of its
unique first exon, named exon 1A.

CDKN2A locus

Exon 1B Exon 1A Exon 2 Exon 3

—
ATG ATG STOP

STOP

p14ARF

p1 BNK4A

Figure 44. Alternative splicing at the CDKN2A locus. lllustration adapted from Sharpless (2005) and Fontana et al.
(2019) [96, 313].

Due to the presence of eight splice variants, gRNAs targeting porcine BRCA1 were selected
to bind in exons three or four and exons five or six. For BRCA2, a gRNA binding in the first
exon (3 bp downstream to the start codon) was chosen. Efficient gRNAs were identified by
transfection of PKF cells followed by puromycin selection, isolation of gDNA from the cell pool
and PCR analysis. InDel frequency was determined using “TIDE: Tracking of Indels by
Decomposition” or “ICE v2 CRISPR” analysis tools. Analysis revealed high editing efficiencies
for all tested gRNAs, ranging from 59% to 94% (Table 42). The most frequent mutation was 1
bp deletion or insertion, which led to the occurrence of a premature stop codon for porcine
pl6, BRCAL and BRCA2.

Table 42. gRNA efficiency results for TSG editing.

TSG gRNA gRNA target site | InDel R? Most frequent
efficiency | value alteration
Porcine pl6 gRNA 3 | Exon 1A (CDS) 94.2% 0.96 1 bp deletion
gRNA 4 | Exon 1A (CDS) 88.3% 0.9 1 bp deletion
Porcine BRCA1 | gRNA1 | Exon 3/4 (CDS) 59% 0.9 1 bp insertion
gRNA 2 | Exon 5/6 (CDS) 82.8% 0.9 1 bp deletion
Porcine BRCA2 | gRNA 1 | Exon 1 (CDS) 80.3% 0.94 1 bp deletion
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Since it was unclear at this stage whether inactivation of TP53 and BRCA2 was desired in all
future experiments, the most efficient gRNAs were selected to generate three different PTG
constructs that varied in the number and composition of gRNAs (Figure 45). Cloning was
performed by the bachelor student Melissa Thalhammer. As mutations in BRCA1 occur less
frequently in PDAC, and the tested BRCA1 gRNAs had the lowest editing efficiency it was not

used for multiplexing.

CBh ue gRNA gRNA gRNA q
ma promoter TP53 Iscaffold 16 scaffold SMAD4 | Scaffold | Terminator

CBh ue gRNA gRNA gRNA gRNA "
ma promoter TP53 Iscaﬁold 016 scaffold SMAD4 scaffold BRCA2 scaffold | Terminator

CBh ue gRNA gRNA gRNA .
PR 0 0 o) Y P 7 P o ) o ey

Figure 45. Cas9-PTG constructs for TSG knockouts.

Editing activity of the PTG constructs was evaluated after transfection into PKF #232 cells
using “TIDE” or “ICE v2 CRISPR” analysis tools. As shown in Table 43, analysis revealed high
editing efficiencies for all four gRNAs, regardless of their respective position in the tRNA-gRNA

array:

Table 43. gRNA efficiency results for multiplexed TSG editing.

PTG gRNA/ InDel R? value Most Premature
construct exon binding efficiency frequent stop
alteration codon
TP53 57.3% 0.96 1 bp insertion v
Exon 5
TP53-pl16- pl6 gRNA 3 80.1% 0.96 1 bp deletion v
SMAD4 Exon 1A
SMAD4 gRNA 2 93.2% 0.99 1 bp insertion v
Exon 3
TP53 50.8% 0.92 1 bp insertion v
Exon 5
TP53-p16- pl16 gRNA 3 69.3% 0.95 1 bp deletion v
SMADA4- Exon 1A
BRCA2 SMAD4 gRNA 2 86.2% 0.99 1 bp insertion v
Exon 3
BRCA2 gRNA 1 51.6% 0.99 1 bp deletion v
Exon 1
p16 gRNA 3 65.4% 0.96 1 bp deletion v
Exon 1A
p16-SMADA4- | SMAD4 gRNA 2 83.8% 0.98 1 bp insertion v
BRCA2 Exon 3
BRCA2 gRNA 1 41.8% 0.98 1 bp deletion v
Exon 1
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3.3.3 Retransplantation of transformed porcine cells

After establishing the multiplexing system, in vitro transformed porcine cells were to be tested
for their ability to induce tumours after transplantation into pigs. Therefore, it was planned to
inactivate the porcine TSGs TP53, p16, SMAD4 and BRCA2 and activate KRAS®*?® and
TP53R™M mutations. In order to enable not only autologous retransplantation of the
transformed cells but also allotransplantation, the risk of cell rejection needed to be reduced.
Options would be to carry out immune suppression, reduce immunogenicity of the transplanted
cells or express immune regulatory genes in the cells. To test the latter two approaches,
porcine Beta-2-microglobulin (B2M) was to be inactivated and/or LEA29Y expressed in the
porcine cells. Since B2M is an essential subunit of porcine MHC class |, knockout of B2M leads
to a lack of antigen presentation and thus prevents T cell activation. LEA29Y is a high affinity
variant of the T cell co-stimulation inhibitor cytotoxic T-lymphocyte antigen 4 (CTLA4-Ig) that
also inhibits T cell activation (Figure 46).

Transformation:

- Knockout of TSGs
- TP53R167H gctivation
- KRASG12D activation
l;y Isolation of PEF cells A : Retransplantation\ I-J
' u - et > . > ) u y #
\:t\ “ ‘*‘ '}" “ i

Immunosuppression:
- Knockout of B2M
- Expression of LEA29Y

Figure 46. Transformation and retransplantation of porcine cells.

Inactivation of the above mentioned TSGs and B2M required the generation of a pentaplex
Cas9-PTG construct using the following previously tested gRNAs:

Table 44. gRNAs used for pentaplexing.

Target gRNA gRNA sequence

Porcine TP53, exon 5 TP53 gRNA 5’-ggcaaaacagcttatiga-3’
Porcine p16, exon 1A pl6 gRNA 3 5’-gaggctagccagtcggecga-3’
Porcine SMAD4, exon 3 SMAD4 gRNA 2 5’-actatgtacaatgctcagac-3’
Porcine BRCA2, exon 1 BRCA2 gRNA 1 5’-ggtctctctttgcatccaat-3’
Porcine B2M, exon 2 B2M gRNA 5’-tagcgatggctccectcg-3’

To simplify the cloning strategy, the B2M gRNA was not added to the 3’ end of the existing
TP53-p16-SMAD4-BRCAZ2 construct, but was instead introduced together with TP53 gRNA
into the p16-SMAD4-BRCA2 plasmid (Figure 47).
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Figure 47. Cas9-PTG construct for transformation and retransplantation of porcine cells.

In addition, a LEA29Y overexpression plasmid for immunosuppression was generated:

LEA29Y I pA ]7

Figure 48. Structure of the pcDNA3.1-Hygro-CAG-LEA29Y overexpression vector.

CAGGS
promoter

Porcine ear fibroblast (PEF) cells isolated from 13 days old piglets #2094 and #2097
(KRAS'SLCI2DWT_TpG3LSLRIETHWT) - \yere co-transfected with the generated pentaplex and
pcDNA3.1-Hygro-CAG-LEA29Y constructs. Because the puromycin selection was already
harmful to the cells, the selection for LEA29Y expression with hygromycin was omitted to
maximise cell viability following transfection. Nevertheless, LEA29Y expression was detected
in both transfected #2094 and #2097 PEF cells (Figure 49).
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Figure 49. RT-PCR for LEA29Y expression. Expression of LEA29Y was detected at 171 bp for transfected #2094
and #2097 PEF cells. GAPDH and 40S ribosomal protein S28 (RPS28) served as controls for RNA quality and
gave rise to bands at 576 bp and 186 bp, respectively.

Transfection with the pentaplex PTG construct resulted in high editing efficiencies for p16,
SMAD4 and B2M, medium efficiency for TP53, and low or no editing for BRCA2 (Table 45).

Table 45. gRNA efficiency results for pentaplexed gene editing.

Cell isolate #2094
pl6 SMAD4 BRCA2 B2M TP53
InDel efficiency | 90% 99% 5% 82% 36%
R?value 0.93 0.99 0.98 0.97 0.98
Cell isolate #2097
InDel efficiency | 96% 98% 8% 96% 61%
R?value 0.96 0.98 0.97 0.96 0.91
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In the next step, KRAS®*?P and TP53%**"" mutations were activated in gene edited PEF cells
by Cre protein transduction. Efficiency of Cre recombination was verified by LSL-excision PCR
(Figure 50). Indeed, Cre protein transduction of gene-edited #2094 and #2097 PEF cells led
to efficient excision of the LSL cassette for the KRAS"S-612P gnd TP53-SLR167H 3)leles. However,
while LSL cassette excision resulted in bands of equal intensity for the wild type (198 bp) and
recombined (238 bp) TP53 alleles, PCR for KRAS showed that the band for the recombined
allele (203 bp) was of much higher intensity compared to the almost invisible wild type band

(167 bp), suggesting a loss of wild type KRAS (Figure 50).

2 kb
1.5 kb

300 bp
200 bp

100 bp

Figure 50. PCR for LSL excision after Cre protein transduction. KRAS PCR revealed two bands for untransduced
#2094 and #2097 cells: A band of 1878 bp for the unrecombined LSL allele and a band at 167 bp for the wild type
allele. Cre protein transduced cells showed a strong band for the recombined allele at 203 bp and only weak bands
for the wild type and unrecombined allele at 167 bp and 1878 bp, respectively. TP53 PCR of untransduced #2094
and #2097 cells revealed two bands of 198 bp and 1520 bp for the wild type and unrecombined LSL allele, while
transduction with Cre protein resulted in three bands at 198 bp, 238 bp and 1520 bp for the wild type allele, the
recombined allele and the unrecombined LSL allele, respectively.

The expression of mutated KRAS and TP53 was verified by RT-PCR followed by sequencing
of the RT-PCR products. Sequencing revealed that Cre recombination resulted in successful
G—->A conversion for both KRAS and TP53, when compared to the unrecombined control
samples (#232-KRASSHC12PWT RogMT-MGMT gnd #270-R26™MSWT PKF cells) (Figure 51A+B).
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Figure 51. Sequencing of KRAS and TP53 RT-PCRs. (A) Heterozygous G->A conversion at KRAS codon 12,
resulting in G>D amino acid substitution. (B) Heterozygous G->A conversion at TP53 codon 167, resulting in R>H
amino acid substitution. Controls #232 and #270 only showed the presence of guanine at the respective positions.

Indeed, the modified cells showed an increased growth rate compared to the untransfected
#2094 and #2097 control cells. Thus, after validating successful gene editing and Cre
recombination, the modified cells were resuspended in PBS and autologously transplanted
into pigs #2094 and #2097 at the age of 60 days. Although this was an autologous transplant,
cells with B2M knockout and LEA29Y expression were used because it was unclear whether
the cells would also be used for the other individual or other pigs in the near future. For pig
#2094, 2 million cells were injected subcutaneously into the ear and flank site while pig #2097
was injected with 5 million cells each into and behind the ear as well as into the flank site
(Figure 52). After injection, the pigs were monitored for tumour development, but no tumour

growth was detected within the following 3.5 months.
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Pig #2094 Pig #2097

Figure 52. Retransplantation of modified PEF cells into pigs #2094 and #2097.

In summary, the above results described the establishment of a multiplexed gene editing
strategy to achieve KRAS®*P and TP53R*™™ activation and inactivation of TSGs that are
commonly mutated in human PDAC. The generated Cas9-PTG constructs achieved high
editing efficiencies in porcine cells and therefore the capacity of the cells to form tumours was
tested in a first attempt of autologous transplantation.

3.4 Porcine ADM modelling

ADM represents the first step in pancreatic carcinogenesis and is therefore of great interest
for preclinical PDAC research with regard to early diagnosis and the development of effective
treatment strategies. In vitro models for the cultivation and transdifferentiation of murine and
human pancreatic acinar cells already exist and have provided a better understanding of the
ADM process. As a porcine ADM model could allow validation and complementation of the
data obtained so far from mouse and human cells, the isolation, cultivation and

transdifferentiation of porcine acinar cells was established.

3.4.1 Establishment of porcine acinar cell culture

The first attempts to isolate and culture porcine pancreatic acinar cells were based on the
protocols of De Waele et al. and Akanuma as a two-dimensional (2D) monolayer culture
system with different media compositions (data not shown) [314, 315]. However, 2D systems
do not mimic the conditions experienced by cells in vivo. As a consequence, it was decided to
establish a three-dimensional (3D) culture instead. Therefore, the isolation procedure for
porcine acinar cells was developed based on a modified version of the protocol for the isolation
of mouse acinar cells established by Lubeseder-Martellato [282] (kindly provided by Thorsten
Neuf3, Klinikum rechts der Isar, TUM, Munich).
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This protocol describes the isolation of pancreatic acinar cell clusters from 3-6 week old mice
and their embedding in a 3D collagen system, thus allowing the investigation of the effect of
transdifferentiating agents such as TGF-a on the acinar cells.

The first adaptations of the protocol to the pig were made by Kirsten Goijvaerts as part of her
Master's thesis and were then further optimised as part of this project. After isolation, the
porcine pancreatic tissue was processed by repeated digestion with collagenase, filtration and
centrifugation before being embedded in a 3D collagen system (Figure 53A). If desired, Cre
recombination was performed during the acinar cell recovery step as well as during embedding
into collagen (Figure 53A). Piglets of 4-7 weeks of age were tested for acinar cell isolation and
the best results in terms of quality and yield of acinar cell clusters were obtained when using
4-5 weeks old piglets (Table 46). To best mimic the natural environment, it was essential to
maintain the grape-like acinar cell cluster structure during and after isolation. The optimal yield
after successful isolation of porcine acinar cells and the preservation of their cell cluster
structure before and after embedding in collagen is shown in Figure 53B.

/\
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isolation (Cre recombination) treatment ADM
_— > _—
Embedding Sl formation
into collagen Acin_ar cell clusters
in collagen
Collagen
Digestion 3D pancreatic
Filtration acinar cell culture
Centrifugation
B
Porcine acinar cell clusters Porcine acinar cell clusters

before embedding into collagen after embedding into collagen

- N ~ e 2

Figure 53. Porcine ADM modelling. (A) Pancreata isolated from young piglets were processed by digestion, filtration
and centrifugation and the obtained acinar cell clusters were embedded into a 3D collagen system. If desired, Cre
recombination was performed by transduction with Cre-VLPs or Cre-LV before and during embedding. Addition of
cytokines such as TGF-a and IL-17A to the medium induced transdifferentiation of acinar cells towards ADM. (B)
Porcine cell clusters during the recovery step and after embedding in collagen. Scale bar represents 100 pm.

Following isolation, the cytokines TGF-a (100 ng/ml) and IL-17A (20 ng/ml) were used for the
induction of acinar cell transdifferentiation. In previous experiments, the cytokine TGF-1 was
also tested for the induction of ADM. As it resulted in very low ADM efficiency (data not shown),

it was omitted from further experiments.
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3.4.2 Transdifferentiation of porcine acinar cells

Once the isolation of porcine acinar cells and their 3D culture was fully established, the effect
of cytokines on the transdifferentiation rates was studied and compared using cells isolated
from animals representing different genotypes (Table 46). Due to the limited availability of 4-5
weeks old piglets with both mutant KRAS and TP53, also pigs with a TP53 and APC mutant

genotype were used to establish the method.

Table 46. Pigs used for the generation of the ADM data shown below.

Pig ID Genotype Gender Age
(in weeks w and days d)

#2071 TP53 SRSV T Male 5w2d
#2059 KRAS'SCT20MITpE3ISIRISTRWT Male 7w5d
#2084 TPE3-SLRIGTHILSIRIETH Male 4w3d
#2003 TP SRIGTHILSIRIETH Male 5w5d
#2107 TP SRIGTHILSIRIETH Male 4wsd
#2125 TPG3-SRIGTHILSIRIETH Male 5w3d
#2108 Apcl311/WTTP53LSLR167H/LSLR167H Male 5w5d
#2109 Apcl311/WTTP53LSLR167H/LSLR167H Male AW

#2122 Apcl311/WTTP53LSLR167H/LSLR167H Male 5w2d
#2210 KRAsLSLGIZD/\NTTP53LSLR167H/VVTR26Ca59/WT Male 4w4d
#2242 KRASSTSTZOWTPTFASTCoWT Male 5w2d

While establishing the 3D culture, only the effect of the cytokine TGF-a (100 ng/ml) on the
transdifferentiation rate of pancreatic acinar cells was investigated. For this purpose,
TP53LSERIETHWT and KRASHSLC12PWTITPL3LSLRISTHWT higs were used for acinar cell isolation
(referred to as TP53 and KRAS/TP53 acinar cells), both with non-activated mutations. The
cells developed duct-like structure with or without addition of TGF-a, but TGF-a increased the
overall number of acinar clusters showing sphere formation (Figure 54A+B).
Transdifferentiation was assessed by microscopy and manual counting of ADM structures per
number of acinar cell clusters in the visual field on day two and four, respectively. The
transdifferentiation rate of TP53 acinar cells treated with TGF-a was 14.67% compared to
7.83% for the untreated control on day 2 after isolation (Figure 54C). In contrast, KRAS/TP53
acinar cells showed a transdifferentiation of 29.4% at culture day 4 versus 9.98% for the control
sample (Figure 54C). Since transdifferentiation was already visible on day 2, all future counts
were carried out 2 days after isolation, except for sample #2242 which, for organisational

reasons, was counted on day 3.
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Figure 54. ADM modelling in TP53 and KRAS mutant piglets. Porcine 3D acinar cell culture isolated from 5 week
old TP53LSLRIGTHMWT and 7 week old KRASISLGIZDWTTPE3LSLRIGTHWT piglets using two different culture conditions
(100 ng/ml TGF-a or control). (A) Microscopy of a two-day-old acinar cell culture from TP53LSLRISTHWT piglet, (B)
Microscopy of a four-day-old acinar cell culture from KRASISLG12DWTTP53LSLRIGTHWT piglet, (C) Transdifferentiation
rates indicated as percentage of ADM events per counted number of acinar cell clusters. Scale bar represents 100
pum. TP53*: TP53WTLSLRISTH KRASH-TP53*: KRASWT/LSLGI2DTPE3WTILSLRIETH +n<(,05, **p<0.01, ***p<0.001

In the next step, the transdifferentiation of TP53-StRIETHLSIRIETH —(TP53.hom) and
APCIYWTTpG3LSLRIGTHLSLRIETH (APC/TP53-hom) pancreatic acinar cells with non-activated
mutant TP53 allele was investigated. Since IL-17A has also been shown to mediate ADM
induction in mice [316], both TGF-a and IL-17A were assessed for porcine ADM. Acinar cells
from three pigs per genotype at 4-5 weeks of age, all with non-activated mutations, were used
for the analysis. Cytokines TGF-a and IL-17A both led to successful transdifferentiation of the
cells (Figure 55A). In detail, the average transdifferentiation rate of TP53-hom cells was
28.53% and 28.63% for TGF-a and IL-17A, respectively, with only 10.93% for the control
sample (Figure 55B). Similarly, APC/TP53-hom cells demonstrated a transdifferentiation
efficiency of 25.86% following TGF-a treatment and 24.36% after IL-17A administration
compared to 11.6% duct-like cells in the control (Figure 55B).
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In summary, the two cytokines did not differ significantly in the transdifferentiation rate they
induced (Figure 55C). However, treatment with IL-17A was associated with the appearance of

larger duct-like spheres (Figure 55A).
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Figure 55. ADM modelling in TP53 and APC-TP53 mutant piglets. Porcine 3D acinar cell culture isolated from 4-5
week old TP53LSLRISTHILSLRIGTH gnd APCL3IUWTTPS3LSLRIGTHILSLRISTH mytant piglets using three different conditions
(100 ng/ml TGF-a, 20 ng/ml IL-17A or control). (A) Microscopy of two-day-old acinar cell cultures. (B)
Transdifferentiation rates indicated as percentage of ADM events per counted number of acinar cell clusters. (C)
Comparison of the transdifferentiation rates. Scale bar represents 100 pm. TP53": TP53LSLRI67THILSLRIETH
APCIIATP53-: APCIBIVWTTPS3LSLRIGTHILSLRI6TH +p<(,05, **p<0.01, ***p<0.001, n.s.: not significant
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3.4.3 The effect of mutational activation on porcine acinar cell transdifferentiation

After the ADM-inducing effect of TGF-a and IL-17A was proven for the TP53-hom and
APC/TP53-hom cells, the next step was to investigate whether an activated TP53%¢"" mutation
leads to increased transdifferentiation. For activation two approaches were tested,
transduction of acinar cells, using either Cre lentivirus (LV) or Cre virus-like particles (VLPSs)
(Figure 56). The Co-cultivation with LV or VLPs was carried out both prior to embedding in

collagen and concomitant with the addition of collagen.

A
#2093-TP53+ #2122-APC'311+TP53+
Day 2 Day 2
40 .
40 ,;| @No LV — . @No LV
. —r—
35 ._l__ @Cre LV % ] J @Cre LV
€ 4 l — g i T -
. L g
g 8 2
3 25 5 l.
5 o S 20 i
5 20 i ! ] H
§ 15 o < 15 I
P H P
=] I i o i !
< 10 o < 10 I
= -
5 i 5 il
| ! i i
[ P
0 T T L - 1 (1] T T L
TGF-a IL-17A Control TGF-a IL-17A Control
B TGF-a IL-17A Control
o
/,@‘I&:i ‘ : €® ,
b 3 \
e .
- :
Cc
#2108-APC131+TP537-
—_ Day 2
50 ENo VLPs
45 | ]
= 40 i —_ — #Cre VLPs
v 35 J_ J_
2
B 304 o e
S 25 i [
& i ] H |
£ 20 i ] H i
3 N -
s o o
a [} 1 [ i
& L P
] I 1 H }
s ¢ P
0 - . : )
TGF-a IL17A Control

Figure 56. Method evaluation for Cre recombination in porcine acinar cells. Porcine 3D acinar cultures isolated from
5 week old TP53LSLRIGTHILSLRIETH gng APCI31VWTTP5S3LSLRIGTHILSLRIGTH piglets, treated with Cre LV or Cre VLPs and
cultured under three different conditions (100 ng/ml TGF-a, 20 ng/ml IL-17A or control). (A) Transdifferentiation
rates of 2-day-old Cre LV transduced acinar cells from both genotypes indicated as percentage of ADM events per
counted number of acinar cell clusters. (B) Two-day-old Cre LV acinar culture of piglet #2093. (C)
Transdifferentiation rates of Cre VLP treated APCIIWWITPS3LSLRIGTHILSIRIETH geinar cells cultured under three
different conditions (100 ng/ml TGF-a, 20 ng/ml IL-17A or control). Scale bar represents 100 um. TP53":
TP53LSLR167H/LSLR167H’ APC1311/+TP53'/': APc1311/WTTp53LSLR167H/LSLR167H, *p<0.05’ **p<0_01, ***p<0'001, n.s.: not
significant
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Transdifferentiation was more prominent for both TP53-hom and APC/TP53-hom cells after
Cre LV transduction in comparison to control cells (without Cre LV). For TP53-hom acinar cells,
the transdifferentiation of control cells compared to Cre LV transduced cells was 21.25% vs.
29.67% for TGF-a, 25.25% vs. 34% for IL-17A and 6.5% vs. 22.3% for the control sample
(Figure 56A, left panel). The ADM rate for APC/TP53-hom non-LV treated cells compared to
Cre LV transduced cells was 21.5% vs. 29.67% for TGF-a, 22.75% vs. 30.67% for IL-17A and
6.5% vs. 21.3% for the control sample (Figure 56A, right panel). Microscopy also revealed that
the ADM structures of the virus-transduced cells increased in size more quickly (Figure 56B),
although they did not differ in shape from the duct-like spheres of non-LV treated cells shown
previously. Transduction with VLPs only slightly increased the transdifferentiation rate of
APC/TP53-hom cells compared to non-VLP treated cells, with 35.16% vs. 42.5% for TGF-q,
29.17% vs. 30.17% for IL-17A and 16.5% vs. 28.83% for the control (Figure 56C).

Besides a quantitative assessment of transdifferentiation, the expression analysis of acinar
and ductal cell markers was attempted. Isolation of qualitatively sufficient RNA from the
collagen discs proved to be difficult and required optimisation of the RNA isolation protocol.
While this was achieved as proven by RT-PCR amplification of GAPDH (Supplementary figure
27), analysis of lineage markers is still outstanding.

After establishing both the ADM culture and Cre transduction protocol, these were applied to
acinar cells isolated from a pig carrying latent KRAS®'?® and TP53R*" mutations to mimic
ADM in  human patients. For reasons of availability, a 4 week-old
KRAS!SLC12DWTTPE3LSLRISTHWTR 9 6CasIWT niglet was used for this experiment, which also had
the Cas9 transgene placed at the ROSA26 locus. Without Cre-induction of mutant oncogenes
the transdifferentiation rates were 38.56% for TGF-a treatment, 32.67% for IL-17A, and
13.88% for the control sample (Figure 57A, left panel). In order to later obtain a sufficient
amount of nucleic acids from the acinar cells for recombination analysis by PCR and
sequencing, the available number of acinar cell clusters did not allow treatment with Cre and
comparison of all culture conditions. Therefore, only the control sample was treated with Cre
recombinase to check whether activation of KRAS®*?® and TP53R**"" |eads to an increase in
the transdifferentiation rate. Transduction of the untreated control sample with Cre LV resulted
in an increase in ADM prevalence from 13.88% to 27.38%. In contrast, no increase was
observed after transduction with Cre VLPs (12.25%) (Figure 57A, right panel). The efficiency
of recombination was investigated by LSL-excision PCR using gDNA isolated from day 3

culture of Cre LV and Cre VLP transduced and untransduced control cells (Figure 57B).

105



Results

A
#2210-KRAS*-TP53*-R26Cas9/* #2210-KRAS*-TP53*-R26Cas9/*
Day 2 Day 2
| — 1
45 - r 1 35 - Hkx n.s.
ok [ I 1
—
40 -
30
35 | -
S £ 25
g 301 2
2 ]
S 251 8 20
E >
§ 20 - g 15
£ <
< <
E 15 - =
a g 10
< 101
5 5
0 0
TGF-a IL-17A Control Cre LV Control Cre VLPs
B
KRAS TP53
[ . ) [ ! \
RS SR 0\‘0\ BRI 0\‘0\
W e o P oo e et e
2 kb
1.5kb
300 bp
200 bp 200 bp
100 bp
C
KRAS locus
#2210 acinar cells + Cre LV
PRERR Rt en e bbb abnn bRt
ATATAAACTTGTGGTAGTTGGAGCTGIAATGGCGTAGGCAA GA
2
#2210 acinar cells w/o Cre LV
RERRERRRER R R RN ! !III 11
TATAAACTTGTGGTAGTTGGAGCTGIGITGGC GGCAAGAGT

|

Figure 57. KRAS®'2P and TP53R167H activation in porcine acinar cells. (A) Transdifferentiation rates of two-day-old
acinar cells, isolated from 4 weeks old KRASSLG12DWTTPG3LSLRISTHWTRDGCasIWT piglet, that were either cultured
under three different conditions (100 ng/ml TGF-a, 20 ng/ml IL-17A or control) or transduced with Cre LV or Cre
VLPs for mutational activation. (B) LSL-excision PCR for KRASC12P and TP53R167H activation. (C) Sequencing of
KRAS using RT-PCR products of Cre LV transduced and untransduced acinar cells from piglet #2210. KRAS*-
Tp53+I-R260a59/+: KRA8WTILSLG12DTp53WT/LSLR167HR26Ca591WT, *p<0_05' **p<0_01, ***p<0_001
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Transduction with Cre LV resulted in excision of the LSL cassette of both the KRAS®'?® and
TP53R1¢™M alleles, while no recombination was detected after Cre VLP administration to the
pancreatic acinar cells (Figure 57B). The lack of recombination for Cre VLP treated acinar cells
corresponds to the absence of transdifferentiation shown in Figure 57A (right panel). Since the
same Cre VLP preparation was used as before, the slightly increased transdifferentiation rate
of the APC/TP53-hom cells in the previous experiment (Figure 56) may not have been due to

successful recombination, but rather to the treatment procedure.

In order to verify mutation expression, cDNA was amplified and RT-PCR was performed. Due
to the low quantity of available cDNA, only the expression of KRAS®'?" was assessed.
Consistent with the findings shown above, sequencing of the RT-PCR products confirmed the
expression of a G>A single base mutation for Cre LV transduced acinar cells at KRAS codon
12, resulting in a G->D amino acid substitution and thus expression of KRAS®*?? (Figure 57C).

As described above, the Cre LV induced activation of KRAS®'?® and TP53%¢"" mutations
resulted in increased transdifferentiation frequency when compared to the non-transduced
control sample (Figure 57A). Consequently, it was interesting to investigate if TGF-a and IL-
17A treatment of acinar cells carrying activated KRAS®™P mutation isolated from
KRASCZPMWTPTEIASTCWT nig #2242 will lead to higher transdifferentiation rates. As previously
demonstrated in section 3.1.3, this pig had an active KRAS®!? allele in the pancreas and was
diagnosed with ADM and PanlIN lesions. After the isolation of acinar cells, they were treated
with TGF-a (100 ng/ml) and IL-17A (20 ng/ml) and the transdifferentiation rates were assessed
on day 3 after isolation. As expected, the cytokine treatment resulted in high transdifferentiation
rates of 51.25% and 65% for TGF-a and IL-17A, respectively, compared to the untreated
control sample which revealed an ADM occurrence of 24.25% (Figure 58A). In line with this,
microscopy showed the presence of multiple large duct-like spheres evolving from single

acinar cell clusters (Figure 58B).

107



Results

A
#2242-KRASCG12DWTPTF{ ASiCre/WT
Day 3
I ok dekk l
[ |l 1

70 -

60 -
S
o 50
Q
»
2 40 -
o
=
2
g 30
3
2 20

10

0
TGF-a IL-17A Control
B

TGF-a IL-17A ) Control

Ee
Figure 58. ADM modelling in KRASGW2DWTPTELASCeWT norcine acinar cells. (A) Transdifferentiation rates of a
three-day-old acinar cell culture that was isolated from a 5 week old KRASC1ZDWTPTE]ASCre/WT piglet and cultured
under three different conditions (100 ng/ml TGF-a, 20 ng/ml IL-17A or control). (B) Microscopy of the three-day-old
acinar cell culture from piglet #2242. Scale bar represents 100 um, *p<0.05, **p<0.01, **p<0.001

The above results show the successful establishment of protocols for ADM induction in porcine
pancreatic acinar cells and the comparison of two different cytokines in terms of their
transdifferentiation induction capacity. It was also demonstrated that oncogene expression,
either by Cre-activation of latent KRAS®*?® in cultured acinar cells or in the developing piglet,
resulted in an increase in ADM.
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4 Discussion

Higher life expectancy and the rise of risk factors such as obesity and diabetes are leading to
a global increase in cancer incidence. While death rates from lung, breast and colon cancer
have declined in recent years, mainly due to prevention and early detection strategies, few
improvements have been observed for pancreatic cancer [64, 317-320]. In fact, the incidence
and death rates for pancreatic cancer continue to increase [19, 20, 320]. As PDAC is
characterised by late diagnosis and thus poor prognosis, improvements in early detection and
treatment strategies are urgently needed. Therefore, a porcine model recapitulating the human
PDAC phenotype could serve as a translational model allowing validation and
complementation of findings obtained from in vitro and mouse studies with high predictive
value. Based on the work of Hingorani and colleagues with mice, Schnieke et al. have
generated pigs that carry latent KRAS®*P and TP53%¢"" mutations, which are orthologues of
the most common mutations in human PDAC and can be activated by Cre recombination [177,
178]. The major aim of this work was to generate the necessary Cre driver lines to activate the
mutations in the porcine pancreas, a final step required to model pancreatic tumour formation.
This is discussed in section 4.1. As an alternative to cancer modelling with the help of Cre
driver pig lines, section 4.2 addresses the transformation of porcine cells by multiplexed
CRISPR/Cas9-mediated gene editing and their retransplantation. Finally, the isolation and
transdifferentiation of porcine pancreatic acinar cells to model acinar-to-ductal metaplasia

(ADM) in vitro is discussed in section 4.3.

4.1 Credriver pigs for PDAC modelling

As already mentioned, the main objective of this work was to activate the latent KRAS®*?" and
TP53R¢™M mutations in the porcine pancreas to generate a pig model for PDAC. Excision of
the LSL cassette and the resulting expression of the mutations can be achieved by Cre
recombination. However, mutational activation during early pig development needs to be
tissue-restricted as widespread expression of KRAS®*?® was shown to be embryonically lethal
in mice [321, 322]. In the murine PDAC model of Hingorani and colleagues, mutational
activation was induced in pancreatic progenitor cells by expression of Cre recombinase from
the pancreas-specific gene promoters Pdx1 and Ptfla, which are active from embryonic days
8.5 and 9.5, respectively [151, 162, 283]. Based on the mouse model, mutational activation
was also desired in all pancreatic cell types in the pig. Therefore, the major part of this thesis
consisted of generating pigs expressing Cre recombinase from the endogenous PTF1A or the
murine Pdx1 promoter. Following characterisation, these Cre driver pigs were then used for
breeding with pigs carrying latent KRAS®*?® and TP53R**"" mutations to achieve mutational

activation in the offspring.
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4.1.1 PTF1A°e pigs for PDAC modelling
4.1.1.1 PTF1A targeting and generation of PTF1A" pigs

The PTF1A°" driver pig line was generated by targeting the iCre recombinase gene into the
endogenous porcine PTF1A locus with the help of the CRISPR/Cas9 system. The first
targeting strategy was based on iCre placement into the 5end of PTF1A. In mice,
heterozygous inactivation of Ptfla was shown to be associated with decreased gene
expression, but had no effect on viability or fertility [323]. In contrast, homozygous knockout
led to a lack of the exocrine pancreas, which resulted in a lethal condition shortly after birth
[155]. Therefore, it was essential to achieve only heterozygous 5’end targeting and to preserve
the integrity of the second PTF1A allele. Although no abnormalities in vitality, fertility or body
size were observed in mice with heterozygous Ptfla inactivation [323], the effect of reduced
PTF1A expression in pigs was unknown. Therefore, a second targeting strategy based on

PTF1A 3’end targeting was carried out in parallel.

As already shown in my master thesis, CRISPR/Cas9-mediated integration of iCre into the
5’end of porcine PTF1A was highly efficient, but also associated with unwanted loss of function
of the second allele due to InDel mutations [287]. As described in chapter 1.6.3, these InDel
mutations are caused by non-homologous end joining (NHEJ), which represents the major
pathway of DNA double-strand break (DSB) repair [268]. Consequently, targeting into the
5’end was performed using Cas9 nickase (Cas9n), a Cas9 variant that, unlike conventional
Cas9, only generates DNA single-strand breaks (SSBs). DNA SSBs are the most common
form of DNA damage and occur mainly due to the attack of reactive oxygen species, as an
intermediate in base excision repair or in the case of defective function of cellular enzymes
[324]. Steps including DNA break sensing, end processing, DNA polymerase-mediated gap
filling and final ligation enable error-free repair of SSBs and thus the preservation of genomic
integrity [324, 325]. Therefore, due to the activation of different mechanisms, the repair of SSBs
is associated with less mutagenic end joining than DSBs and is thus more suitable for
applications where the integrity of the second allele needs to be ensured [288, 289]. Following
CRISPR/Cas9-mediated DNA cleavage, the integration of iCre recombinase into the porcine
PTF1A locus relied on homology-directed repair (HDR). Although HDR is mainly reported on
DSBs, homologous recombination has also been shown to occur on DNA nicks [326-328]. As
the HDR frequency for SSBs is lower than for DSBs [290, 327], measures were taken to
increase the targeting efficiency.

Interestingly, HDR was shown to be more efficient at nicks on the transcribed DNA strand than
on the non-transcribed strand [290]. Based on these findings, the Cas9n variant with D10A

mutation, which renders the RuvC domain inactive, was chosen for PTF1A 5’end targeting.
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The active HNH domain of this Cas9n variant thus cleaved the transcribed strand as it was
complementary to the selected gRNA. In addition, a further increase in HDR efficiency should
be achieved by using a nicked double-stranded DNA (dsDNA) donor as a repair template,
since the parallel generation of SSBs in donor and target DNA has been shown to promote
HDR [290, 329]. Indeed, the application of Cas9n together with a nicked dsDNA donor resulted
in high targeting efficiencies, even higher than those reported for the use of conventional Cas9

nuclease in unsynchronized cells [328, 330, 331].

Although the PTF1A 5’end targeting strategy was highly efficient and no abnormalities were
reported in mice with heterozygous Ptfla inactivation [323], the effect of reduced PTF1A
expression in pigs was unclear. Therefore, a second strategy based on the placement of iCre
into the 3’UTR of PTF1A, thus maintaining the endogenous function of the targeted allele, was
carried out in parallel. Successful expression from the porcine PTF1A promoter required the
removal of the endogenous stop codon and the introduction of a “self-cleaving” peptide from
thosea asigna virus 2A (T2A) upstream of the iCre sequence [292]. Several viral 2A sequences
are known to enable co-expression of genes and have already been used to generate
multitransgenic pigs [332, 333]. During translation, 2A sequences induce self-cleavage of the
polyprotein in a process called “ribosome skipping”, resulting in the co-expression of equal
amounts of proteins [334, 335]. This equimolar expression from the same open reading frame
makes 2A sequences best suited for the simultaneous expression of multiple genes compared
to the use of an internal ribosomal entry site (IRES), which is often associated with lower
expression of the downstream genes [336, 337]. Interestingly, despite the use of conventional
Cas9 nuclease in combination with a double cut donor template for increased knock-in
probability [291], the HDR efficiency for PTF1A 3’end targeting was lower than for Cas9n-
mediated 5’end integration. However, this could be due to the fact that different cell types were

used for the two targeting strategies.

4.1.1.2 PTF1A°® founders and PTF1A°" progeny

Both cell isolates used for PTF1A 5' and 3' targeting proved to be suitable for the generation
of transgenic pigs by somatic cell nuclear transfer (SCNT). Among the nine born PTF1A"®
piglets, the stillbirth rate for the 5'end targeted piglets was higher than for the 3'end targeted
animals. However, a reliable correlation between an increased stillbirth rate and reduced
PTF1A expression, due to the disruption of one endogenous allele, would require the
examination of multiple litters and the quantitative determination of PTF1A expression levels

for both genotypes.
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As shown in section 3.1.1.4, PTF1A>“" pigs carried only one copy of iCre, while PTF1A3"“"®
pigs had between two and seven iCre copies. Nevertheless, there was no correlation
detectable between stillbirth and iCre copy number in the PTF1A3°" pigs. In fact, despite its
high value for genome engineering, disadvantages have been reported regarding the use of
Cre recombinase in the past. For example, in vitro expression of Cre recombinase in
mammalian cells was shown to be associated with DNA damage, defective proliferation and
genome instability [338, 339]. In line with this, several groups reported toxicity of Cre
expression in cardiomyocytes and neurons in vivo, leading to cardiomyopathy and brain
developing defects, respectively [340, 341]. However, the generated PTF1A“*® founder
animals showed no signs of toxicity by Cre expression, regardless of the number of iCre
copies. Since the probability of a toxic effect of iCre also depends on the expression level, it
can be assumed that the additional iCre copies in PTF1A%'°"® pigs were non-functional due to
random integration in the absence of a promoter and thus did not lead to overexpression of

iCre recombinase.

The generation of Cre driver lines by PTF1A targeting was successful, as all born founder pigs
expressed iCre recombinase in the pancreas. In addition, mMRNA analysis of the stillborn
PTF1A% ™ and PTF1A% " piglets also revealed iCre expression in the testicles and stomach
and, in the case of PTF1A 5'end targeting, also in the brain. This RNA expression pattern was
largely consistent with the expression of porcine wild type PTF1A, which in turn corresponded
to the human PTF1A expression profile, as shown by ProteomicsDB and The Human Protein
Atlas [342, 343]. Interestingly, the tissue-specific RNA expression detected for the stillborn
piglets diverged slightly from the RNA expression profile of founder animals #1964 and #1962
which were sacrificed at 6.5 weeks and 9 months of age, respectively. Despite the age
difference at the time of execution, #1962 and #1964 showed the same iCre expression pattern
which was restricted to stomach and pancreas. In line with this, expression of PTF1A was
detected in the pancreas, stomach and weakly in the cerebellum in both PTF1A™ driver lines
as well as in the wild type porcine control. Immunohistochemistry (IHC) of pancreas samples
from PTF1A°"® pigs showed that expression of Cre recombinase was restricted to acinar cells
while it was absent in other pancreatic cell types. In contrast, the green fluorescence pattern
in pancreatic tissues of Reporter-PTF1AC® pigs revealed widespread recombination
throughout the organ. This is consistent with the literature, which reports that PTF1A is
expressed in all pancreatic progenitors during embryogenesis, but is later restricted to acinar
cells in the mature pancreas [151-153, 158]. As a consequence, Cre recombination occurred
in all pancreatic cell types during early embryogenesis, leading to a switch from red to green

fluorescence in the pancreata of Reporter-PTF1A" pigs.
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In addition, fluorescence analysis showed extensive recombination in the cerebellum of
Reporter-PTF1A" pigs while IHC did not detect Cre protein in cerebellar samples of PTF1AC™
pigs. According to the literature, Ptfla is expressed in the neural tube during early murine
embryogenesis (E9-10), and later extends to the cerebellum, where it determines the cell fate
of neuronal precursors [151, 344, 345]. Furthermore, PTF1A plays an indispensable role in
neurogenesis as homozygous mutation was reported to result in pancreatic and cerebellar
agenesis associated with a lethal condition in humans and mice [157]. Thus, it is assumed that
iCre-mediated recombination in the porcine cerebellum was restricted to prenatal development
and that Cre recombinase was no longer expressed in the mature pig brain, as PTF1A RNA
was only weakly detectable in the cerebellum of founder animals #1964 and #1962. Stomach
samples from both PTF1A°™ and Reporter-PTF1A™ pigs revealed isolated iCre expression
and recombination, regardless of the age of the animals. Therefore, PTF1A expression in the
stomach seems to extend into late adulthood, whereas the exact onset of expression is
unknown. These results are consistent with the findings of Busslinger and colleagues, who
reported the expression of PTF1A in enterochromaffin-like cells, which are neuroendocrine
cells in the oxyntic stomach mucosa, of adult humans aged 45-65 years [346].

The recombination pattern found in the fluorescence analysis of tissues from Reporter-
PTF1A“® pigs was also confirmed by LSL-excision PCR and pyrosequencing of tissue
samples from other PTF1A°*® progeny, which detected efficient recombination and thus
mutational activation in cerebellum and pancreas of KRASHSNC1ZPWIpTEJACe gnd
TP53SLRISTHWTPpTE] AlC™® pigs. There was no recombination detectable in the stomach using
these two methods, mainly due to the low recombination rate based on the scattered iCre
expression in this tissue. In summary, there was no difference in iCre expression and
recombination detectable between 5’end and 3’end PTF1A targeted pigs. This leads to the
assumption that placement into the 3'UTR of PTF1A resulted in equally efficient expression
from the endogenous PTF1A promoter as upon 5'end targeting, but without the destruction of
one PTF1A allele. However, further analysis would be required to clearly exclude an influence

of 3'UTR targeting on endogenous PTF1A expression.

When only TP53%%™" was activated in the porcine pancreas, no histological changes were
observed until the end of my studies. This is in line with the findings of Hingorani and
colleagues, who showed that Cre-mediated pancreatic activation of Trp53%?H the murine
orthologue of human TP53™"" had no effect on the survival rates compared to wild type
animals [163]. Although TP53R"*" is one of the most common mutations in human PDAC
disease, it also represents one of the major germline mutations found in Li Fraumeni syndrome,

a hereditary disorder which predisposes to cancer development [347-349].
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Indeed, mice with widespread activation of Trp53""?" developed a variety of tumours, with
osteosarcomas and carcinomas being the most common [350]. Since mutational activation in
TP53SRISTHWTPTE] AlC® pigs was  tissue-specific, it is unlikely that activated TP53R™
mutation is causative for tumours in organs other than the pancreas and cerebellum, and it
also remains to be seen whether tumours will develop in the pancreas over time. However, as
pigs carrying the non-activated TP53"S-R¥%7H gllele were shown to spontaneously develop
osteosarcoma due to the inactivation of one endogenous TP53 allele [351], it could be that the

TP53SLRISTHWTPTE] AlC™® gnimals will develop such tumours at later age.

The activation of KRAS®!?P in porcine pancreatic progenitor cells during embryogenesis was
associated with the presence of widespread ADM lesions as early as postnatal day one. At
five weeks of age, KRAS®2PWTPTF1AC"® pigs showed ADM and PanlN lesions with increased
extracellular matrix deposition. Oncogenic KRAS mutation is found in more than 90 % of PDAC
patients and already occurs in PanIN-1 lesions, making oncogenic KRAS the initiating event
in pancreatic tumourigenesis and the main driver of PanIN formation [85, 352]. My results are
consistent with the findings from Hingorani and colleagues, who reported that Cre-dependent

activation of endogenous Kras®?®

in murine pancreatic progenitor cells was sufficient to
induce PanIN formation [162]. However, it took an average of 9 months for widespread PanIN
lesions to form in mice and these were mainly low-grade and only rarely developed into
invasive and metastatic PDAC [162]. Furthermore, Guerra et al. showed that activation of

oncogenic Kras, in this case Kras®*?"

, in pancreatic acinar cells during late embryogenesis led
to the formation of ADM lesions until three months of age, which developed into extensive
PanINs within the first year of life [133]. Simultaneous activation of KRAS®*?® and TP53R7H
in pigs resulted in the presence of PanIN lesions at postnatal day one.
KRASCIZPWTTPE3RISTHWTPTE] AlC® nigs up to 10 weeks of age already showed severely
altered pancreata ranging from ADM and PanlIN lesions to widespread carcinoma with severe
tissue fibrosis. This highly fibrotic environment is a common feature of PDAC tumours and has
been shown to protect cancer cells from being accessed and eliminated by immune cells,
thereby evading an antitumour immune response [353, 354]. Interestingly, it was reported that
the presence of TP53 missense mutations in PDAC tumours is linked to increased expression
of fibrosis-related genes and decreased infiltration of cytotoxic T cells into the tumour [355]. In
mice, simultaneous expression of Kras®?? and Trp53%'"2" mutation resulted in the formation
of invasive and metastatic PDAC [163]. These mice had an extremely shortened life
expectancy of five months on average and all succumbed within 12 months, although young

animals still had normal pancreatic tissue at 4-6 weeks of age [163].
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In summary, the porcine KRASSZ2PWTPTE1AC*® and KRASCWPWITp53RISTHWIPTE] AlCre
models recapitulated the findings reported in the mouse model of Hingorani and colleagues
[162, 163]. However, with regard to the timeline, the pigs often show first pancreatic changes
already after birth. Furthermore, the ADM process appears to be more pronounced than in the
mouse model, thus mirroring the human disease development, which progresses from ADM
over PanINs to PDAC. At this point it should be mentioned that the reports of Hingorani and
colleagues mainly focused on PanIN and PDAC development in Kras-S-¢*2PWTpdx1<eMWT gand
Kras-StC12DWTTp53LSLRITZHW TPy 1 CeWT myjce, although they initially also used the Ptfla
promoter for mutational activation in early murine pancreatic progenitor cells [162, 163]. In fact,
they reported that PanIN frequency of Kras-S-¢12PWTpdx1™T mice was similar to those of
Kras-Ste12PWTptf] aCre™WT mice, but they also described that Kras"St-¢2PWTptf1ac™T mice were
characterised with a higher proliferative index of PanINs and acinar cells and higher pancreatic
levels of Kras®?® and Ras-GTP, when compared to Kras-s-12PWTpdx1<™T mice [162]. The
higher protein levels were mainly due to the uniform expression of the mutant Kras allele
throughout the pancreas of Kras-S-¢12PWTptf1 3T mjce, while Pdx1¢®™T mice only showed
stochastic expression of Cre recombinase [162]. Thus, the temporal deviations and the strong
metaplasia of acinar cells in the pig model could also be based on the use of the PTF1A

promoter.

4.1.2 mPdx1-iCre pigs for PDAC modelling

Besides Ptfla, the murine PDAC model also used the Pdx1 promoter to drive expression of
Cre recombinase in the mouse pancreas [162, 163]. Studies in mice have shown that Pdx1 is
expressed in the developing pancreatic buds from embryonic day 8.5 [283]. Thus, the use of
the Pdx1 promoter enables earlier Cre recombination in all pancreatic cells than Ptfla [151].
However, as heterozygous mutation of PDX1 was reported to result in maturity-onset diabetes
of the young (MODY) in humans and mice, it was not possible to target iCre recombinase into
the porcine endogenous PDX1 locus [297-300]. Consequently, as for the mice the iCre

expression vector was integrated as a transgene.

Matsunari et al. showed that the murine Pdx1 (mPdx1) promoter and its fusion with the rabbit
B-globin gene enabled highly tissue-specific expression of Venus, a green fluorescent protein,
in pigs [302]. Analysis of porcine fetuses isolated at 47-65 days of gestation revealed pancreas-
specific expression that was localized to acinar cells [302]. This expression later became
restricted to pancreatic islets, as shown in 27 day old piglets [302]. The functionality was further
proven by Berthelsen and colleagues, who used the mPdx1 promoter for activating and
overexpressing an oncogene cassette in pigs in order to generate a porcine PDAC model
[181].
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Based on these results regarding efficiency and tissue specificity, the mPdx1 promoter in
combination with the rabbit B-globin gene was used in this work to generate pigs expressing
iCre recombinase in the pancreas. Three different strategies were pursued for the integration

of the mPdx1-iCre transgene into the porcine genome, which are discussed below.

4.1.2.1 mPdx1-iCre pig generation by ROSA26 targeting

The first strategy was based on gene targeting into the porcine ROSA26 locus. Gene targeting
into ROSAZ26 is often the method of choice as this gene locus is ubiquitously expressed in a
variety of tissues and transgene integration has no effect on animal viability or fertility. In mice,
targeting into Rosa26 is associated with a high homologous recombination (HR) rate and thus
led to the generation of numerous knock-in strains [304-306]. Consistent with this, the identified
porcine ROSA26 locus has also proven to be a safe haven for efficient transgene integration,
leading to expression in many tissues without adverse effects [295]. Indeed, successful gene
targeting in pig cells has been reported in the past, albeit with varying targeting efficiencies
[295, 356, 357].

In this work it was not possible to generate positive cell clones for gene targeting into porcine
ROSA26. However, it has to be mentioned that gene targeting in mice was mainly performed
in embryonic stem (ES) cells [190, 305, 306], which express HR-associated proteins
throughout the cell cycle and, unlike somatic cells, respond mainly with HR to genomic
instability [199, 358, 359]. Therefore, due to the absence of ES cells in pigs, gene targeting is
less efficient in pig than in mouse experiments. An attempt to increase the targeting efficiency
using CRISPR/Cas9 systems resulted in positive cell clones, but these were only positive for
5’junction PCR. Another reason for the inefficient targeting could be the large plasmid size,
which may affect transfection as well as correct integration, since the mPdx1-iCre sequence
already spans more than 8 kb. Especially with regard to conventional gene targeting, where

longer homology arms are needed, this leads to a total targeting vector length of over 19 kb.

4.1.2.2 mPdx1-iCre pig generation by random integration

Since screening for positive cell clones with correct ROSA26 targeting was very time-
consuming, a second strategy based on random integration of the mPdx1-iCre transgene was
used. This strategy relied on transfection of porcine cells using a linearized transgene
construct, which consisted of the mPdx1-iCre sequence and a neomycin resistance gene.
Compared to ROSA26 targeting, this approach was simpler and less time-consuming, as the
unpredictability of the integration site did not allow for specific screening. Stable transgene
integration was achieved by prolonged G418 selection and the remaining surviving cell clones

were analysed for iCre copy numbers.
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Since it was unclear whether the mPdx1 promoter was active in kidney cells, porcine kidney
fibroblast cells derived from a dual-fluorescent reporter pig (pig #270) were used for
transfection. This would allow promoter activity to be detected by a switch from red to green
fluorescence due to iCre recombination. To my knowledge, expression of PDX1 was not
reported in kidney tissue so far. However, expression has been described for numerous other
tissues than the pancreas. During early embryogenesis, Pdx1 expression starts in the foregut
endoderm and persists in the evolving pancreatic buds and the developing duodenum [360].
This early expression pattern already indicates a role for Pdx1 expression in tissues other than
the pancreas. In line with this, Stoffers et al. generated transgenic mice expressing lacZ under
the control of the Pdx1 promoter [361]. In addition to the pancreas, they also detected lacZ
expression in stomach und duodenal glands, as well as in bile and cystic ducts and in the
spleen [361]. Using Pdx1-Cre transgenic mice, another group reported Cre recombination in
the developing central nervous system and inner ear [309]. In adult mice, expression of Pdx1
was detected in pancreatic 3-cells and weakly in some acinar cells, but also in the stomach
and duodenum [310, 311].

In this work, a switch from red to green fluorescence was indeed observed in the majority of
kidney fibroblasts that survived antibiotic selection, thus confirming a promoter activity. As the
functionality of the mPdx1 promoter was proven in the green fluorescent cells, only these were
then used for SCNT. However, the detected mPdx1 promoter activity in the cells does not
necessarily indicate a general PDX1 expression in porcine kidney tissue. When isolating
fibroblast cells from porcine kidney, a piece from the whole organ was used. As no specific
selection for fibroblast cells was performed during isolation, the cell fraction obtained was likely
to be a mixture of different cell types. Niemann and colleagues have shown that porcine
derived kidney fibroblast cells can be transdifferentiated into hepatocyte-like cells in vitro [362].
Although they have used hepatic transcription factors to induce cell conversion [362], it could
be that porcine fibroblast cells possess a certain transdifferentiation potential, which enables
them to change their cell fate in the course of cultivation. In fact, despite the absence of
promoter activity, the red fluorescent cell clones also revealed the presence of iCre copy
numbers. It remains unclear whether this was caused by incomplete transfer of the transgene,
damage to the promoter sequence or transfection of a different or altered cell type in which the
mPdx1 promoter was not active.

The use of the modified #270 cells for SCNT resulted in two births with a total of five mPdx1-
iCre piglets, one of which was stillborn. Although cell clones carrying three and 18 iCre copies
were used for SCNT, all piglets carried only three copies of iCre recombinase. This one-sided
distribution can indicate that the cell clones with 18 copies were not nuclear transfer competent.

Alternatively, the high copy number could have led to Cre induced cytotoxicity.
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Despite its ease of application, random transgene insertion is also associated with significant
drawbacks. For example, random integration into the host genome can damage the function
of endogenous genes (insertion mutagenesis), which can have severe effects on development,
viability or fertility. In addition, the expression of the transgene is strongly dependent on the
host regulatory regions and chromatin structure at the integration site (position effect), thus
leading to varying expression patterns among different animals which in turn prevents the

comparability of results [185, 363].

Unfortunately, all generated piglets did not survive longer than two days, as they showed
severe physiological defects, such as enlarged tongue and splay legs. Such malformations are
typically observed in connection with the SCNT procedure for generating transgenic animals
[200]. In line with this, Whitworth and Prather described that the occurrence of constant
phenotypes when using a certain cell type for SCNT, is probably caused by structural nuclear
changes of the cell donor, thus leading to incorrect chromatin remodelling and nuclear
reprogramming [202]. As the abnormalities occurred repeatedly with the use of #270 PKF cells,
these cells were found to be incompatible for SCNT and were therefore no longer used for the
generation of transgenic pigs.

Nevertheless, tissues from the dead piglets were analysed for expression of iCre recombinase.
The pancreatic tissues indeed showed widespread expression, which was detectable in
different cell types. The expression varied in strength and ranged from a very weak appearance
in ductal cells to strong expression in a few isolated cells scattered among the acinar tissue.
As already mentioned above, Pdx1 is expressed from murine embryonic day 8.5 in all cells of
the developing pancreas and later becomes restricted to pancreatic islet cells [283, 364, 365].
Histological analysis of the developing mouse pancreas showed that first islets can be detected
as an accumulation of endocrine cells as early as day 12 of pregnancy [366]. In humans, the
appearance of islet-like cell clusters can be observed from week 11 after conception, with the
formation of mature islets being completed in the third trimester of pregnancy [367]. However,
no islets were found in the pancreata of the newborn mPdx1-iCre pigs and thus an assignment
of the detected iCre expression to this cell type was not possible. Interestingly, mature islets
do not yet appear to be present in the pancreas of newborn pigs, as Korbutt et al. reported that
endocrine cells in the neonatal pancreas were randomly scattered throughout the tissue rather
than being arranged in compact cell clusters [368]. Indeed, the isolation of neonatal porcine
islets revealed only 7% endocrine cells, while the vast majority of the cell fraction was of
exocrine origin [368]. Consistent with this, Nagaya and colleagues showed that islets were
absent in the pancreatic tissues of newborn piglets and only formed in juvenile pigs from 21

days of age [369].
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While expression of iCre recombinase was restricted to the pancreas, analysis for porcine
endogenous PDX1 showed protein expression in pancreas, liver and muscle. Since the PDX1
gene was reported to be highly conserved between different species [370, 371], an antibody
was used which was produced based on the human residues and also shows cross reactivity
for the mouse and rat protein. As pronounced PDX1 expression in liver and muscle has not
been reported so far, the detected strong expression in these porcine tissues could be caused
by non-specific binding of the utilised antibody. Thus, the generation of reliable PDX1
expression data requires further optimisation for the use of this antibody or the evaluation of
other PDX1 binding antibodies.

4.1.2.3 mPdx1-iCre pig generation by piggyBac-mediated transposition

A third strategy for integrating the mPdx1-iCre transgene into the porcine genome was based
on transposon-mediated integration. In order to avoid poor efficiencies and animal defects
associated with the SCNT procedure, transposon-mediated integration of mPdx1-iCre was
performed by microinjection into fertilized porcine oocytes, which were then transferred into a
surrogate mother.

DNA transposons are advantageous over viral-based methods due to their ease of use and
low-risk application and are therefore widely used for non-viral gene delivery. As already
described in chapter 1.6.2, several transposon systems exist for the modification of genomes,
with piggyBac (PB) and Sleeping Beauty (SB) being the most commonly used. Although
popular, the SB transposon system has some disadvantageous properties, which led to the
use of the PB system for the current study.

In comparison to PB, SB is characterised by pronounced local hopping and leaves footprints
at the excision sites [251, 372-376]. Furthermore, the SB system is affected by overproduction
inhibition (OPI), which describes the decrease in transposition efficiency with increasing
transposase concentrations, a phenomenon that could not be observed with PB transposase
[245, 376]. Gene delivery experiments have shown that PB is generally more efficient than SB
for transposition in mammalian cells [260, 373, 377]. Especially with regard to the delivery of
large transgenes, SB has proven to be unsuitable, as transposition efficiency drops by 50%
with a transposon length of 6 kb [245]. In contrast, PB was shown to integrate transgenes of
up to 9.1 kb without impact on transposition efficiency [250]. Li and colleagues even reported
successful integration of 100 kb into the murine genome using PB transposase [248].
Consequently, since the mPdx1-iCre transgene is about 8.3 kb, the PB system was better

suited to achieve efficient integration.
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In addition to numerous transgenic mouse strains, the PB transposon system has also been
used in the past to generate transgenic livestock. In line with this, Yum et al. successfully
generated transgenic cattle by microinjection of PB after showing that this transposon system
is more efficient than SB in bovine cells [378]. Wu et al. and Li reported the generation of PB-

mediated transgenic pigs via SCNT and cytoplasmic microinjection, respectively [379, 380].

Transposon-mediated integration usually requires co-transfection with a transposon plasmid
containing the transgene and a helper plasmid encoding the transposase. Although it is the
most convenient strategy, delivery of the transposase as DNA plasmid can have strong
negative effects on the experimental outcome. It can cause genomic integration of the
transposase sequence and prolonged transposase activity, which in turn lead to continuous
transposon remobilization [381, 382]. These repeated transposition cycles can then result in
chromosomal mutagenesis [381, 382], which can have severe consequences, especially in the
generation of transgenic animals. In contrast, delivery of transposase as messenger RNA
(mRNA) prevents integration into the host genome and enables temporary and thus limited
expression decreasing the risk for chromosomal damage [382]. Therefore, cytoplasmic
microinjection into porcine oocytes was performed using mRNA of hyperactive PB transposase
and plasmid DNA of the mPdx1-iCre transposon. Co-injection of 100 in vitro produced zygotes
did not reveal any toxicity of the PB transposon system. As the transposase gene was linked
to a red fluorescence marker, functional expression of PB was verified by the detection of red

fluorescent oocytes 24 h after injection.

4.1.2.4 mPdx1-iCre founders and mPdx1-iCre progeny

Embryo transfer of injected oocytes into a recipient sow resulted in the birth of ten piglets, of
which three female piglets (#2017, #2022 and #2024) carried the mPdx1-iCre transgene.
However, piglet #2024 showed only a weak band in the PCRs for transgene detection and an
iCre copy number close to zero, which led to the assumption that this animal was mosaic. The
genetic state of mosaicism was first discovered by Palmiter et al.,, who found disturbed
transgene inheritance in the pedigree of a transgenic mouse [383]. Mosaicism in the context
of microinjection occurs when the transgene integrates at different stages of embryonic
development, resulting in transgenic animals that do not carry the transgene in all cells [384].
As a consequence, the mosaic transgenic animals are characterised by uneven transgene
expression patterns and failure to inherit the transgene [383, 385]. In the past, this genetic

condition was described by many groups in the generation of transgenic animals [385-387].

120



Discussion

In addition to making genotype analysis more difficult, mosaicism is a major obstacle,
especially in livestock, as elimination by outcrossing or the generation of new animals is very
time-consuming and cost-intensive [384, 388, 389]. For this reason, it was decided to not use
pig #2024 for breeding. Genotype analysis of piglets #2017 and #2022 revealed iCre copies
of eleven and four, respectively. These copies were almost exclusively due to PB-mediated
insertion rather than random plasmid integration, as only in animal #2017 a single plasmid
backbone copy could be detected. Wu and colleagues reported the presence of eight
transgene copies on average, when generating transgenic pigs by PB-mediated integration
followed by SCNT [379]. Apart from this, the transgenic pigs that were generated by Li et al.
via cytoplasmic oocyte injection carried between one and fourteen transgene copies [380].
Hence, the verified iCre copies of the mPdx1-iCre pigs are in agreement with the copy numbers
reported by the groups of Wu and Li. Pancreatic expression of iCre recombinase in founder
sows #2017 and #2022 was analysed at 14 and 12 months of age, respectively. IHC analysis
revealed specific iCre expression, which was located in pancreatic islets. This is in line with
the Pdx1 expression pattern in the pancreata of adult mice, where expression is mainly
restricted to islet cells [310, 311]. However, as already described in section 4.1.2.2, newborn
mPdx1-iCre piglets generated by random transgene integration showed widespread
pancreatic iCre expression with a parallel absence of islet cell clusters. Taken together, these
results are consistent with the literature reporting the absence of mature pancreatic islets in

newborn pigs and their development in early juvenile age [368, 369].

The functionality of mPdx1-iCre was proven by analysing tissues from a 4-day-old
KRASSEe12PMTmpdx1C® piglet. LSL-excision PCR showed efficient recombination in the
pancreas and duodenum. As already mentioned above, expression of Pdx1 is detected in the
developing pancreas and duodenum of mice, but is later also found in other tissues, e.g. in the
stomach [360, 361]. Thus, the recombination distribution found in the KRAS-S-6120WTmpgyx1icre
piglet showed that the mPdx1 promoter in the pig follows the same tissue-specific expression
pattern as known from mice. However, Matsunari et al.,, who generated the mPdx1-Venus
transgenic pigs, reported that transgene expression was only restricted to the pancreas [302].
Expression of Venus was located in pancreatic acinar cells of 47-65 day old fetuses, while 27
day old pigs showed fluorescence in B-cells of the pancreatic islets [302]. Additional studies
would have to be undertaken to see if these transgenic pigs also expressed Venus in the

duodenum earlier in development.

In fact, consistent with the known expression pattern of Pdx1 in the gastric region of mice,

LSLGlZD/WTPdX1Cre/WT

Hingorani and colleagues reported that Kras mice showed recombination

in the stomach and small intestine in addition to the pancreas [162].
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Indeed, these mice also sporadically developed other tumours such as cutaneous papillomas
or gastrointestinal lesions affecting the stomach and duodenum, a condition that was generally

not observed in Kras-S-2PWTptf1 MW mice [162].

The analysed 4-day-old KRAS-SI612PWTmpdx 1€ piglet already showed widespread ADM and
PanIN lesions. Interestingly, a strong expression of iCre recombinase was localised in these
areas. This is in line with the findings of Roy et al., who detected a strong expression of Pdx1
in ADM and PanIN lesions of mice [390]. In addition, PDX1 was shown to be expressed in
various human pancreatic precursor lesions, thus indicating a role of PDX1 in pancreatic

tumourigenesis [391].

In summary, it was shown that transposon-mediated integration via cytoplasmic oocyte
injection is an efficient strategy for developing transgenic pigs and that the mPdx1 promoter
successfully drives expression of iCre recombinase in porcine cells. The generated mPdx1-
iCre pigs have demonstrated to be as suitable for the induction of precancerous pancreatic
lesions as the PTF1A°* animals, as they also showed widespread lesions at neonatal age. It
remains to be seen, how the preneoplastic lesions will progress, also in the presence of
activated TP53%%™" mutation, and whether tumours will also develop in other tissues.

4.2 CRISPR/Cas9-mediated mutagenesis in porcine cells

The discovery of the CRISPR/Cas9 system as part of the bacterial immune system and its use
for specific DNA cleavage has revolutionized genome editing [273]. Its ease of adaptation to
individual experimental requirements, as well as its applicability in different species and cost
effectiveness have made CRISPR/Cas9 the tool of choice for gene modifications.

The initial aim of this work was to activate porcine KRAS®*?® and TP53R**™" mutations by
conventional breeding with pigs expressing Cre recombinase in the pancreas. Since previous
experiments to generate porcine Cre driver lines by this group and others had not been
successful, due to cytotoxicity and non-viable animals, the outcome of generating pancreas-
specific Cre driver lines was uncertain. A backup strategy was designed, using a multiplexed
CRISPR/Cas9 approach for mutational activation or for induction of TSG mutations.
Multiplexing of gRNAs was performed according to the protocol by Xie et al., who reported the
generation of a synthetic polycistronic tRNA-gRNA gene (PTG) construct consisting of
tandemly arrayed tRNA-gRNA repeats, that are transcribed as a single transcript which is then
cleaved by the endogenous tRNA-processing machinery for the release of the individual
gRNAs [279]. They have shown that genome editing using the multiplexed PTG strategy is
highly efficient in plant and human cells and that the tRNA sequence probably acts as enhancer

of Polymerase Il (Pol 1ll) transcription [279, 392].
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The PTG multiplexing strategy for genome editing offers several advantages over conventional
CRISPR/Cas9-mediated editing with one or more gRNA-expressing cassettes in a single

vector.

The transcription of several gRNAs from a single PTG construct only requires the presence of
one Pol lll promoter and one Pol Il terminator, thus reducing the size from 420 bp to ~174 bp
per each additionally added gRNA. Therefore, the multiplexed CRISPR/Cas9 editing system
is suitable for applications associated with limited packaging capacity, e.g. when using viral
vectors for in vivo delivery [393]. Furthermore, transcription by Pol Il promoters requires the
presence of a specific nucleotide at the beginning of the RNA, e.g. “G” for U6 promoters, a

circumstance that is omitted in multiplexing due to the preceding tRNA sequence [279, 392].

To remove parts of the LSL cassette, three PTG constructs were generated and tested for
activation of KRAS®?® and TP53%%™" in porcine cells. Each PTG construct harboured two
gRNAs, one binding at the upstream loxP site and the second binding at the end of the splice
acceptor (SA) or in the neomycin resistance cassette located downstream of the SA.
Transfection with the PTG constructs led to efficient excision of the SA and transcription of the
G—>A mutation at KRAS codon 12 in 17-26% of the cells. The generated constructs are thus
suitable for simultaneous activation of both mutations or activation of KRAS®!?® alone, the
latter when using the neomycin-binding gRNA, as an alternative selectable marker gene was
used for targeting TP53. In general, CRISPR/Cas9-mediated activation of KRAS®'?® and
TP53R*™M is characterised by several advantages over conventional breeding with Cre driver
pigs. Mutational activation by breeding is expensive and time-consuming. It requires the
generation of Cre driver pigs, waiting for sexual maturity, complex breeding to obtain triple
mutant genetically engineered pigs, resulting in animals with unwanted genotype and

considerable costs for animal husbandry.

As the development of PDAC is associated with additional genetic alterations, the next step
was to generate and evaluate PTG constructs for the simultaneous inactivation of TSGs, such
as TP53, p16, SMAD4 and BRCAZ2. Porcine cells transfected with PTG constructs containing
three or four arrayed gRNAs showed high InDel frequencies for all TSGs. Interestingly, Xie
and colleagues reported an occasional reduction in efficiency depending on the number of
gRNAs in the array [279]. However, this was not observed in this work, as the highest InDel
abundance was found for SMAD4, although this gRNA was located in the second or third
position in the PTG constructs, respectively. The highest drop in efficiency was found for
BRCA2 with 40-50% when the gRNA was part of the multiplex and 80% when tested as a
single gRNA (Table 42+43).
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Cells with BRCA2 knockout were affected by a significantly increased mortality rate compared
to the inactivation of other TSGs, e.g. of p16. As already mentioned in chapter 1.1.3, BRCA2
plays an essential role in homologous recombination during DNA DSB repair [118].

It was reported that loss of BRCAZ2 in non-transformed human cells results in replication stress
and defective proliferation with G1 phase arrest, both leading to cell senescence and apoptosis
[394]. This leads to the assumption that disruption of porcine BRCA2 led to cell cycle arrest
and that BRCA2 deficient cells might have been overgrown by cells carrying only pl6 or
SMAD4 inactivation. This might provide an alternative explanation for the lower InDel

frequency for BRCA2 during multiplexed gene editing.

Although the establishment of the PTG multiplex system led to high mutation frequencies in
porcine cells, the simultaneous mutation of the aforementioned genes does not reflect the
natural situation in PDAC development as activating mutation of KRAS and inactivation of the
TSGs pl16, TP53, SMAD4 and BRCAZ2 occur at different stages during PanIN progression and
PDAC development [95, 113, 114, 124, 352]. Recapitulation of the human disease genotype
requires first the activation of KRAS®*?" and then the accumulation of the TSG mutations. This
could be achieved by first activating KRAS®'?® with either Cre or genome editing followed by
applying the CRISPR/Cas9 multiplex TSG knockout strategy at a later time point.

Another important point to consider, however, is the delivery strategy of the PTG multiplex
system. As already mentioned in chapter 4.1, widespread expression of Kras®'?® during
embryogenesis leads to lethality in mice [321, 322]. Consistent with this, homozygous
knockout of Brca2 and Smad4 genes is also embryonically lethal, whereas mice with
heterozygous Brca2 and Smad4 knockout have been reported to be viable [395, 396]. In
contrast, mice carrying homozygous inactivation of Trp53 or p16 are viable but prone to early
formation of spontaneous tumours [397-399]. Consequently, due to the impact on embryonic
development, it is not possible to generate pigs with germline modifications of the above-
mentioned genes. The CRISPR/Cas9 system can be used instead to introduce the mutations
locally or in a tissue-restricted manner. And as the CRISPR/Cas9 multiplex system is not
limited to the pancreas like Cre driver lines, it can also be used to model other tumours. This
can be achieved by in vivo delivery of the CRISPR/Cas9 components, e.g. using viral vectors,
lipid nanopatrticles or VLPs [400, 401]. Another option to induce tumour formation in the pig is
the transplantation of cells that have been transformed in vitro. For example, subcutaneous
injection of a human pancreatic cancer cell line was reported to result in tumour formation in
immunocompromised pigs [402]. Even more interesting, Schachtschneider and colleagues
showed that injection of in vitro transformed porcine hepatocytes into subcutaneous and

hepatic tissue of immunodeficient mice led to tumour development [403].
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Furthermore, subcutaneous injection of the cells into pigs also caused tumours, and when
these were transplanted into fibrotic pig livers, intrahepatic tumours developed that
recapitulated the human hepatocellular carcinoma genotype [403, 404].

Based on the findings of Schachtschneider and Gaba et al., this work investigated whether the
subcutaneous injection of modified porcine ear fibroblast (PEF) cells leads to tumour formation
in the pig. Therefore, PEF cells isolated from two KRASS-C12DMWTTp53LSLRIETHWT higlets were
used for inactivation of the TSGs TP53, p16, SMAD4 and BRCA2 and activation of KRAS®?P
and TP53R**" mutations. In order to avoid the need for autologous transplantation or immune
suppression to reduce the risk of an allograft rejection, porcine Beta-2-microglobulin (B2M)
was inactivated. Knockout of B2M leads to a loss of the porcine major histocompatibility
complex class | (MHCI), which in turn results in a prevention of T cell activation due to a lack
of antigen presentation. The cells were additionally transfected with a LEA29Y overexpression
vector encoding a variant of the T cell co-stimulation inhibitor called cytotoxic T-lymphocyte
antigen 4 (CTLA4-Ig) to inhibit T cell activation.

Pentaplexed gene editing of the TSGs plus B2M resulted in high editing efficiencies. Consistent
with the results discussed above, the InDel frequencies were lowest for BRCAZ2, with only 5-
8%, which suggests a loss of BRCA2 mutated cells, possibly due to a proliferative defect [394].
Successful activation of KRAS®*?P and TP53%**™" by Cre protein transduction was proven by
LSL-excision PCR, which showed a much stronger band for the recombined KRAS allele than
for the wild type allele in both cell isolates. This result suggests a loss of the wild type KRAS
allele due to activation of KRAS®*?® mutation [405], a phenomenon that is described in more

detail in section 4.3.2.

Sequencing of PCR products from reverse transcribed PEF cell mRNA confirmed the
expression of a G>A mutation at KRAS codon 12, with guanine and adenine showing the
same peak height, thus not indicating a loss of the wild type KRAS allele. This contradiction
might be explained by the fact that the reverse transcription was performed with nucleic acids
isolated from an earlier cell passage than those used for LSL-excision PCR. This allows the
assumption that the wild type KRAS allele was still present in earlier cell passages, while it

was lost during further cell divisions.

The modified PEF cells were autologously retransplanted by subcutaneous injection into
regions of the ear and flank, but no tumour was detected after an observation period of 3.5
months. In contrast, Schachtschneider and Gaba et al. reported successful tumour isolation

from subcutaneously injected pigs within the first two months post injection.
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Interestingly, while sites injected with low, medium and high cell doses initially showed palpable
bulges, only the sites injected with high doses of 10 million cells showed tumour growth at the
end [403].

In this work, the pigs were injected with two or five million cells and showed no tumour growth,
which is similar to the results of Schachtschneider et al. for the transplantation with low cell
numbers [403]. Furthermore, it would be important to examine the mutated PEF cells for
transformation, e.g. via proliferation or cell migration assays. The tumourigenic potential of the
cells can be tested using the chicken chorioallantoic membrane (CAM) assay, which allows
implantation of a xenograft without the risk for rejection, due to the absence of a competent
immune system in the first days after egg laying [406, 407].

Another cause for the absence of tumour growth in the pigs after PEF injection could have
been immunogenicity of the transplanted cells which could have led to rejection. Rejection of
autologous grafts has been reported only very rarely, and mostly in the context of induced
pluripotent stem cells which expressed new antigen epitopes due to the reprogramming
process [408, 409]. This might have also occurred after inactivating numerous TSGs with
concomitant KRAS®*?® and TP53R!™ activation. In addition, the abolishment of porcine MHCI
by B2M inactivation and the suppression of T cell activation by LEA29Y may not have been
sufficient to avoid rejection. Deuse and colleagues have reported the generation of
hypoimmunogenic cells by deletion of MHCI and MHCII followed by overexpression of CD47,
the latter preventing phagocytosis by macrophages [410]. This strategy could be transferred
to porcine cells and thus avoid recognition by the immune system, even in the case of

allotransplantation.

4.3 Invitro modelling of porcine acinar-to-ductal metaplasia

Adult pancreatic acinar cells possess a high degree of plasticity, which enables them to
regenerate in response to tissue damage. Pancreatic regeneration is characterised by
dedifferentiation and transdifferentiation of acinar cells into a duct-like phenotype, a process
known as acinar-to-ductal metaplasia (ADM) [128]. In a healthy context, dedifferentiation of
acinar cells upon inflammation or tissue injury is a reversible process leading to repopulation
of the pancreas [411, 412]. However, in the presence of oncogenic KRAS signalling, the cells
are maintained in a dedifferentiated progenitor state, which irreversibly prevents cell
redifferentiation and thus acinar cell regeneration, and can lead to the progression of ADM to
PanIN lesions [133, 413, 414].
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As ADM is involved in pancreatic regeneration and transformation processes, its study is of
important relevance for PDAC research. Indeed, the development of numerous two-
dimensional (2D) and three-dimensional (3D) in vitro models has demonstrated the ability of
murine and human pancreatic acinar cells to transdifferentiate into a duct-like phenotype [139,
142, 314, 415, 416]. The data obtained from mouse and human ADM studies could be
validated and complemented by the development of a porcine ADM model, which would then

allow for cross-species comparison, e.g. regarding molecular drivers of the ADM process.

4.3.1 Establishment of porcine pancreatic acinar cell culture

Therefore, the first aim of this subproject was to establish the isolation and culture of porcine
pancreatic acinar cells. The first approach carried out was the isolation of cells from the porcine
pancreatic head and their cultivation in a 2D culture according to the protocols described by
De Waele et al. and Akanuma et al. [314, 315] (data not shown). However, despite their ease
of use, 2D cultures often do not properly mimic the properties that cells exhibit in vivo. Three-
dimensional cultivation has significant advantages compared to 2D cultures, e.g. with regard
to cell shape, proliferation, gene expression or drug response [417, 418]. Particularly in view
of pancreatic acinar cells, 3D cultivation creates a more realistic environment by preserving
the grape-like structure of the acinar cell clusters and also allows the formation of multilayer
duct-like spheres. As a consequence, all other isolations were established as a 3D culture
consisting of three layers, a bottom and top collagen layer with a cell collagen layer in between
(Figure 53). Establishment of the 3D porcine acinar cell culture was very time-consuming and
required numerous adaptations to the modified protocol for the isolation of murine acinar cells
[282], which was kindly provided by Thorsten Neuf3 (Klinikum rechts der Isar, TUM, Munich).
At the beginning of the work, it was unclear which age of pig was most suitable for the isolation
of acinar cells. In mice, the best results are obtained when acinar cells are isolated at 4-7
weeks of age [282, 419-421]. In pigs, the best yield of acinar cells was obtained when using 4-
5 week old pigs. Older pigs already showed more pancreatic fat deposits, which impeded cell
isolation and led to a lower yield of viable acinar cells, an observation that is most likely related
to lipotoxicity [422]. This assumption is supported by the findings of Navina et al., who reported
lipolysis-mediated acinar cell necrosis when coculturing human pancreatic acinar cells with
adipocytes [423].

In addition, as the porcine organ size is considerably larger than in mice, the utilized pancreatic
piece size, volumes of the individual solutions and centrifugation speed had to be adjusted for
successful isolation. However, the most significant step in the establishment process was
adjusting the time span between sacrificing the pig and start of the isolation. As time is a critical
factor to obtain a high yield of viable acinar cells [282, 424], precise planning, preparation and

handling was required.
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4.3.2 Invitro induction and characterisation of porcine ADM

The occurrence of ADM during pancreatitis and its link to pancreatic cancer development has
been known for a long time [425-427]. Pancreatitis is characterised by increased inflammatory
signalling with a high release of cytokines, some of which have been shown to induce ADM in
murine and human pancreatic acinar cells, e.g. TGF-a, TGF-B or interleukins 17 and 22 [137,
139, 141, 316, 428]. Thus, some of the cytokines were selected to test their ability to induce
ADM in the porcine acinar cell culture model.

TGF-a is a growth factor that belongs to the epidermal growth factor (EGF) family. Its binding
to the EGF receptor (EGFR) leads to the activation of several downstream signalling pathways,
which in turn stimulate cell proliferation, differentiation and survival, mechanisms that also play
a major role in carcinogenesis [429]. Indeed, elevated expression levels of TGF-a and EGFR
are found in chronic pancreatitis and human PDAC [430, 431]. Furthermore, it has also been
reported that overexpression of TGF-a in mice led to transdifferentiation of acinar cells in vivo,
while administration of TGF-a to acinar cells resulted in ADM in vitro [137, 138, 142].

Another important cytokine is TGF-B1, a growth factor which is involved in regulating cell
growth, immune responses or tissue homeostasis, but also plays a role in tissue fibrosis and
carcinogenesis [432-434]. With regard to chronic pancreatitis, increased expression levels of
TGF-B1 and its receptors were found in the pancreata of human patients [435]. In addition,
TGF-B1 has been found to promote pancreatic fibrosis in the course of pancreatitis, e.g. by
stimulating pancreatic stellate cells to produce extracellular matrix components [435-438].
Akanuma and colleagues have reported the induction of ADM by TGF-$1 in human pancreatic
acinar cells in vitro [141, 315]. Transdifferentiation of acinar cells was induced either by
paracrine secretion of TGF-B1 by ductal cells [315], or by manual administration of TGF-1
[141].

In this work the first porcine acinar culture was performed as a 2D monolayer culture system
according to the protocol described by De Waele et al. [314] and ADM was successfully
induced using TGF-a and TGF-B1 (data not shown). However, according to the cultivation
protocol of De Waele and colleagues [314], foetal bovine serum was included in the cultivation
medium, which in turn can induce ADM in a TGF-B1-independent manner, as shown by
Akanuma et al. [315]. Thus, the results obtained from this first approach did not allow a reliable
assessment of the ADM-inducing effect of TGF-a and TGF-B1. Further cultivation approaches
using serum-free medium indeed showed an ADM induction ability for both TGF-a and TGF-
B1, but treatment with TGF-B1 was associated with lower ADM rates as well as lower cell

viability, which led to TGF-B1 not being included in subsequent experiments.
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Interestingly, Akanuma and colleagues reported that TGF-31 induced ADM in human cells but
not in murine acinar cells, while human acinar cells remained unresponsive to TGF-a and other
common murine ADM inducers, leading to the assumption of substantial differences between
the two species [141, 315]. Although not shown here, the preliminary results on the ability of
the two cytokines to induce ADM in porcine acinar cells, albeit with different efficiencies,

demonstrate the suitability of the pig as a model for cross-species comparison.

In the established 3D porcine acinar cell culture, TGF-a and Interleukin-17A (IL-17A) were
used for the induction of ADM. IL-17A is a proinflammatory cytokine mainly produced by T
helper 17 (Th17) cells, which represent a subset of CD4* T cells [439]. IL-17A plays an
essential role in host defence and inflammatory immune response but is also involved in
autoimmune diseases such as multiple sclerosis [440-442]. During pancreatitis, high levels of
IL-17A are released leading to an increase of the proinflammatory response, which in turn can
result in acinar cell damage and worsen the course of the disease [443, 444]. With regard to
pancreatic cancer, infiltrations of IL-17 producing T cells and overexpression of IL17 receptor
A (IL17RA) were detected in human pancreata close to ADM and PanIN regions, indicating an
involvement of IL-17A in the ADM process [316].

Administration of TGF-a and IL-17A led to efficient transdifferentiation of porcine pancreatic
acinar cells in all genotypes tested, with a significant increase compared to cells not treated
with the cytokines. In addition, no significant difference in the induction capacity was detected
between TGF-a and IL-17A. However, administration of IL-17A was associated with a faster
growth of the evolving duct-like spheres in terms of sphere diameter. The underlying
mechanism remains unclear, but could be due to the activation of different signalling pathways
mediated by the two cytokines. Interestingly, transdifferentiation was also observed in porcine
pancreatic acinar cells that were not treated with cytokines, but to a much lower extent. As
mentioned earlier, ADM represents a protective mechanism of acinar cells against tissue
damage [135, 420]. Thus, negative environmental stimuli can affect acinar cells, e.g. by
inducing an endoplasmic reticulum (ER) stress response which is closely linked to pancreatitis-
mediated apoptosis and inflammation [445, 446]. Therefore, acinar cells may undergo ADM
even without cytokine administration, as the cell stress caused by the isolation procedure may

have led to the activation of certain signalling pathways for cell survival and regeneration.

One aim was to activate KRAS®'?® and TP53%"®™" mutations to investigate the effect of
mutational activation on acinar cell transdifferentiation. Therefore, two different approaches
were evaluated for the delivery of Cre recombinase to porcine pancreatic acinar cells, involving

the use of either Cre lentivirus (LV) or Cre virus-like particles (VLPSs).
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The use of lentiviral vectors for gene transfer is characterised by numerous advantages, such
as stable integration and large packaging capacity, but they also enable gene delivery into
cells that are difficult to transfect, e.g. non-dividing cells [447, 448]. Non-integrating LVs are
associated with a lower safety risk and are thus suitable for applications where transient
transgene expression is desired, making them an attractive tool for gene therapy [449].

In contrast, VLPs are particles which form by self-assembly of viral structural proteins but do
not contain viral genetic material and can be designed to deliver biologically active proteins
such as Cre or Cas9 to the cell cytoplasm [401, 450, 451].

Various methods of gene delivery into the exocrine pancreas have been reported in the past.
For in vivo gene transfer into the pancreas of mouse and rat, adenoviruses and adeno-
associated viruses have been described as efficient [452-454]. In vitro, successful gene
delivery into acinar cell lines can be achieved by transfection using Lipofectamine 2000 [415].
However, this method proved to be highly inefficient in primary acinar cells [454]. Thus,
Houbracken and colleagues have tested adenovirus and two different lentiviral vectors for in
vitro transduction of rat pancreatic exocrine cells, with all viral vectors expressing enhanced
green fluorescent protein (EGFP) under the control of the cytomegalovirus (CMV) promoter
[454]. They reported that administration of adenovirus resulted in higher transduction rates
than LV, but severely impaired cell survival [454]. In summary, vesicular stomatitis virus-
glycoprotein (VSV-G) pseudotyped LV turned out to be the best option for in vitro transduction
of acinar cells as this method was characterised by a high transduction efficiency resulting in
stable expression of the EGFP transgene and survival rates comparable to non-transduced
acinar cells [454].

While the use of LVs for pancreatic transduction has been described in the literature, at least
to my knowledge, the use of VLPs in primary pancreatic acinar cells has not yet been reported.
However, efficient VLP-mediated delivery of gene editing proteins such as Cas9 to primary
cells other than acinar cells has been demonstrated in mice and humans [401, 455]. In addition,
VLPs and their use as vaccines are currently subject to research on cancer prevention and
therapy [456].

Here, mutational activation by Cre LV and Cre VLPs was evaluated in porcine acinar cells
derived from three different genotypes. As activation of KRAS®*?® and TP53%'¢™" only required
transient expression of Cre recombinase, a non-integrating Cre LV was used for transduction.
Compared to the untransduced cells, transduction with Cre LV increased the
transdifferentiation rates of acinar cells regardless of the culture condition (TGF-a, IL-17A and
control). Especially in the control sample, which was not treated with cytokines, activation of

KRAS®'?P and TP53R™" at least doubled the transdifferentiation rate for all three genotypes.
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In contrast, transduction with Cre VLPs only slightly increased the transdifferentiation rate of
APCIIWITP53LSLRISTHILSLRIE™ ca||s  while there was no significant increase detectable in
KRAS!SLC12DWTTPE3LSLRISTHWTR 2 gCas9WT  geinar cells. Consistent with these results, LSL-
excision PCR showed efficient excision of the LSL cassette for KRAS®?® and TP53R6™
mutant alleles in Cre LV transduced KRASSLC1ZDWTTPE3LSLRIETHWTRSECasOWT aeingr cells,
while there was no excision detectable for Cre VLP treated samples.

These results showed that the use of Cre LV is more suitable than VLPs for mutational
activation in porcine acinar cells. Interestingly, the PCR band for the KRAS recombined allele
was characterised by a stronger intensity when compared to the wild type band, a phenomenon
that was already described in chapter 3.3.3. In addition, sequencing of PCR products using
reverse transcribed mRNA from Cre LV transduced acinar cells confirmed the expression of a
G—->A single base mutation at KRAS codon 12, with increased peak height for adenine when
compared to guanine (Figure 57C). In fact, it was reported that PDAC is often characterised
by allelic imbalance, thus leading to an increase in oncogenic KRAS gene dosage which is
associated with loss of wild type KRAS [405]. This loss of heterozygosity (LOH) with
concomitant oncogenic KRAS dosage gain was shown to correlate with highly aggressive
phenotypes of PDAC and poor outcome [405, 457]. However, the basis of emerging LOH in
Cre LV transduced KRASS-C12DWITP53LSLRIETHWTR 2 5CasIWT aeinar cells remains unclear and
would require further analysis, e.g. by pyrosequencing, fluorescence in situ hybridization
(FISH) or whole-exome sequencing (WES).

In addition, it was of great interest to verify whether the administration of TGF-a and IL-17A
also increased the transdifferentiation rate of acinar cells isolated from the pancreas of a
KRASCZPMWTPTEIASCWT g Due to PTF1A™-driven activation of the KRAS®'?° mutation in
the pancreas during embryogenesis, this pig already showed ADM and PanIN lesions when
the pancreas was isolated at 5 weeks of age (see section 3.1.3). Therefore, the acinar control
sample, which was not treated with cytokines, already showed a relatively high
transdifferentiation frequency of more than 24%. Nevertheless, administration of cytokines
increased the transdifferentiation rates to 51% and 65% for TGF-a and IL-17A, respectively.

It was reported that activation of Kras®*??

induces the expression of IL17RA on murine ADM
and PanIN cells and that IL17RA signalling in turn leads to expression of REG3f, an
inflammatory mediator which promotes the transition from pancreatic inflammation to cancer
via the JAK2-STAT3 pathway [316, 458]. This KRAS®'?P-|L-17A relationship leads to the
assumption that the higher transdifferentiation rate for IL-17A treated porcine acinar cells
compared to TGF-a treatment, is possibly caused by an enhanced responsiveness through

increased expression of IL17RA on the acinar cell surface due to oncogenic KRAS activation.
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In summary, the porcine ADM culture recapitulates substantial key aspects of human and
murine ADM cultures and thus has proven to be a promising model for cross-species

comparison.

Although a major first step has been taken with its successful establishment, this porcine
cultural model still requires additional characterization to confirm its validity. Besides the
assessment of transdifferentiation rates by manual counting, other methods of tracking ADM
development should be implemented, e.g. labelling acinar cells with fluorescein conjugated
Ulex Europaeus Agglutinin | (UEA 1). This lectin binds to a-linked fucose residues on cells and
was shown to specifically stain human and mouse pancreatic acinar cells with a detection time
of up to 7 days [314, 415, 459], allowing evaluation of the origin of the evolving duct-like
spheres.

At the molecular level, transdifferentiation of acinar cells was shown to be accompanied by a
loss of acinar gene expression with a concomitant increase in the expression of ductal cell
markers [139, 460]. Therefore, determining the expression profiles of acinar and ductal
markers, such as Amylase and PTF1A or Sox9 and Cytokeratin-19 respectively, would be an
important step in characterising and validating the porcine ADM process. It is also essential to
further optimise the isolation procedure for the isolation of high quality and quantitative RNA
from porcine acinar cells. Besides analysis by PCR, the expression of acinar and duct-specific
markers can also be determined by immunohistochemistry (IHC). Especially with regard to a
change in the expression profile over time, RNA sequencing (RNA-seq) or fluorescence-
activated cell sorting (FACS) are the better methods for quantitatively determining
transdifferentiation, although the latter requires careful dissociation of the acinar clusters to

avoid cell damage.

Once these new characterisation methods have been established for porcine acinar cells, a
larger number of pigs, especially of the KRAS®'?® and PTF1A°™ genotypes, should be used
for acinar cell isolation. Increasing the number of samples and including other possible ADM
inducers, such as RANTES, tumor necrosis factor a (TNF-a) or interleukin 6 [139, 461], will

help to generate reliable data trends.
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5 Concluding remarks and outlook

In this work, a porcine model for human PDAC was generated. Activation of latent KRAS®?P
and TP53R*" mutations in the pig required breeding with porcine Cre driver lines, which were
successfully generated using different strategies. It was demonstrated, that the porcine PTF1A
and the murine Pdx1 promoter were both equally capable of driving tissue-specific iCre
expression, which in turn activated the KRAS and TP53 mutations and thus resulted in early
tumour formation in the porcine pancreas. In the near future, these tumours will be analysed
in more detail, both molecularly and histologically, to map further similarities to PDAC tumour

formation and progression in humans.

The first approach for Cre driver pig generation, which based on CRISPR/Cas9-mediated
integration of iCre into the porcine endogenous PTF1A locus revealed that disruption of one
endogenous allele had no significant effect on the development of viable and healthy animals
and that transgene placement into the 3’'UTR using a T2A linker sequence also enabled
efficient expression from the endogenous promoter. In summary, transgene placement into the
5’end and 3’end of PTF1A resulted in equal iCre expression patterns and tumourigenesis upon
breeding with KRAS"S-612PWT gnd TP53-SLRITHWT pigs, However, it would be interesting to
guantify the PTF1A expression levels of 5’end and 3’end targeted pigs and compare them with
the wild type profile to evaluate the effects of the respective transgene position. As it preserves
both endogenous PTF1A alleles, the strategy of expressing iCre from the 3'UTR using a T2A
linker enables breeding of PTF1A3C"®3C" gnimals. These homozygous pigs will help breeding
of KRAS'SLCI2DWTTPL3LSLRIETHWTDTE] ASICeWT  nigs  as this results in fewer unwanted
genotypes and is therefore better for animal welfare.

In addition, expressing a transgene from the 3'UTR using a linker sequence also represents a
suitable approach for other projects where the maintenance of both endogenous alleles is
required while simultaneous expression from the endogenous promoter is needed. This
method can be used to obtain transgenic animals with a natural transgene expression profile
without laborious cloning of endogenous promoter regions or inefficient transgene placements

into “safe haven” loci such as ROSAZ26.

A Cre driver pig line was also generated by transposon-mediated integration of mPdx1-iCre
into the porcine genome. It was demonstrated that the piggyBac transposon system is an
efficient tool for genome modifications, which can be used for cytoplasmic injection of porcine
oocytes as it did not lead to embryo toxicity or detrimental effects on pig development. In this
case, application of PB transposase as mRNA can substantially reduce the risk of undesired
side effects such as chromosomal mutagenesis, which is often caused by genomic integration
of the transposase gene as a result of plasmid delivery.
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The generation of transgenic pigs by cytoplasmic oocyte injection represents a promising
alternative approach to the SCNT-based procedure as it is less time-consuming and more
cost-effective. This is based on the fact, that successful generation of pigs by SCNT usually
requires numerous rounds and that these animals are often affected by physiological defects
which are caused by incomplete nuclear reprogramming. However, transposon-mediated
transgene delivery into porcine oocytes only enables random integration. Besides transposon
systems, CRISPR/Cas9 system is also used for the generation of transgenic animals by
cytoplasmic oocyte injection, albeit mainly for gene inactivation. It would be a major gain for
the creation of transgenic livestock, if the CRISPR/Cas9 system could be optimized for HDR-
mediated targeted transgene integration in porcine oocytes, thus replacing the costly and
inefficient SCNT procedure.

Regarding gene editing, this work also described the establishment of a highly efficient
multiplexed CRISPR/Cas9 system for the inactivation of tumour suppressor genes, which are
commonly mutated in the course of human PDAC progression. Gene editing using a
CRISPR/Cas9 PTG construct offers the opportunity for simultaneous modification of several
genes and significantly reduces the vector size in comparison to the conventional
CRISPR/Cas9 editing system. Consequently, this strategy is suitable for applications with
limited packaging capacity such as viral delivery and thus avoids the co-transmission of several
plasmids or viral vectors, which would have led to unequal transcription levels of the respective
gRNAs.

While the generation of Cre driver pig lines enabled PDAC modelling in vivo, an alternative
approach in this work focused on the establishment and optimization of an in vitro system for
the induction of ADM, the earliest PDAC precursor state found in the human pancreas. Upon
cytokine treatment or activation of KRAS®?P and TP53R"H the porcine acinar cell model
showed typical characteristics of ADM. Although this porcine in vitro model needs further
characterisation and the generation of larger datasets, its development is a great success in
terms of cross-species comparison and could serve as a clinical in vitro model for the

identification of early biomarkers or drug testing.

The applied methods in this work enabled the generation of a porcine PDAC model, which
represents a major achievement in preclinical PDAC research. Due to their similarity to humans
in terms of organ size, physiology or drug metabolism, the generated PDAC pig represents a
valuable translational model that will allow cross-species comparison and validation of
preclinical data obtained from mouse studies, hopefully advancing research for early detection

and treatment of the devastating PDAC disease.
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6 Abbreviations

Abbreviation

Definition

2D Two-dimensional

3D Three-dimensional

4-OHT 4-hydroxytamoxifen

AdCre Adenovirus encoding Cre recombinase
ADM Acinar-to-ductal metaplasia

AMY2B Amylase alpha 2B

APC Adenomatous polyposis coli

ATM Ataxia-telangiectasia mutated

B2M Beta-2-microglobulin

bHLH protein

Basic helix-loop-helix protein

BPE

Bovine pituitary extract

BRCA1/2 Breast cancer 1/2

BSA Bovine serum albumin

CAM Chorioallantoic membrane

Cas9 CRISPR-associated protein 9

Cas9n Cas9 nickase

CDKN2A Cyclin-dependent kinase inhibitor 2A

CDS Coding DNA sequence

CHEK2 Checkpoint kinase 2

CK19 Cytokeratin 19

CMV Cytomegalovirus

c-MYC Cellular myelocytomatosis

Cre Causes recombination

Cre-ER' Cre fused to mutant binding domain of the human oestrogen
receptor

Cre-ERT™ Cre fused to triple mutant binding domain of the human oestrogen
receptor

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

CrRNA CRISPR RNA

CTLA4-Ig T cell co-stimulation inhibitor cytotoxic T-lymphocyte antigen 4

CVvD Cardiovascular disease

ddPCR Droplet digital PCR

DNA-PK DNA-dependent protein kinase

DNA-PKcs DNA-PK catalytic subunit

dNTP Deoxynucleotide

DMEM Dulbecco's Modified Eagle Medium

Dox Doxycycline

DSB Double-strand break

dsDNA Double-stranded DNA

E.coli Escherichia coli

EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein

EGFR Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

ER Endoplasmic reticulum

ES cells Embryonic stem cells

EtOH Ethanol

FAMMM Familial atypical multiple mole melanoma

FACS Fluorescence activated cell sorting

FBS Fetal bovine serum
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FISH Fluorescence in situ hybridization

G12D G to D amino acid substitution at codon 12
GAPs GTPase-activating proteins

gDNA Genomic DNA

GEFs Guanine nucleotide exchange-factors
GEMMSs Genetically engineered mouse models
Globocan Global Cancer Observatory

GOl Gene of interest

gRNA Guide RNA

h Hour

HCI Hydrochloric acid

HDR Homology-directed repair

H&E Hematoxylin and Eosin

HR Homologous recombination

HSP90 Heat shock protein 90

iCre Improved Cre

IHC Immunohistochemistry

IL-17A Interleukin-17A

ILL7RA Interleukin 17 receptor A

InDels Insertion or deletion mutations

IOPN Intraductal oncocytic papillary neoplasm
IPMN Intraductal papillary mucinous neoplasm
iPS cells Induced pluripotent stem cells

IRES Internal ribosomal entry site

ITPN Intraductal tubulopapillary neoplasm
ITR Inverted terminal repeat

ITS Insulin-Transferrin-Selenium

KCI Potassium chloride

KRAS Kirsten rat sarcoma viral oncogene homologue
I Litre

LBD Ligand binding domain

LEA29Y High affinity variant of CTLA4-Ig

LINEs Long interspersed nucleotide elements
LOH Loss of heterozygosity

LoxP Locus of crossing-over in P1

LSL Lox-stop-lox

LV Lentivirus

M Molar

Ml Metaphase I

MCN Mucinous cystic neoplasm

mMGFP Membrane-targeted GFP fluorescence cassette
MHCI Major histocompatibility complex class |
MHCII Major histocompatibility complex class |l
min Minute

mM Millimolar

MODY Maturity-onset diabetes of the young
mPdx1 Murine Pdx1 promoter

mMRNA Messenger RNA

mTomato Membrane-targeted Tomato fluorescence cassette
NaCl Sodium chloride

NaHCOs3 Sodium bicarbonate

NaOH Sodium hydroxide

NEAA Non-essential amino acids
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NHEJ Non-homologous end joining

OPI Overproduction inhibition

ORF Open reading frame

PACC Pancreatic acinar cell carcinoma

PADMSCs Porcine adipose-derived mesenchymal stem cells
PALB2 Partner and localizer of BRCA2

PAM Protospacer adjacent motif

PanIN Pancreatic intraepithelial neoplasia

PB piggyBac

PBS Dulbecco’s Phosphate Buffered Saline

PCR Polymerase chain reaction

PDAC Pancreatic ductal adenocarcinoma

Pdx1 Pancreatic and duodenal homeobox 1

PEFs Porcine ear fibroblasts

PKFs Porcine kidney fibroblasts

PNET Pancreatic neuroendocrine tumour

Pol 1l Polymerase |l

Pre-crRNA Precursor CRISPR RNA

P/S Penicillin-Streptomycin

PTF1A Pancreas associated transcription factor 1a
PTG Polycistronic tRNA-gRNA gene

R26 ROSA26

Rb Retinoblastoma

RBP-J/RBP-L Recombining binding protein suppressor of hairless
RMCE Recombinase-mediated cassette exchange
RNA-seq RNA sequencing

RNP Ribonucleoprotein particle

ROSA26 Reverse orientation splice acceptor B-geo 26
Rpm Revolutions per minute

RPS28 40S ribosomal protein S28

RT Room temperature

RT-PCR Reverse transcription-polymerase chain reaction
riTa Reversed tetracycline transactivator

S Second

SA Splice acceptor

SB Sleeping beauty

SCNT Somatic cell nuclear transfer

SDS Sodium dodecyl sulfate

sgRNA Single guide RNA

SINEs Short interspersed nucleotide elements
SMAD4 Mothers against decapentaplegic homolog 4
SNP Single nucleotide polymorphism

SOX9 SRY-Box Transcription Factor 9

SFFV spleen focus forming virus

SPN Solid pseudopapillary neoplasm

SSB DNA single-strand break

ssDNA Single-stranded DNA

SVA40LT Simian virus 40 large T antigen

T2A Thosea asigna virus self-cleaving peptide
TALEN Transcription Activator-like Effector Nuclease
TE Transposable element

Tet Tetracycline

TF Transcription factor
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TGF-a Transforming growth factor beta
TGF-B Transforming growth factor beta
Th1l7 T helper 17 cells

TNF Tumor necrosis factor

TNF-a Tumor necrosis factor alpha
TP53 Tumour protein p53

tracrRNA Transactivating crRNA

TSG Tumour suppressor gene

tTa Tetracycline transactivator

UEA | Ulex Europaeus Agglutinin |
UTR Untranslated region

V Volt

VLPs Virus-like particles

Vol Volume

VSV-G Vesicular stomatitis virus-glycoprotein
WES whole-exome sequencing

Xg gravity

ZFN Zinc Finger Nuclease
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11 Supplementary
11.1 Plasmid maps

11.1.1 Cloning vectors

A
pSL118@ cloning vector pJET1.2/blunt cloning vector
3422 bp 2074 bp
Nhel pJET _for plet_rev
T Afel
BamHI

f1 origin of replication

TR

pBR322 origin of replication

pMB1 origin of replication

U6 promoter,2x Bbsl
tracr seq,U6 terminator,MCS

bGH-polyA CAG enhancer
PuromycinR
Kozak
124

Supplementary figure 1. Utilised cloning vectors. (A) PSL1180 cloning vector for PTF1A targeting vector generation.
(B) PJetl1.2/blunt cloning vector for subcloning. (C) 841 pX330-hSpCas9-MCS-T2A-Puro plasmid for gene editing.
The plasmid maps were generated using the Benchling biotechnology software.

11.1.2 Vectors for PTF1A 5’end targeting

pX462-hSpCas9n(D10A)-PTF1A_Ex1_gRNA4 plasmid pSL1180-iCre-pA double cut donor
9171 bp 7191 bp
RUC origin of replication U6 _promoter, gRNA4, scaffold 2RNA4+PAM
U6 terminator pBR322 origin of replication
AmpR CBh
PTF1A RHA
3xFLAG
NS AmpR
f1 origin of replication
R-ITR SV48-polyA
bGH-polyA
PuromycinR
I2A f1 origin of replication
NLS
Kozak RNAG+PAM
PTF1A LHA

Supplementary figure 2. Plasmids used for PTF1A 5’end targeting. (A) PX462-Cas9n vector for targeting PTF1A
exon 1.(B) Double cut donor for integration of iCre via HDR. The plasmid maps were generated using the Benchling

biotechnology software.
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11.1.3 Vectors for PTF1A 3’end targeting

A B
pX330-hSpCas9-PTF1A_3’UTR_gRNA1 plasmid pX330-hSpCas9-PTF1A_3’UTR_gRNA2 plasmid
9265 bp 9264 bp
AmpR U6 _promoter,PTF1A 3'UTR gRNA2
tracr seq
AugR U6_terminator

f1 origin of replication

U6 _promoter,PTF1A 3'UTR gRNA1
tracr seq,U6 terminator,MCS

MCS,CAG _enhancer
Kozak

bGH-polyA CAG enhancer o
f1 origin of replication
PuromycinR
Kozak
T2A bGH-polyA
PuromycinR
T2A
Cc D
pX330-hSpCas9-PTF1A_3’UTR_gRNA3 plasmid pSL1180-T2A-iCre-pA double cut donor
9265 bp 6628 bp
gg_pritgzirgz:lA 3'UTR gRNA3 gRNA3+PAM
T T pPBR322 origin of replication
AmpR U6_terminator PTF1A RHA

MCS,CAG enhancer
Kozak

AmpR
f1 origin of replication bGH-polyA
bGH-polyA
PuromycinR
T2A f1 origin of replication
I2A
PTF1A LHA gRNA3+PAM

Supplementary figure 3. Plasmids used for PTF1A 3’end targeting. (A-C) pX330-Cas9 plasmids for testing editing
efficiencies of PTF1A gRNAs 1, 2 or 3. (C+D) pX330-Cas9-gRNAS3 vector and double cut donor for integration of
T2A-iCre into the 3'UTR of PTF1A. The plasmid maps were generated using the Benchling biotechnology software.

A B

814 PGK-ERT2-Cre-ERT2 plasmid
6852 bp

KanaR/NeoR

PGK-ERT2-iCre-ERT2-pA plasmid
6858 bp

KanaR/NeoR

SV4Q origin of replication
SV49 promoter

SV40 origin of replication PCK_promoter

SV4@ promoter

PGK _promoter
Kozak

D
pSL1180-T2A-iCre-ERT2-pA double cut donor
7502 bp

gRNA3+PAM

PGK-iCre-ERT2-pA plasmid
5917 bp

SV40 origin of replication KanaR/NeoR

SV40 promoter

pBR322 origin of replication

PTF1A RHA

CMV-polyA

f1 origin of replication

PGK _promoter

ZRNA3+PAM

Kozak 124 PTF1A LHA

Supplementary figure 4. Plasmids used for inducible Cre driver line generation. (A) Vector used for the generation
of plasmids for validating the inducibility of iCre-ER™ and ER-iCre-ER'2 systems in porcine cells. (B) Plasmid for
testing the 4-OHT induction efficiency of ERT?-iCre-ER™ in porcine cells. (C) Plasmid for testing the 4-OHT induction
efficiency of the iCre-ERT system in porcine cells. (D) Double cut donor for the generation of a 4-OHT inducible
Cre driver pig line. The plasmid maps were generated using the Benchling biotechnology software.
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11.1.4 Vectors for ROSA26 targeting and random integration of mPdx1-iCre

A B
Pdx1-mTQ2-P2A-F1p0-pA plasmid R26-SA-BS-pA-mPdx1-rbG-iCre-pA targeting vector
13172 bp 19451 bp
lac promoter ColEl origin of replication L ., AmeR ColEl origin of replication
bGpro_lyA —AmpR f1 origin of replication
—_—== == R26 short HA
5V4@ NLS SA,Kozak
— BlasticidinR
ECFP (variant) 5V40-polyA
Kozak bGH-polyA
rabbit beta globin intron CMV-polyA
bGH-polyA
iCre
Kozak
rabbit beta globin intron
C D
pX330-hSpCas9_R26_gRNA plasmid R26-SA-Neo-pA-mPdx1-rbG-iCre-pA targeting vector
9261 bp 19706 bp
AmpR Kozak-NeoR, SV40-polyA, bGH-polyA

SA

1 origin of replication R26 short HA

U6 _promoter mPdx1_promoter

bGH-polyA R26_gRNA, tracr
Jule]
PuromycinR CAG _enhancer
124
AmpR
rabbit beta globin intron
Kozak
iCre
bGH PolyA
R26 long HA
mPdx1-rbglobin-iCre-pA-PGK-Neo-pA plasmid
12444 bp
bGH-polyA,PGK promoter EM7,NeoR
bGH-polyA
iCre pBR322 origin of replication

Kozak
rabbit beta globin intron

AmpR

Supplementary figure 5. Plasmids for ROSA26 targeting and random integration. (A) Plasmid used for cloning of
the mPdx1 promoter and rabbit B-globin sequence. (B+D) Targeting vectors for ROSA26 targeting. (C) PX330-
Cas9 vector for CRISPR/Cas9-mediated integration of mPdx1-iCre into porcine ROSA26. (E) Plasmid for random
integration of mPdx1-iCre into the porcine genome. The plasmid maps were generated using the Benchling

biotechnology software.
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11.1.5 Vectors for transposon-mediated integration of mPdx1-iCre

hyPB-Transposase-WPRE plasmid
6077 bp

WPRE

origin of replication

mCherry

—
N

CMV_enhancer
CMV_promoter
T7 promoter

C  hyPB-T lasmi
y ranssegesgpse P asm1d

bGH-PolyA
origin of replication

mCherry

I2A

CMV_enhancer

CMV_promoter
T7 promoter

CMV transposon plasmid
P . 3&ebp P 5

PB 5'ITR

origin of replication

D pCMV-mPdx1-iCre transposon plasmid

11265 bp
bGH-polyA,PB 5'ITR

origin of replication

AmpR

PB 3'ITR
SB 5'ITR

Supplementary figure 6. Plasmids for transposon-mediated integration of mPdx1-iCre. (A+B) Hyperactive PB
transposase and transposon plasmids kindly provided by Prof. Dr. Roland Rad. (C+D) Hyperactive PB transposase
plasmid and mPdx1-iCre transposon for PB-mediated integration of the mPdx1-iCre sequence into the porcine
genome. The plasmid maps were generated using the Benchling biotechnology software.
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11.2 Vectors for multiplexed gene editing for mutational activation

A B
pX330-Cas9-T2A-Puro-PTG1 plasmid pX330-Cas9-T2A-Puro-PTG2 plasmid
9602 bp 9611 bp
U6 _promoter, tRNA, SA-gRNA1, scaffold, tRNA SA-gRNA2 U6_terminator,CAG enhancer
scaffold LRNA, SA-gRNA1, scaffold, tRNA, SA-gRNA3, scaffold
U6 terminator U6 _promoter
scaffold

tracr seq
U6_terminator
CAG enhancer

ATRR

1
©.
I;U

f1 origin of replication

bGH-polyA
f1 origin of replication
PuromycinR
I2a bGH-polyA
PuromycinR T2A
C
pX330-Cas9-T2A-Puro-PTG3 plasmid

9611 bp

U6 terminator,CAG enhancer
tRNA, SA-gRNA1, scaffold, tRNA Neo-gRNA1, scaffold
U6 _promoter

f1 origin of replication
bGH-polyA
PuromycinR T2A

Supplementary figure 7. Plasmids for mutational activation of KRAS®?P and TP53R67H, (A+B) PTG constructs for

activating KRASC?P and TP53R67H mutations via multiplexed gene editing. (C) PTG construct for activation of
KRAS®12D The plasmid maps were generated using the Benchling biotechnology software.

11.3 Vectors for multiplexed gene editing of TSGs

A B

pX330-Cas9-T2A-Puro-TP53-p16-SMAD4-PTG plasmid pX330-Cas9-T2A-Puro-p16-SMAD4-BRCA2-PTG plasmid
9689 bp 9697 bp

CAG enhancer CAG enhancer
SMAD4-gRNA, scaffold, U6 terminator BRCAZ2-gRNA, scaffold, U6 terminator
1RNA, p16-gRNA, scaffold, tRNA tRNA SMAD4-gRNA, scaffold, tRNA
TRNA, TP53-gRNA, scaffold TRNA, p16-gRNA, scaffold
U6 promoter UE promoter

AmgR AR
I2a T2A
PuromycinR PuromycinR
f1 origin of replication bGH-polyA f1 origin of replication bGH-polyA

pX330-Cas9-T2A-Puro-TP53-p16-SMAD4-BRCA2-PTG plasmid
9869 bp

U6_promoter
AmpR tRNA, TP53-gRNA, scaffold, tRNA, p16-gRNA, scaffold
tRNA, SMAD4-gRNA, scaffold, tRNA, BRCA2-gRNA
scaffold,U6_terminator
CAG enhancer

f1 origin of replication

bGH-polyA
PuromycinR

124

Supplementary figure 8. Plasmids for multiplexed gene editing of TSGs. (A) Plasmid for multiplexed gene editing of
porcine TP53, p16 and SMADA4. (B) Plasmid for multiplexed gene editing of porcine p16, SMAD4 and BRCA2. (C)

Plasmid for multiplexed gene editing of porcine TP53, p16, SMAD4 and BRCA2. The plasmid maps were generated
using the Benchling biotechnology software.
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11.4 Vectors for transformation and retransplantation of porcine cells

A pX330-Cas9-Pentaplex vector B CAG-LEA29Y plasmid
10035 bp 8292 bp
loxP
CAG_enhancer NeoR
IP53-gRNA, tracr_seq,U6-terminator — AmpR

tRNA, B2M-gRNA, Scaffold, tRNA
tRNA, BRCA2-gRNA, Scaffold

tRNA, Smad4-gRNA, Scaffold
tRNA, p16-gRNA, Scaffold

U6 _promoter loxP
Seq_180124
CMV_IE enhancer
AmpR 124 -
PuromycinR CAG promoter
f1 origin of replication bGH-polyA chicken b-actin intron
pPcDNA3.1-Hygro-CAG plasmid pcDNA3. 1-Hygro-CAG-LEA29Y plasmid
7159 bp 7693 bp
f1 origin of replication SV40 promoter
bGH-polyA f1 origin of replication Hygromycin
Hygromycin
bGH-polyA
bGH-polyA
rabbit beta globin SA
chicken beta actin Intron 1 SV40-polyA LEA-Insert

chicken beta actin exonl

rabbit beta globin SA
1icken beta actin Intron 1

chicken beta actin 5 region
chicken beta actin exonl

CMV_enhancer
chicken beta actin 5’region
CMV_enhancer

Supplementary figure 9. Plasmids for cell transformation and retransplantation. (A) Plasmid for multiplexed gene
editing of p16, SMAD4, BRCA2, B2M and TP53. (B+C) Plasmids for cloning the Hygro-CAG-LEA29Y plasmid. (D)
Hygro-CAG-LEA29Y plasmid to reduce cell rejection. The plasmid maps were generated using the Benchling
biotechnology software.
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11.5 Vectors for mutational activation in porcine pancreatic acinar cells

SFFV-Cre lentiviral vector 990_GAG-CRErec plasmid
9962 bp 7529 bp
f1 origin of replication T7 promoter
AmpR_promoter CMV_enhancer
AmpR CMV_promoter
Beta-globin intron
5'LTR
PBS
psi origin of replication
RRE
SFFV_promoter Beta globin-polyA
cre
CMV-VSV-G plasmid 1044_pBS-CMV-gag-pol plasmid
6507 bp 9326 bp
origin of replication origin of replication
AmpR I3 promoter
Beta globin polyA AmpR_promoter CMV_enhancer
AmpR f1 origin of replication CMV_promoter
T7 promoter
bGH-polyA
AmpR_promoter
pol region

f1 origin of replication

T7 promoter

CMV_enhancer

Beta globin intron CMV_promoter

Supplementary figure 10. Plasmids for mutational activation in porcine acinar cells. (A) SFFV-Cre lentiviral vector
for activation of KRAS®*?P and TP53R%7H in porcine pancreatic acinar cells. (B-D) Plasmids for the production of
Cre-VLPs for mutational activation in pancreatic acinar cells. The plasmid maps were generated using the Benchling

biotechnology software.
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11.6 Characterisation of cell clones for PTF1A®® pig generation
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Supplementary figure 11. Analysis of PTF1A%C cell clones. (A) 5'screening PCR results in a band of 2233 bp for
correctly targeted cell clones. (B) 3'screening PCR shows a band of 2346 bp for correctly targeted cell clones. (C)
Endogenous PCR gives a band of 3020 bp for the non-targeted endogenous allele. (D) DdPCR for iCre copy
numbers of selected cell clones.
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iCre copy number
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Supplementary figure 12. Analysis of PTF1A%Ce cell clones. (A) 5’screening PCR results in a band of 2127 bp for
correctly targeted cell clones: (B) 3'screening PCR shows a band of 2300 bp for correctly targeted cell clones. (C)
Endogenous PCR gives a band of 2887 bp for the non-targeted endogenous allele. (D) DdPCR for iCre copy

numbers of selected cell clones.
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Supplementary figure 13. Analysis of PTF1A%CeERT2 ce|| clones. (A) 5'screening PCR results in a band of 2127 bp
for correctly targeted cell clones. (B) 3’screening PCR shows a band of 3261 bp for correctly targeted cell clones.
(C) Endogenous PCR gives a band of 2887 bp for the non-targeted endogenous allele. (D) DdPCR for iCre copy

numbers of selected cell clones.
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11.7 Pyrosequencing results: PTF1A°® progeny
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KRASLSLG12DWTPTF A%iCre kidney:
A: 2%
G: 98%
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Supplementary figure 14. KRAS Pyrosequencing: KRASISLG12DWTPTE] ASiCre pig,

Reporter-KRASLSLG12DIWTPTF1 A5iCre gmall brain:
A: 47%
G: 53%
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Reporter-KRASLSLG12DWTPTF1 A%iCre stomach:
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Supplementary figure 15. KRAS pyrosequencing: Reporter-KRAS-SLE12DWTPTE] ASCre pig,

KRASLSLG12DWTTP53LSLRISTHWTPTF A%iCre small brain:
A: 47%
G: 53%
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KRASLSLC12D/WTTP53LSLRIGTHWTPTF1 ASiCre pancreas:
A: 37%
G: 63%
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Supplementary figure 16. KRAS pyrosequencing: KRASSLG12DWTTP53LSLRIGTHWTPTE] ASTCre pig,
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G: 46%
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KRASLSLG120MTPTF1 A%Cre Kidney:
A:13%
G: 88%
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Supplementary figure 17. KRAS pyrosequencing: KRASSLC12DWTPTE] A3ICre pig,

Reporter-KRASLSLG12DWTPTF] A3iCre gmall brain:
A: 34%
G: 66%
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Reporter-KRAS-SLG12DWTPTF1 A3'iCre stomach:
A: 5%
G: 95%
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Supplementary figure 18. KRAS pyrosequencing: Reporter-KRASSLE12DWTPTE] AJICre pig,

WT small brain:
A: 2%
G: 98%
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WT pancreas:
A: 4%
G: 96%
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Supplementary figure 19. KRAS pyrosequencing: Wild type pig.
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TPS53:
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TP53LSLRISTHWTPTE1ASICre kidney:
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Supplementary figure 20. TP53 pyrosequencing: TP53LSLRI6THWTPTE] ASICre pig,

KRASLSLG120WTTP53LSLRISTHWTPTF1ASCre small brain:
A: 33%
G: 67%
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A: 3%
G: 97%
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Supplementary figure 21. TP53 pyrosequencing: KRASSLG12DWTTPE3LSLRISTHWTPTE] ASTCre pig,

TP53LSLRISTHWTPTF1A3Cre small brain:

A: 45%
G: 55%
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TP53LSLRISTHWTPTF1AS'Cre pancreas:
A: 27%
G: 73%
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Supplementary figure 22. TP53 pyrosequencing: TP53LSLRISTHWTPTE] ASICre pig,
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WT small brain:
A: 3%
G: 97%

WT pancreas:
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WT stomach:
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Supplementary figure 23. TP53 pyrosequencing: Wild type pig.
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11.8 Results for ROSA26 targeting
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Supplementary figure 24. Results for ROSA26 targeting. (A) 5’junction PCR from 5’endogenous end into SA shows
2481 bp band for positive cell clones. (B) 5’junction PCR from 5’endogenous end into mPdx1 promoter reveals
4518 bp and 4266 bp bands for R26-SA-Neo-mPdx1-iCre and R26-SA-BS-mPdx1-iCre, respectively. (C) R26
endogenous PCR shows a 3105 bp band for the intact second allele. (D) DdPCR results for R26-mPdx1-iCre cell

clones.
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11.9 Pyrosequencing results: mutational activation by gene editing
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Supplementary figure 25. Pyrosequencing: SA gRNA 1 with SA gRNA 2/SA gRNA 3.
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Supplementary figure 26. Pyrosequencing: SA gRNA 1 with Neo gRNA 1 and control.

11.10 Results for porcine ADM modelling
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Supplementary figure 27. Preliminary results for further ADM characterisation. RT-PCR for GAPDH expression
resulted in a band of 576 bp for day 3 (D3), day 6 (D6) and day 5 (D5) samples isolated from a porcine acinar cell
culture.
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