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1 List of abbreviations 

Table 1: Abbreviations 
Abbreviation Definition 

2-D Two-dimensional 
3-D Three-dimensional 
AKT Thymoma viral proto-oncogene 
Alb Albumin 
AMP Adenosine monophosphate 
APC Adenomatous-polyposis-coli protein 
ATP Adenosine triphosphate 
CCA Cholangiocarcinoma 
CDKN2A Cyclin dependent kinase inhibitor 2a 
CDKN2B Cyclin dependent kinase inhibitor 2b 
CHC Col1a1 RMCE-based homing cassette 
CK19 Cytokeratin 19 
CK7 Cytokeratin7 
CPT-11 (Irinotecan) 7-ethyl-10-[4-(1-pi-peridino)-1-piperidino 
Cre Cyclization recombinase 
CRISPR/Cas9 Clustered regularly interspaced short palindromic 

repeats/CRISPR associated protein 9 
CTNNB1 ß-Catenin gene 
DNA Deoxyribonucleic acid 
DSB Double strand break 
ECM Extracellular matrix 
EGFR Epidermal growth factor 
EpCAM Epithelial cell adhesion molecule 
ERBB Epidermal growth factor receptor tyrosine kinase 
ERK Extracellular signal-regulated kinase 
ESC Embryonic stem cell 
FZD Frizzled 
GB Gallbladder 
GBC Gallbladder Carcinoma 
GEMM Genetically engineered mouse model 
GFP Green fluorescent protein 
GTPases Guanine-triphosphate-Hydrolase 
HCC Hepatocellular Carcinoma 
HDR Homology directed repair 
HEPPAR1 Hepatocyte paraffin-1 
HNFα Hepatocyte nuclear factor-4α 
HTVI Hydrodynamic tail vein injection 
ICE Inference of CRISPR Edits 
INK4a/ARF Inhibitor of cyclin dependent kinase 4a/ alternative reading 

frame 
IPMN Intraductal papillary mucinous neoplasm 
KRAS Kirsten rat sarcoma oncogene 
LGR Leucine-rich repeat containing G-proteil-coupled receptors 
loxP Locus of x-over 
Lsl Lox-stop-lox 
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MAPK Mitogen activated protein kinase 
MAPKK Mitogen-activated protein kinase kinase 
MAPKKK Mitogen-activated protein kinase kinase kinase 
MCN Mucinous cystic neoplasm 
MEK Mitogen-activated protein kinase kinase 
Mir31 MicroRNA31 
mKate Red fluorescent protein 
MTAP Methyl-thioadenosine phosphorylase 
mTOR Mammalian Target of Rapamycin 
Myc Myelocytomatosis oncogene 
Nal-IRI Nanoliposomal-Irinotecan 
NHEJ Non-homologous end joining 
NICD Notch1 intracellular domain 
PanIN Pancreatic intraepithelial neoplasia 
PDAC Pancreatic ductal adenocarcinoma 
PDX Patient-derived Xenografts 
PI3K Phosphoinositide-3-kinase 
PIP3 Phosphatidyl inositol-3,4,5 tri-phosphate 
PLC Primary liver cancer 
PTEN Phosphatase and tensin homolog  
RB Retinoblastoma tumor suppressor protein 
RMCE Recombinase-mediated cassette exchange strategy 
RNA Ribonucleic acid 
RNAi RNA interference 
RNF43 Ring finger protein 43 
rtTA3 Reverse tetracycline transactivator 
sgCR8 sgRNA Chromosomal region 8 
sgRNA Single guide RNA 
shRENILLA Control-shRNA 
shRNA Short hairpin RNA 
SOX9 Sex determining region Y-box 9 
Tet Tetracycline 
TP53 Tumor suppressor 53 
TRE Tetracycline response element 
WNT Wingless int 
wt wildtype 
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2 Summary: Dissertation of Katharina Wolff 

Establishing murine models of biliary and pancreatic cancer for the rapid functional 

annotation of cancer genes 
Gallbladder cancer (GBC), cholangiocarcinoma (CCA) and pancreatic ductal adenocar-

cinoma (PDAC) have a five-year survival rate below 10%, as a result of late diagnosis, missing 

therapeutic options due to the genetic heterogeneity of the cancer types and sparse knowledge 

of the effects of specific genetic changes on tumor development. These cancers have a strong 

desmoplastic stroma reaction, which might interfere with therapeutic efficiency. For all three, 

accurate in vivo models will be elemental to display rapid and flexible genetic combinations 

and their pathological phenotype. 

Murine liver and gallbladder cells can be cultured 3-dimensional (3D) as organoids and genet-

ically manipulated via RNAinterference, CRISPR/Cas9 technology and overexpression of 

oncogenes. In vitro, organoids of the liver and gallbladder both show a biliary phenotype and 

are almost completely epithelial cell adhesion molecule (EpCAM) expressing cells. They grow 

out of a digested liver or gallbladder cell-suspension. EpCAM positive cells are found in less 

than 1% of liver cells, and in 21.1% of cells in the gallbladder.  

Liver organoids with endogenous activation of mutated KrasG12D and loss of floxed p53 due 

to Cre-recombinase activity grew faster in vitro compared to their wildtype counterpart. These 

organoids form with complete penetrance moderately differentiated adenocarcinomas when im-

planted subcutaneously into mice. Histologically, the tumors show Cytokeratin 19 positive 

ductal structures with a desmoplastic stroma, a hallmark characteristic of cholangiocarcinoma.  

For further analyses, cell lines of the resulting tumors were established and cultured either in 

2D or 3D conditions (called tumoroids). Comparing the transcriptome profile of the unmodified 

wildtype organoids, the pre-injection mutational activated organoids and the related tumoroids 

in unsupervised cluster analysis, it showed a high similarity between the wildtype and pre-

injected ones. In contrast, tumoroids have a markedly different expression profile. Differences 

were detected in the gene sets after mutational activation (KrasG12D/wt; p53∆/∆) in genes 

regulating the cell cycle, E2F and myelocytomatosis oncogene Myc, underlining the shown 

increased proliferation in vitro. In premalignant organoids growing in vivo, gene sets associated 

with inflammation and paracrine signaling became activated. Genomic copy number analysis 

also showed increased deletions and amplifications after Kras- activation and p53 deletion and 

even more after tumorigenesis in vivo, in regions often altered in human CCA. Serially 

transplanted 2D and 3D tumor cell lines still form moderately differentiated CCA with 

comparable histology. In vitro, MAPK Inhibitor selumetinib and PI3K inhibitor BKM120 act 

independently of the culture conditions and decrease cell growth.  

Knockdown of the commonly mutated tumor suppressor gene in CCA, phosphatase and tensin 

homolog (PTEN), via RNAinterference leads to acceleration in tumor growth without 
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histological changes. To test the system in a more physiological environment, organoids 

transplanted intrahepatically develop similar CCAs. Additionally, comparable tumors arise 

when the CRISPR/Cas9 system targeting p53 and Pten is used in syngeneic KrasG12D/wt 

organoids instead of shPTEN and excised p53 for the injection into immunocompetent mice. In 

these, first-line chemotherapy in CCA, Gemcitabine leads to a moderate survival benefit of 32 

days compared to 42 days, but no complete tumor regression, reflecting the patient's response.  

Overexpression of MYC coupled with a red fluorescent protein mCherry in C57BL/6J 

organoids in combination with a GFP-coupled shRNA targeting p53 and a sgRNA altering 

adenomatous polyposis coli (Apc) transplanted into mice form tumors with different histology. 

The substitution of the oncogene KRAS with MYC leads to tumor-growth in a solid pattern in 

nests resembling the histology of hepatocellular carcinoma (HCC). Supportively, the 

transcriptome profiles of the tumoroids from the organoid-based murine CCA and HCC closely 

reflects the profile of authentic human cancers in comparative analysis.  

The next aim was to transfer the experimental set up used for establishing the CCA mouse 

model to establish a gallbladder cancer model. KrasG12D and sgp53 gallbladder organoids 

transplanted into mice form gallbladder adenocarcinomas with accelerated growth when Pten-

expression also gets interrupted. In demonstrating the plasticity of these organoids, changing 

the oncogene to overexpression of mutated epidermal growth factor receptor 2 (ERBB2) leads 

to papillary gallbladder cancer. The liposomal formulation of irinotecan called Nal-IRI does 

lead to a therapeutic benefit compared to irinotecan, probably due to improved drug delivery to 

the tumor site.  

In the KRAS-driven pancreatic embryonic stem cell (ESC) based murine model, the role of 

loss-of-RNF43, as well as large homozygous deletions, were addressed. Multi allelic-ESCs 

were targeted with regulatable CRISPR/Cas9 constructs for an organ-specific and inducible 

genome editing. Loss of RNF43 led to reduced survival and increased tumor development.  

Organoid cultures have unique opportunities and plasticity to model cancer. In both primary 

liver cancer and gallbladder cancer, they stay in an untransformed stage even after serially pas-

sages, can be cryoconserved, unlimitedly expanded and genetically modified according to 

cancer-type specific needs of investigations. Carcinogenesis can be studied starting from 

genetically wildtype cells with stepwise tumor-development and their influence on the therapy 

response in combination with the expression of a fluorescent protein, which makes the system 

traceable. This model and the developed ESC-based genetically engineered pancreatic mouse 

model have the advantage of displaying tumors resembling the human disease in an 

immunocompetent environment. In contrast, the ESC-based model keeps due to its inducible 

and temporal control the advantage of giving rise to tumors endogenously in a healthy 

environment. The CRISPR/Cas9 technology, with its possibility of easy and fast introduction 

of all kinds of genetic changes, demonstrates high efficiency in both models. 
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3 Zusammenfassung: Dissertation von Katharina Wolff 

Etablierung eines murinen Models für Tumore des biliären Systems und des Pankreas 

und dessen schnelle und funktionelle Annotation von Tumor-Genen 

Gallenblasenkrebs (GBC), Cholangiokarzinom (CCA) und duktales Adenokarzinom des 

Pankreas (PDAC) haben eine 5-Jahres-Überlebensrate von unter 10% aufgrund der häufig erst 

späten Diagnose, fehlender Therapiemöglichkeiten durch die große Heterogenität der 

Tumorarten und das geringe Wissen über die Auswirkungen von spezifischen, genetischen 

Veränderungen auf die Tumorentwicklung. Diese Tumorarten haben die Eigenschaft, ein 

desmoplastisches Stroma auszubilden welches dann die therapeutische Effizienz beeinflussen 

kann. Sowohl für GBC, CCA als auch PDAC sind in vivo Modelle dringend notwendig und 

grundlegend für weitere Forschung. Diese Modelle sollten akkurat den pathologischen 

Phänotyp schnell und flexibel mit unterschiedlichen genetischen Kombination abbilden 

können. 

Murine Leber- und Gallenblasenzellen können 3-dimensional als Organoide kultiviert und 

genetisch manipuliert werden mit Hilfe von RNA-Interferenz, der CRISPR/Cas9 Technologie 

und Überexpression von Onkogenen. In vitro zeigen Leber- und Gallenblasenorganoide einen 

biliären Phänotyp und bestehen beinahe komplett aus Zellen, welche das epitheliale 

Zelladhäsionsmolekül EpCAM exprimieren. Die Organoide wachsen aus einer Leber- oder 

Gallenblasenzellsuspension, wobei die Zellsuspension der verdauten Leber aus weniger als 1% 

EpCAM positiven Zellen besteht und die der Gallenblase mit 21.1% aus deutlich mehr. 

Leberorganoide mit einer endogenen Aktivierung des mutierten KrasG12D und dem Verlust 

von p53 wachsen schneller in vitro verglichen mit ihren genetisch unveränderten Wildtyp-

Organoiden. Die KrasG12D; p53∆/∆ Organoide subkutan transplantiert in Mäuse bilden mit 100% 

Penetranz moderat differenzierte Adenokarzinome. Histologisch zeigen diese Tumore 

Zytokeratin 19 positive duktale Strukturen mit einem desmoplastischen Stroma, ein 

charakteristisches Merkmal für CCAs. Für weitere Analysen wurden aus den Tumoren 

Zelllinien etabliert und entweder in 2D- oder 3D-Konditionen (genannt Tumoroide) kultiviert. 

Ein Vergleich des Transkriptomprofils der unmodifizierten Wildtyp-Organoide und der 

genetisch manipulierten, pre-injizierten Organoide und ihre dazugehörigen Tumoroide zeigen 

in nicht-überwachten Klusteranalysen eine große Ähnlichkeit zwischen den Wildtyp- und den 

pre-injizierten Organoiden. Das Profil der Tumoroide unterscheidet sich deutlich von beiden 

anderen. Im Vergleich der Expression bestimmter Gengruppen zeigt sich, dass nach der 

Aktivierung von KrasG12D und der Deletion von p53 Gengruppen welche den Zellzyklus 

regulieren, sowie der E2F-Signalweg und Gene aus dem Signalweg des Onkogens 
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Myelocytomatosis MYC aktiviert werden. Dies könnte die bereits in vitro festgestellte erhöhte 

Proliferation erklären. Die pre-malignen Organoide erhalten durch ihre Transplantation in vivo 

eine Aktivierung in Gengruppen, welche die Inflammation und parakrine Signalwege 

regulieren. Genomische Kopie-Anzahlanalysen ergaben, dass eine erhöhte Anzahl an 

Deletionen und Amplifikationen nach der Kras-Aktivierung und p53-Deletion und umso mehr 

nach der Tumorigenese in vivo auftraten. Diese genetischen Veränderungen befinden sich in 

Regionen, welche häufig auch in humanen CCAs betroffen sind. 

Seriell transplantierte 2D-Tumorzelllinien und Tumoroide formen beide moderat 

differenzierte CCAs mit einer vergleichbaren Histologie zu dem parentalen Tumor. Der 

MAPK-Inhibitor selumetinib und der PI3K-Inhibitor BKM120 wirken in vitro inhibierend auf 

das Zellwachstum, unabhängig von der Kultivierungsmethode der Tumorzelllinien.  

Herunterregulierung des in CCA häufig mutierten Tumorsuppressorgens Phophatase and 

tensin homolog (PTEN) mithilfe von RNA-Interferenz führt zu einer Beschleunigung des 

Tumorwachstums ohne die Histologie der Tumoren zu beeinflussen. Um den Einfluss des 

physiologischen Umfelds zu testen, wurden diese Organoide auch intrahepatisch transplantiert, 

wo sie CCAs entwickelten ohne detektierbaren Unterschied zu den subkutanen Tumoren. 

Ebenfalls vergleichbare Tumore entstehen, wenn syngene KrasG12D/wt Organoide mit sgRNAs 

welche p53 und Pten modifiziert und darauffolgend in immunkompetente Mäuse injiziert 

werden. An diesen Mäusen führte die CCA-Erstlinientherapie Gemcitabine zu einer moderaten 

Verbesserung des Überlebens von 32 Tagen verglichen mit 42 Tagen in der Kontrollgruppe. 

Diese Inhibition des Tumorwachstums ohne komplette Tumorregression bildet einen 

vergleichbaren Effekt wie bei der Therapieantwort von einem Patienten ab.  

Ein Austausch des Onkogens KRAS durch ein überexprimiertes MYC in Verbindung mit 

einem rot fluoreszierend Protein mCherry in C57BL/6J Organoiden und zusätzlich exprimierter 

GFP-gekoppelter shRNA gegen p53 und sgRNA welche gegen das Gen Adenomatous 

Polyposis Coli (Apc) gerichtet ist, führt transplantiert in Mäuse zu Tumoren mit einer komplett 

anderen Histologie. Die Tumorzellen wachsen in einer soliden Struktur in Form von Nestern 

ähnlich der Histologie von Hepatozellulären Karzinomen (HCC). Unterstützend zu den 

histologischen Ähnlichkeiten sind die Transkriptomprofile der Tumoroide etabliert aus den 

organoid-basierten murinen CCA und HCC sehr ähnlich zu den Profilen von authentischen, 

humanen Tumoren. 

Der experimentelle Aufbau den wir für die Etablierung des CCA-Maus Models genutzt haben 

wurde auf Gallenblasen-Organoide und die Entwicklung eines Gallenblasentumor-

Mausmodels übertragen. Die in Mäuse transplantierten KrasG12D/wt; sgp53 



Zusammenfassung: Dissertation von Katharina Wolff 

 

11 
 

Gallenblasenorganoide bildeten Adenokrazinome, wobei das Tumorwachstum durch 

zusätzliche Genveränderung der Organoide mithilfe von sgPten beschleunigt werden konnte. 

Auch die Gallenblasenorganoide behielten ihre Plastizität bei, verschiedene Tumore zu bilden. 

Bei einer Überexpression von dem mutierten epidermalen Wachstumsfaktor Rezeptor ERBB2 

anstatt von KRAS entwickelten die Mäuse papilläre Gallenblasenkarzinome. Die liposomale 

Formulation von Irinotecan (Nal-IRI) führt zu einer therapeutischen Verbesserung verglichen 

mit Irinotecan, wahrscheinlich aufgrund von einem verbesserten Medikamententransport zu 

dem Tumor.  

In dem murinen Model basierend auf embryonale Stammzellen (ESCs) mit einem 

organspezifisch induzierbaren, latenten KrasG12D wurden die Rolle des RNF43-Verlustes und 

große homozygote Deletionen im Pankreas betrachtet. Multi-Allel ESCs enthalten regulierbare 

CRISPR/Cas9 Konstrukte welche Pankreas-spezifisch und Doxycylin-induzierbar das Genom 

verändern. Der Verlust von RNF43 führt zu einem reduzierten Überleben und erhöhter 

Tumorentwicklung. 

Organoid-Kulturen bieten einzigartige Möglichkeiten und die Plastizität verschieden Tumore 

zu bilden, entweder CCA, HCC oder GBC. Organoide können untransformiert mehrfach 

passagiert werden, kryokonserviert und ohne Limit expandiert werden. Zusätzlich können die 

Organoide genetisch modifiziert werden je nach Tumortyp und benötigtem genetischen Profil. 

Karzinogenese kann untersucht werden beginnend von einer genetisch unveränderten Zelle mit 

schrittweiser Tumorentwicklung und den Einfluss der Genveränderung auf die 

Therapieantwort. Genetische Manipulationen können verfolgbar gemacht werden in 

Kombination mit der Expression eines fluoreszierenden Proteins. Dieses Organoid-basierte 

Model und auch das ESC-basierte genetisch veränderte Model haben den Vorteil, Tumore zu 

entwickeln, welche der humanen Krankheit stark gleichen. Zusätzlich entstehen diese Tumore 

in einem immunkompetenten Umfeld wobei das ESC-basierte Model den Vorteil einer 

endogenen Tumorentstehung in einem gesunden Organismus hat. Die CRISPR/Cas9 

Technologie ermöglicht eine einfache und schnelle Einführung von verschiedenen genetischen 

Veränderungen mit hoher Effizienz in beiden Mausmodellen.  
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4 Introduction 

Liver, gallbladder (GB), bile ducts and pancreas arise from the same embryologic origin and 

share similarities in function and morphology.1 Collectively, they control the metabolism of the 

organism, support digestion by secreting either enzymes (pancreas) or solubilizing factors (bile 

from the liver) into the intestine through the same duct (hepatopancreatic duct). Adult pancreas, 

liver, and gallbladder share typically epithelial cells forming a ductal network with direct 

contact of secretory cells to the ductal network. The global incidence of cancer of these tissues 

is increasing rapidly, whereas more than 95% are carcinomas with adenocarcinoma as the most 

common histological type. Next to their similar morphology, prognoses are extremely poor. 

Reasons for that are late diagnosis and little knowledge about the diseases. These 

gastrointestinal tumors are genetically a very heterogeneous group, making it difficult to study 

them in vitro, and there is limited availability of appropriate mouse models. Inflammations of 

these organs lead to a higher risk of cancer, whereas the stem cell biology and regeneration 

capacity is an important research field.2  

The second problem of primary liver cancer (PLC) pancreatic ductal adenocarcinoma 

(PDAC) and gallbladder carcinoma (GBC) is the missing, potent treatment options owed to the 

late diagnosis and heterogeneity of the tumors, inter- and intratumoral. Still, the primary option 

is surgery, which is mostly not possible due to the advanced stage cancer at the time of 

diagnosis, leaving chemotherapy treatment as an only adjuvant therapy option. However, 

chemotherapy treatment is frequently ineffective by targeting only specific pathways, which 

might be escaped by cancer, leading to chemo-resistance. Therefore, personalized therapy 

might be a solution, for which profound understanding of the genetic landscape of all tumor 

types and their classification is required.3,4 

Briefly, a short overview of the cancer types is given, followed by a description of the 

genomic landscape and a summary of available models to study these cancer types.   

4.1 Primary liver cancer: Hepatocellular carcinoma and Cholangiocarcinoma 

PLC is the fourth most common cancer-related cause of death worldwide, even though it is 

only the sixth most frequent form of cancer. Hence, fatality and increasing rates of incidence 

between 1990 and 2015 by 75% make a better understanding of tumor development essential.5 

Reasons for the high mortality are generally late diagnosis and ineffective treatments. Detection 

of liver cancer is often coincidental, and the further diagnosis for the specific subtypes is 
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complex. There are certain blood biomarkers, like conventional liver functional markers or 

serum tumor markers, but mainly imaging techniques are used for diagnosis.6 

The most common subtype of all primary liver cancers is hepatocellular carcinoma (HCC). 

Strong risk factors are Hepatitis virus B and C infections, liver damage due to aflatoxin or 

alcohol and certain other metabolic liver diseases. Very often, lifestyle and environmental fac-

tors determine the fate of HCC, but also genetic predispositions increase the risk. HCCs have a 

hepatocytic-phenotype and grow in a certain pattern – tumor cells grow nest-forming without 

any desmoplastic stroma.7 

Current standard therapy for HCC is the drug Sorafenib (inhibition of the tyrosine kinase Raf 

and others) but provides only little prolongation of the patient survival. Other recently approved 

therapeutic targets are: Regorafenib (stronger inhibition of a broader range of tyrosine kinase 

and angiogenesis8) and Nivolumab (inhibitor of the immune checkpoint inhibitor programmed 

cell death protein-1 PD-19). 

Intrahepatic Cholangiocarcinoma (CCA) is the second common subtype of all primary liver 

cancers, together with HCC accounting for around 99% of all liver cancers.10 HCC and CCA 

are not always separately defined, therefore, HCC-CCA mixed subtypes occur.  

CCAs are aggressive tumors that are mostly detected when they are already in an advanced 

stage. Pain is not a common symptom but is rather unspecific like jaundice, weight loss, 

abdominal discomfort, malaise, pruritus and pale stool and is typically absent in the early stage 

of the disease. Patients developing CCA are, on average, over 70 years old and more likely, 

male.10 CCAs show a marker of cholangiocyte differentiation arising from the epithelium of 

the biliary tree with a strong desmoplastic reaction.11 Most commonly, they are classified based 

on their anatomical location: intrahepatic, perihilar and distal CCA. The most frequent one is 

intrahepatic, where in this work, following the short form, CCA refers to intrahepatic CCA. 

Other classifications, for example, due to different patterns of growth or histological 

characteristics consider more pathological characteristics, which would be useful concerning 

clinical treatment, but is not regularly used at present.12  

Like in HCC, risk factors for CCA are linked to infections or metabolic diseases in which cell 

death, increased cell proliferation and chronic inflammation play a role (cholangitis, primary 

sclerosing cholangitis, liver flukes and several more). Also, environmental factors like ni-

tosamin in food, dioxins, vinyl chlorides or heavy smoking and alcohol consumption might be 

significant factors in CCA development but in a smaller concern than for HCC. CCA, in 

general, occurs de novo due to genetic alterations.5,11,12 CCAs are a diverse group by cause of 

growing pattern, histological features, and genetic context inter- and intra-tumoral. This 
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heterogeneity is supported by increasing sequencing-data from human tumor specimens 

identifying various genetic and transcriptomic alterations from which the molecular effects on 

the tumor development remain unclear. This expression profile is distinct between HCCs and 

CCAs.13–15 

CCAs often present with multiple liver lesions, large size tumors or regional lymph node 

involvement resulting in median free survival of 12-36 months. The currently available 

chemotherapeutics and targeted therapies have only little effect on the survival of the patients.16 

First-line chemotherapy is the combination of gemcitabine and cisplatin. Gemcitabine (2',2'-

difluoro-2'-deoxycytidine, dFdC) appears in the organism phosphorylated to a diphosphate or 

triphosphate derivate which then binds the DNA, incorporates one single nucleotide and blocks 

the DNA polymerase processing.17 Besides, it interferes with the enzyme ribonucleotide leading 

to a depletion of deoxycytidine-triphosphate (dCTP) and supports the blockage of the DNA 

replication. Gemcitabine is, therefore, an effective anticancer agent.18 

Now available genomic analyses led to the invention of molecular targeted therapies like 

receptor-tyrosine-kinase inhibitors, therapeutics targeting epigenetic alterations and also 

immunotherapy.3  

4.2 Gallbladder Carcinoma - the most aggressive malignancy of the biliary tract 

The most aggressive malignancy of the biliary tract is gallbladder carcinoma (GBC)19 ranked 

sixth most common gastrointestinal tract cancer. Fortunately, amongst all cancer types, it is a 

rare neoplasm but with a very high mortality rate also because of its immense metastatic 

potential. Worldwide, the median survival range is between 5.7 months to 15.5 months.20,21  

Main risk factors besides genetic predisposition and demographic factors include chronic 

cholecystis, gallstones, dietary factors, chronic gallbladder infections and exposure to specific 

chemicals in the environment.22 Like pancreatic and liver cancer, GBC also progresses mostly 

asymptomatic 23 and is mainly diagnosed at routine cholecystectomy or surgery. The most 

common symptom is right upper quadrant pain, which only appears when the cancer is already 

advanced.24 Otherwise commonly used diagnostic options are imaging with ultrasonography, 

computed tomography, magnetic resonance imaging and magnetic resonance 

cholangiopancreatography.25 

First-line chemotherapeutic treatment is the same as for CCA, gemcitabine and cisplatin 

combinatorial treatment. The comparably low survival rate of 11.7 months with combinatorial 
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treatment and the fact that currently, no second-line treatment is available, underlines the urgent 

need of new therapeutic options especially in GBC.26  

Irinotecan (CPT-11) is a prodrug converted by carboxylesterase into the 100-1000-fold more 

active metabolite SN-38. SN-38 inhibits the Topoisomerase I, which is active in the nucleus to 

relax strained torsional DNA. Inhibiting Topoisomerase I has an antitumoral effect in vitro and 

in vivo.27 Due to strong side effects and short half-life by direct drug administration, a 

liposomal-delivery system is used for CPT-11 delivery. Encapsulated CPT-11 into long-

circulating liposome-cased particles (called Nanoliposomal-Irinotecan Nal-IRI) improves drug 

stability and increases the drug load at the tumor site. Compared to CPT-11, Nal-IRI has shown 

greater efficacy in colon-cancer xenograft mouse models28 and is already in phase II studies for 

metastatic pancreatic cancer.29 Therefore, Nal-IRI might be a promising drug in GBC treatment.  

4.3 Pancreatic cancer – lowest survival rate of all cancer types 

The five-year survival rate of pancreatic ductal adenocarcinoma (PDAC) is 8%, the lowest of 

all cancer types. In contrast to most others, the survival rate did not increase within the last 

years.30 Resection remains the main treatment-method, whereas even though the surgical 

treatment has improved, it did not raise the survival time. Current standard care is surgical 

resection followed by neoadjuvant treatment with gemcitabine or a combinatorial treatment. 

Recently, FOLFIRINOX has shown to increase the median-disease-free survival to 21.6 months 

compared to 12.8 months with gemcitabine only treatment.4  

PDAC arise out of precursor lesions of different types: Pancreatic intraepithelial neoplasia 

(PanIN), intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasm 

(MCN).31 MCN is almost exclusively observed in women and a rare disease.32 IPMNs and 

PanINs have some overlapping and some distinct genetic alterations with each other, and both 

grow in intraluminal mucin and papillary pattern differentiated in size. PanINs are microscopic 

lesions smaller than 5 mm and IPMNs are bigger than 10 mm, grossly visible. The mechanism 

of development of either of the precursor lesions is not well-known and IPMNs might develop 

from low-grade PanINs or independently.33  

4.4 Genetic landscape of PLC, BTC and PDAC is diverse 

The most mutated genes in PDAC, GBC, and CCA are the Kirsten rat sarcoma oncogene 

KRAS and the tumor suppressor TP53 (Figure 1). Yet, they all have distinct heterogeneous 

genotypes designating their specific phenotype, diagnosis, prognostic significance, and espe-
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numbers the high amount of desmoplastic stroma, characteristic for PDACs but making genome 

sequencing difficult.35 

Genetic changes in HCC are only a small part of the risk factors in the path to cancer. 

Therefore, some few mutations are very common: The telomerase reverse transcriptase (TERT) 

promoter (60% mutation rate), Tumor suppressor 53 TP53 (35-50%) and CTNNB1 (gene 

expressing ß-Catenin) (19-40%). The following most frequently mutated genes in HCC are 

mutated with a rate of approximately or below 10% (e.g. AXIN1, ARID1A, WWP1). The tumor 

suppressor phosphatase and tensin homolog (PTEN) is mutated in only 3% of HCCs.36 In HCC, 

also microRNA expression and epigenetic factors may play an important role. Mutation-

specific subtypes in HCC are not evident, but in contrast showed stable molecular subtypes of 

HCC (based on stemness gene expression patterns) and CCA (linked to proliferation subtype 

and inflammation subtype).37  

Depending on clustering of mutation, copy number, gene expression and epigenetic data, 

CCA can be divided into molecular subtypes independent from the anatomical position.38 In-

activating mutations were found in tumor suppressor genes ARID1A, ARID1B, BAP1, PBRM1, 

TP53, STK11, PTEN and gain-of-function mutations in oncogenes like IDH1, IDH2, KRAS, 

BRAF and PIK3CA. KRAS is one of the most frequently mutated genes, but its mutation 

frequency varies between 20-50% depending on the study.13,38. These differences and also the 

huge amount of data available now due to sequencing studies makes it even more important to 

study the molecular effects of the epigenetic and genetic changes detected to validate the 

genomic data.38 The most common altered signaling pathways are the Ras and Phosphoinositid-

3-kinase (PI3K)-, p53/cell cycle- and Tgf-ß/Smad4 pathways. In a cohort of 72 CCAs, all 

showed a mutational change in the Mitogen-activated protein kinase (MAPK) pathway, mostly 

KRAS and PTEN in CCA compared to RPSK6KA3 in HCC. 45 of these CCAs have a mutation 

in the p53/cell cycle signaling, which is also very common in HCC.39 Epidermal growth factor 

receptor tyrosine kinase 2 (ERBB2) in CCA is amplified in 3.9 – 8.5%, plus nine different 

occurring activating mutations in the gene of ERBB2 occur with a frequency of 2%.38 

Another common class of mutation is the somatic structural rearrangement causing gene 

disruption, for example, deletions, rearrangements or gene activation via copy number gain or 

amplification or the fusion of two genes building a novel oncogenic gene product. 50 regions 

of recurrent gain were identified in CCA (oncogenes like MET; NOTCH1 and GATA6) and 73 

regions of loss, including the tumor suppressor genes CDKN2A, SMAD4, TP53, BRCA1, 

ARID1A, PBRM1 and SMARCA4.40 
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Whole genome sequencing of GBC revealed 3 or more nonsynonymous somatic mutations in 

23 genes. Targeted sequencing showed genes frequently mutated in cancer also significantly 

altered in GBC, TP53 (47,1%), KRAS (7,8%) and ERBB3 (11,8%) and ERBB2 is mutated in 

9.8% of GBC.19 A different whole exome sequencing study with a bigger cohort showed 

comparable results (TP53 27%, KMT2C 11%, SMAD4 11%, ERBB2 7% and ERBB3 8% 

mutated), but found in addition KMT2C and SMAD4 as frequently mutated.41 ERBB2 

overexpression was described previously in human and murine GBC progression.42,43 

Mutations were also found in EGFR and ERBB4 with both 3,9% frequency. Patients with 

altered ERBB-pathway are associated with poor prognosis in GBC.19,41  

Whole exome sequencing of PDAC revealed somatic DNA alterations like single nucleotide 

variants, small insertions and deletions and somatic copy number alterations. Profiling of 

PDAC showed 93% of all PDACs having a KRAS mutation and in the last 7% of wildtype 

KRAS expressing tumors 60% harbor an alternative RAS/MAPK pathway activating 

alterations. This highlights the importance of this pathway,35 for more details see 4.4.2. 

Additional mutations in tumor suppressors or oncogenes are needed for the progression of 

KRAS-driven precursor lesions into PDAC, most frequently additional acquired mutations are 

within the genes cyclin dependent kinase inhibitor 2a (CDKN2A), TP53 and SMAD4. This 

inactivation occurs at rates over 50%, followed by a handful of genes mutated with a frequency 

of 10%. Significant recurrent mutations are also RNF43, ARID1A, TGFßR2, GNAS, RREB1 and 

PBRM135 and the long list of infrequently mutated genes results in a high inter-tumoral 

heterogeneity. Bailey et. al separates genetic alterations into different groups: Next to the 

activating mechanisms of KRAS, 78% of all genes are part of the G1/S checkpoint machinery, 

47% play a role in TGF-ß signaling, 24% in histone modification, 14% build the SWI/SNF 

complex, 5-12%, 5% in WNT signaling defects and 16% RNA processing.44  

4.4.1 TP53, the mutual mutated tumor suppressor gene 

TP53 encodes for p53, a tumor suppressor with multiple functions. TP53 is the most 

commonly mutated human gene, playing a role in over 50% of all human cancers (including 

PDACs, BTCs, CCAs and HCCs) correlated with worse patient-survival. In addition, p53-path-

way regulating genes like murine double minute 2 (MDM2) can be altered. p53 is a transcription 

factor regulating more than 2500 genes that impact highly diverse cellular processes. Under 

physiological conditions, p53 blocks cancer by enabling DNA repair mechanisms or advancing 

cellular death programs. Upon cellular stress signals like DNA damage, p53 is activated and 

results in expression of its target genes leading to cell-cycle arrest, DNA repair or apoptosis but 
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might also lead to senescence or angiogenesis, depending on the intensity of the cellular stress. 

p53 as an attractive drug target did not lead to many effective therapies, mainly because of its 

huge complexities in p53-network or also their opposed activities.45,46 

4.4.2 Two most frequently altered cancer related pathways: MAPK- and PI3K-mTOR 

pathway 

Ras is a small protein of 188-189 amino acids of the guanine-triphosphate-hydrolase 

(GTPases) family and comprises. Kirsten-Ras (KRAS), Harvey-Ras (HRAS) and 

Neuroblastoma-Ras (NRAS)47 are RAS-family members and act as a binary molecular switch 

to communicate external signals to the nucleus. The majority of RAS mutations in CCA, BTC 

and PDAC occur in KRAS, only a few in NRAS or HRAS. RAS or one of the related genes are 

in 30% of all human cancers mutated.48 

KRAS got identified with a great mutational heterogeneity, multiple different mutations in 

subclones were detected.35 Typically, in the development of PDAC, KRAS is an early occurring 

mutation and alone results in the development of PanIN but does not have high malignant 

potential.49 Major mutations in KRAS are at the KRAS codon 12, G12D, G12V and G12R, less 

frequent are mutations at codon 13, 61 and 146. There might be an impact of the type of 

mutation of KRAS on the patient´s survival, resistance to apoptosis and the metastatic 

efficiency.50 KRAS mutation detected differ in the frequency, depending on the cohort and 

analysis: 16% found in a cohort in Thailand and also 16.7% as the second common genetic 

change in CCA in 103 patients of China. In contrast, KRAS is not significantly high mutated in 

HCC genome sequencing projects.39  

The MAPK-pathway is activated by factors at a cell-surface receptor starting a cascade of 

kinases to transduce extracellular signals into cellular responses. Three enzymes are activated 

in series, the MAPK-kinase kinase MAPKKK, a MAPK kinase MAPKK and the MAPK itself. 

In mammalians 14 MAPKKs, 7 MAPKKs and 12 MAPKs exists.51 MAPKs are tyrosine kinases 

activated by a diverse range of stimuli of cytokines, growth factors, neurotransmitters, 

hormones, cellular stress and cell adherence and transduce that signal into an appropriate 

physiological response including cellular proliferation, differentiation, development, inflam-

matory responses and apoptosis. Upstream of that MAPK-cascade is e.g. the G-protein RAS 

which gets activated by a receptor tyrosine kinase stimulated by an extracellular factor. RAS-

induced cellular response acts mostly through the MAPKKK RAF, which then phosphorylates 

the MAPKK MEK1/2 which in turn phosphorylates the MAPK ERK1/2. Extracellular signal-

regulated kinase ERK (also called P44/42) is the major effector of RAS GTPase and regulates 
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cell survival, proliferation and motility. There are other MAPK-pathways, stimulated through 

different factors but with intense crosstalk with each other and different pathways52 and the 

RAF/ MEK/ ERK pathway is the most often dysregulated one in cancer.53 

Wildtype (wt) KRAS bearing PDACs often carry alterations in the mTOR pathway, making 

this an additional possible target for therapy of PDACs with wt-KRAS.35 Therefore, the other 

most important pathway in regulating cell fade in response to extracellular cues is the 

Phosphatidylinositol 3-Kinase-Mammalian Target of Rapamycin (PI3K-mTOR) pathway. The 

lipid kinase PI3K gets recruited to growth factor receptors, generates there Phosphatidyl inositol 

3,4,5 tri-phosphate PIP3 which in turn recruits the protein kinase Thymoma viral proto-onco-

gene (AKT) to the plasma membrane. Subsequently, AKT is activated by 3-phosphoinositide-

dependent-kinase 1 PDK1 and the mTOR complex 2 and in turn activates many factors 

regulating survival, proliferation and motility, for example, some intermediate steps the 

eukaryotic initiation factor 4E binding protein (EIF4EBP) and p70 ribosomal s6 kinase (S6K1), 

both regulation ribosome biogenesis and the protein-translation to promote cell growth and 

division. The lipid phosphatase PTEN negatively regulates the PI3K-signaling by 

dephosphorylation of PIP3 and maintaining low levels of PIP3 to keep AKT deactivated.52 

In both pathways, signaling intensity and duration needs to be strongly regulated by positive 

feedforward and negative feedback loops. Activators of the pathways overlap partially, whereas 

the degree of activation by specific growth factors depends on the number of growth factors 

and the expression and localization of cell surface receptors recognizing these agonists. Ras-

MAPK and PI3K-mTOR1 pathways cross-inhibit and cross-activate each other at some 

components, e.g. ERK and AKT often phosphorylate the same substrates. Importantly, 

converging substrate is the MYC signaling, regulated by both pathways.52  

Due to the importance of the Ras-MAPK pathway in many different cancer types, targeting 

this pathway is considered as a molecular cancer treatment. RAS inhibition itself did not lead 

to expected good results, whereas RAF and MEK-inhibitors are already in clinical trials for 

various tumor types.54 Selumetinib is a potent but highly selective MEK1/2 inhibitor also called 

ARRY-142886 or AZD6244. It acts non-competitive with adenosine-triphosphate (ATP) and 

has no significant inhibitory effect on many other serine/ threonine kinases. The inhibitor locks 

MEK1/2 in an inactive conformation disabling the binding of the substrate and ATP – therefore 

it blocks the binding to ERK and also the molecular interactions necessary for catalysis. 

Subsequently, the phosphorylation level of ERK is decreased and leads to increased apoptosis 

in various cell lines and also inhibits tumor growths in pancreatic xenograft mouse models.55 

Selumetinib is currently in phase I and II studies for a broad range of cancer types, e.g. 
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colorectal cancer, non-small-cell lung cancer and HCC. In HCC it shows promising anti-tumor 

activity in combination with sorafenib,56 in biliary tract cancer it reached phase two in combi-

nation with cisplatin and gemcitabine treatment57 and in PDAC a phase II trial showed modest 

antitumor activity in combination with inhibition of epidermal growth factor EGFR.58 

BKM120 is an oral PI3K inhibitor and passed already early phase I clinical trials of advanced 

cancer patients. BKM120 inactivates a subunit of PI3K, p110α. In solid tumors, the 

combinatorial treatment of mFOLFOX6 (a common chemotherapeutic backbone) showed in-

creased toxicity with BKM120.59 BKM120 has an effect on BTC-cells with wt- or mutated 

KRAS but not in combination with PIK3CA mutation. To overcome these limitations, the 

therapy needs to be combined with a MEK-inhibitior.60 

4.4.3 Wnt-signaling network in cancer 

ß-Catenin is a transcription-cofactor controlling key developmental gene expression pro-

grams and is regulated by the wingless and INT-1 (WNT)-signaling. Thus, playing a critical 

role as a proto-oncogene in embryonic development and adult tissue homeostasis.61 At a later 

time, also the adenomatous polyposis coli (APC) gene was discovered, genetically altered in 

hereditary cancer.62 WNT-signaling is often dysregulated in cancer in one of the two important 

pathways: the canonical, ß-Catenin dependent, and the non-canonical, ß-Catenin independent 

signaling, depending on the activating WNT-ligand and receptor. Both pathways are initiated 

by the binding of WNT to a receptor on the extracellular membrane, in the canonical pathway 

that is e.g. frizzled (FZD)-related protein and Low-density lipoprotein receptor (LRP), at which 

then the proteasome complex of APC, Axin and glycogen synthase kinase 3 (GSK-3) binds. 

This stops the proteasomal-destruction of ß-Catenin and it accumulates in the nucleus, binds 

transcriptions factors like Lymphoid Enhancer Factor and activates the transcription of target 

genes involved in cell proliferation, migration, cell cycle regulation and metastasis.63 

A positive effector of WNT-signaling is R-Spondin, it binds to leucine-rich repeat containing 

G-protein-coupled receptors (LGR) 4-6 which inhibits signaling by binding of ZNRF3 or Ring 

finger protein 43 (RNF43). RNF43 acts as a tumor suppressor as transmembrane E3 ubiquitin 

ligases, which targets the FZD-receptor in interaction with the protein Disheveled (DSH) for 

lysosomal degradation.40  

The non-canonical pathway is a ß-Catenin-independent mechanism where LRP6 will be 

primed by Cyclin Y/ Cdk14 leading to the activation of the non-canonical cascade in the G2/M 

cell cycle phase. GSK3ß is inhibited and subsequently blocks poly-phosphorylation and poly-

ubiquitination of target proteins and their degradation. GSK3ß phosphorylates and poly-
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ubiquitinates about 20% of proteins of the proteome, including the myelocytomatosis oncogene 

MYC. Furthermore, the uncanonical pathway affects chromosomal stability, cell division and 

endolysosomal biogenesis. (reviewed in Zhan et. Al, Oncogene 2017)64 

MYC-oncogenes are a family of three members, genes encoding C-MYC, N-MYC and L-

MYC. MYC binds the transcription factor MAX, whereas this heterodimer then recruits a 

chromatin-modifying complex and in turn activates the transcription via binding the DNA 

sequence CACGTG (the conserved “E-box”). In addition, C-MYC can bind promoter regions 

of active genes resulting in transcriptional amplification.65 The function of L-MYC is not well 

understood and N-MYC expression is tissue-restricted. C-MYC (in this work, MYC refer to 

MYC) is a proto-oncogene associated with more than 70% of all cancers, but cannot induce 

tumorigenesis on its own.66,67 It is found highly expressed in HCC, mostly by genomic 

amplification68 and is a poor prognosis marker in liver cancer. Activated MYC cooperates with 

genetic events that synergistically regulate the proliferation-induction and malignant 

transformation, for example p53, positively correlating that effect to a high proliferative level.69 

MYC is a main regulator of the cell cycle arrest and cell growth and plays an essential role 

during the normal development – so not only drives HCC as an early event but also several 

different liver diseases. C-MYC regulates a great amount of protein-encoding and non-coding 

genes involved in a broad range of biological functions like cell proliferation, differentiation, 

survival and immune surveillance, determined by the cell type, expression level and context.  

In PDAC and HCC the WNT-pathway components are often mutated (40-70%) or dysreg-

ulated and ß-Catenin is localized in the nucleus.64,70 As described in Section 4.4 and Figure 1, 

mutation of genes involved in the WNT-signaling pathway are amongst the most frequently 

mutated genes in HCC, one factor is also the mutation of APC with a frequency of 1.4%.71 HCC 

arising from normal liver tissue without any precondition (e.g. fibrosis) most frequently present 

with indications of activation of the WNT/ß-Catenin signaling pathway.72,73  

4.4.4 CDKN2A/CDKN2B locus and its roles in tumor progression  

The CDKN2A-locus is also called inhibitor of cyclin-dependent kinase 4/alternative reading 

frame (INK4A/ARF) locus and is conserved among humans, mice and rats.74 It expresses two 

tumor suppressor proteins, p16INK4a and p14ARF called p19ARF in mice. The INK4A/ARF locus 

has an overlapping gene, named ARF and is expressed with a separate promoter but reads two 

of the same exons in a different frame. Therefore, p14ARF does not have amino-acid sequence 

homology with p16INK4a and negatively regulates the p53-destabilizing protein MDM2. 

p16INK4a can inhibit the phosphorylation of Retinoblastoma tumor suppressor protein (RB) 
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through CDK4/6, resulting in cell cycle arrest via sequestering p53 in the nucleoli and therefore 

mediating its stabilization.75 CDKN2A is often mutated in PDAC, but also downregulated 

through multiple mechanisms, mostly by genetic deletions and mainly in tumors with high neo-

plastic cellularity.35  

There are mouse models either without exon 2 and 376 or exon 1ß77, showing similar 

phenotypes, but no mouse model without the whole INK4a/ARF locus. Frequently the whole 

INK4a/ARF locus is homozygous deleted, including p16INK4a, p14/p19ARF, p15INK4b, MTAP, 

mir31, DMRTA1 and the α interferon cluster including the interferon ε. 

4.4.5 Epidermal growth factor receptor ERBB amplifications and mutations in cancer 

Epidermal growth factor receptors called ERBBs are highly conserved and involved in a large 

number of cancers, either due to dysregulation or mutation of the genes. In mammalians, four 

different ERBB- (ERBB1 or EGFR, ERBB2 (Her2), ERBB3 and 4) genes are known with a 

similarity of 40-45% among themselves.78 They express receptors which after ligand binding 

(Epidermal growth factor EGF and Neuregulins or ten other ligands) undergo a conformational 

change and dimerize with a second ERBB-receptor, subsequently trans-phosphorylating each 

other and recruiting enzymes and adaptor molecules. Hereby activating the downstream 

signaling like MAPK and PI3K/AKT pathway, increasing proliferation and inhibition of 

apoptosis. Erbb2 can dimerize even without ligand binding, which makes it a favorable 

dimerization partner.79 

4.5 Genetic manipulation methods 

4.5.1 CRISPR/Cas9 System: easy and variable genetic manipulation 

There have been genome-editing technologies available ever since, but as they mostly rely on 

DNA-protein recognition, the development for new, specific targets is difficult. An effortless 

genome engineering method brings a breakthrough: the RNA-programmable CRISPR/ Cas9 

technology is easy to engineer, scalable and effective, very valuable for tumor biology studies. 

Clustered regularly interspaced short palindromic repeats/ CRISPR associated protein 9 is a 

bacterial system that can induce RNA-directed double- or single-strand DNA breaks. In 

prokaryotes, the Cas9 nuclease is part of the adaptive immune system, which in case of the 

Streptococcus pyogenes SF370 type II CRISPR locus needs four genes: the Cas9 nuclease, the 

host factor ribonuclease RNase III, a trans-activating noncoding CRISPR RNA (traccrRNA) 

and a precursor crRNA, containing the nuclease guide sequences interspaced by identical direct 
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repeats. For introducing double-strand breaks in mammalian chromosomes, nuclear localization 

signals were attached to ensure the nuclear compartmentalization.80  

The CRISPR-repeat-spacer array (crRNA) contains the sequence that complements the target 

gene sequence, called sgRNA and is introduced with a 3’ end repeat sequence close to a spacer. 

The complementary sequence is notably located next to a conserved sequence motif on the 

invading DNA, the 2-5 bp long PAM sequence, which is important for the selection of the 

targeted DNA sequence.81,82 The Cas9 protein assembles with the CRISPR-repeat-spacer array 

to an effector complex to target the DNA and to destroys the matching sequence. The tracrRNA 

binds to the repeat sequence at the 3’ site of the crRNA and builds an RNA hybrid structure, 

guiding the Cas9 to cleave the 20 nucleotides long target sequence with the adjacent PAM 

sequence. The Cas9-nuclease type II itself has two nuclease domains, the HNH and RuvC 

domain each cleaving one strand leading to a double-strand break (DSB).83,84 This DSB is then 

repaired either by an error-prone non-homologous end joining (NHEJ), which results in deletion 

or small random insertion or by high-fidelity homology repair (Homology directed repair, 

HDR). This causes a heterogeneous population of genetic mutants, also frameshifts or in-frame 

indels still producing functional proteins are emerging. Additional approaches, besides the 

single cleavage by Cas9, are large deletions, inversions or even genomic rearrangements using 

two DSBs or introducing specific mutations as well as genes knock-in mediated by NHEJ. For 

HDR it is possible to supply a homologous repair template, containing e.g. a specific desired 

point mutation, gene insertion (or conditional alleles, tags) or gene corrections (reviewed in 

Jiang et. al, Annu rev Biophys. 201785 and summarized in Figure 2). 

Using the CRISPR/Cas9 system to generate deletions in the genome in a vertebrate system 

was first shown in zebrafish. After transient co-injection of two sgRNAs with Cas9 into 

zebrafish embryos, a deletion with only low efficiency was reached (1-3%).86 Later on, the 

CRISPR/Cas9 system has proofed to be a robust system for the production of genomic deletions 

in mammalian cells. These deletions ranged from 1.3 kb to more than 1 Mb, which then 

typically have small insertions or deletions at the predicted junctions. Embryonic stem cells 

(ESCs) showed deletions, inversions and duplications after using two sgRNAs in ESCs up to 

1.6 Mb in different clones. Some studies showed a relationship between frequency and size,87,88 

in others not the size but the locus played a role.89,90 An explanation might be the distinct 

packing of the chromatin at the specific cutting size depending on the epigenetic status. The 

efficiency of deletion of a region differs from 2.1% to 42%, whereas an inversion (0% - 6.9%) 

or duplication (0%-28.1%) just barely happens.87 Direct injection of the CRISPR/Cas9 
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components into the zygote lead to detected deletions and inversions from a size up to 1 MB in 

22-23% of the cells, rarely also duplications occurs (2 out of 162).91   

These deletions are especially practical for disrupting the function of non-coding regions, 

gene clusters or regulatory sequences. The disruption of the gene function using the 

CRISPR/Cas9 system for deletions is more efficient compared to a single cutter because not all 

single cleavages lead to a frameshift and if, some frameshifts have just the effect of a nonsense-

mediated decay or functional isoforms are still produced due to alternative splicing. The 

CRISPR/Cas9 system dramatically shortens the time to produce changes in the mouse genome 

but leaves the problem that homozygous mutations on the germline are often lethal on the 

embryonic level and not tissue specific, therefore the CRISPR/Cas9 system is limited for the 

study in adult tissue with genetically engineered mouse models (GEMMs). To overcome this, 

Dow et al. developed a (murine) model using a tetracycline (Tet, doxycycline (Dox)) 

regulatable system, by which the genetic manipulation can be induced by (feeding) the addition 

of Dox resulting in the expression of the sgRNA with a Cas9.92 

 
Figure 2: CRISPR/Cas9 technology and their results. Cas9 in combination with gRNA binds the 

target sequence located close to a PAM-sequence and leads to DSB formation. The cell performs 
repair mechanism(Homology directed repair HDR or non-homologous end joining NHEJ, which 
can lead to a precise repair (wt), insertion or deletion in frame or not. Picture publish ed on 
https://www.addgene.org/crispr/guide/.  

4.5.2 RNAinterference: inducible and reversible knock-down on RNA level 

RNAinterference (RNAi) is a conserved cellular mechanism for targeted suppression through 

RNA and describes post-transcriptional gene silencing, either via transfection of small 

interfering RNA (siRNA) or vector-based stem-loop short hairpin RNA (shRNA). shRNA is 

15 to 30 bp long and when bound to the target RNA leads to cleavage by the exoribonuclease 

Dicer followed by the processing of the RNA-induced silencing complex RISC, the effectors 

of RNAi. shRNA is expressed by a promotor from RNA Polymerase II, originally expressing 

miRNA, and can be under the control of a tetracycline response element (TRE).93 Problematic 
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is the development of effective shRNA-mediated knockdown strains, the variability is high. 

Therefore, the coupling with a fluorescent reporter is helpful, where using green fluorescent 

protein (GFP) as a spacer between the TRE and the MIR30 cassette also increases the 

knockdown efficiency.94 ShRenilla targets luciferase and serves as a control shRNA, necessary 

because although the dicer-pathway is highly conserved, the introduction of shRNA into 

mammalian cells might lead to nonspecific inhibition of translation and cytotoxic responses.95 

RNAi has been studied since many years to make it cost- and time efficient with the nice 

advantage of inducibility and reversibility overall genetically engineered mouse models.  

4.5.3 Cre/lox system  

The Cre-recombinase is a 38 kDa big protein recognizing a locus of x-over, p1 (loxP) sites of 

34 bp DNA sequence flanking alleles of genes of interests. Cre is a cyclization recombinase of 

the bacteriophage P1 specific for tyrosine-sites. Mostly, Cre is expressed under the control of a 

tissue-specific promotor, to excise a floxed loci for the inactivation of the gene only in the tissue 

of interest. To make the system time-specific, tamoxifen or tetracycline inducible systems are 

linked to it.96 

4.6 Pre-clinical Models available in cancer research 

Models like the worm C.elegans, the fruit fly Drosophila and especially the mouse Mus 

musculus, zebrafish Danio rerio or the rat Rattus norvegicus raised the understanding of the 

human body and the development of pathologies. However, the translation from these models 

to human beings in physiologically relevant situations is unsatisfying. Therefore, the need arises 

for ex vivo models to study human diseases appropriately and translationally. Nowadays, due 

to cost and time efficiency in combination with similarities to the human body, mostly murine 

models are used. 

4.6.1 Two-Dimensional cell lines: basic cellular research 

Established two-dimensional (2D) tumor cell lines are easy to maintain and, therefore, often 

well-characterized. The simple to use system also for studying the molecular mechanism and 

susceptible to genetic modification leads to fast and reproducible results with low costs. On the 

contrary, results obtained from 2D cell lines often do not reflect the characteristics and behavior 

of the tumor as a whole. They differ in terms of genetics, phenotype, and transcriptomic pattern, 

which can be explained with the adaption of the cell lines to their culture conditions, selecting 

for mutations and giving advantages to growing in a monolayer. Therefore, they differ sig-
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nificantly from their physiological or pathological state before. Still, 2D cell lines are relevant 

as a proof-of-principle cell line, keeping in mind that further tests in more complex models are 

required.97,98 

The establishment of primary 2D cell lines is difficult, which might also be due to the stringent 

selection of the culturing conditions and the possible interfering of outgrowth of non-cancer 

cells. Also, these primary cell lines have some drawbacks – even though they more closely 

resemble the primary tumor, they still lack cell-cell and cell-matrix interactions. Furthermore, 

for the establishment of 2D cell lines, a relatively big piece of the tumor is needed, which is 

why 2D cell lines are only established from tumors of patients who undergo surgical resection.99 

Currently, there are over 50 established human CCA cell lines100 with more upcoming fre-

quently (reviewed in Zach et al., Journal of Stem cell research and transplantation 2015101), and 

a new one is established for example102–106. For PDAC, way too few cell lines are available to 

reflect the heterogeneity of the group,98 and for human GBC, even fewer cell lines are 

available,107,108 even though the first one was established in 1980109.  

4.6.2 The next level of cell culture systems: Organoids 

In an organism, cells are in a complex microenvironment embedded in signaling interactions 

of the extracellular matrix, soluble factor, and mechanical cues. This signaling is defining the 

development and maintenance of the cellular phenotype and their functions, a possible reason 

why three-dimensional (3D) culture conditioned cells more closely resemble architectural and 

functional properties of in vivo tissues compared to 2D cell lines. In 3D cultures, cells contain 

cell-cell and cell-extracellular matrix (ECM) contacts in a three-dimensional way.110 Cells 

aggregating as 3D structures when growing in non-adherent culture conditions are called sphe-

roids.111 Organoids are defined as 3D structures with the potential to self-renew, self-assemble 

and self-organize into properly differentiated functional cell types of the original organ, re-

capitulating at least partly the former function of the tissue. Meritxell Huch and colleagues 

established the culturing of liver and pancreas organoids for mice and humans as well as their 

genetic manipulation in vitro.112 Even a small amount of starting material of GB can form 

organoids.113 They grow out of pluripotent stem cells (embryonic stem cells ESCs), induced 

pluripotent stem cells (iPSCs) or adult progenitor cells114 and can be cultured for long term 

keeping their genetic stability over time.115,116 The 3D cystic structure is growing into a single 

layer of epithelial cells from a different kind of species, mouse, rat and humans, but needs 

slightly different culture conditions specified for each. Not only resembling aspects of tissue 

composition, function and architecture of organs is possible, also individual human diseases ex 
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vivo can be represented. This is useful in studying diseases on a molecular level as well as to 

finding personalized treatment options.114 Therefore, organoids are of great biomedical use, 

even cell therapy after gene correction is possible.2  

Defined medium for liver organoids culturing embedded in matrigel needs hepatocyte growth 

factor HGF, epithelial growth factor EGF, fibroblast growth factor FGF and R-Spondin. For 

human cells needs the additional regulation of the transforming growth factor-ß TGF-ß pathway 

and cyclic adenosine monophosphate cAMP activity. In vitro, depending on the cues given by 

the extracellular matrix and media, organoids can at least partly differentiate into the different 

original cell components. Changing into a hepatocyte-differentiation media containing Notch 

inhibition, removing the R-Spondin and adding dexamethasone and the bone morphogenic 

protein BMP, the ductal fade is blocked, and cells differentiate into a hepatocyte lineage in 

humans and mice. Differences between the pancreas and liver organoid culturing is the need of 

Noggin instead of HGF for the pancreatic organoids.112 GB and liver organoids are cultured 

following the same protocol.  

Gene expression profiles of liver organoids showed next to progenitor markers like LGR5, 

transcription factor Sex determining region Y-box 9 (Sox9), cluster of differentiation 44 (Cd44) 

and Cd133 a bipotential phenotype. The profiles are expressing a mixture of ductal-markers 

like Cytokeratin 7 (CK7), CK19, and hepatocyte markers like Transthyretin (Ttr) and 

hepatocyte nuclear factor-4α (Hnf4α), but only on a low-level marker for mature hepatocytes.2 

GB epithelial cells growing as organoids have a similar bipotential character117, as well as 

pancreatic organoids having an overlapping transcriptome profile with epithelial bipotent 

progenitor cells. GB and pancreas organoids both can be differentiated in vitro into hepatocytes 

and be transplanted into mice, where they engraft.2,113,117,118 Another marker expressed by GB 

and liver organoids in culture is the epithelial cell adhesion molecule (EpCAM),115 which has 

a proliferative effect and also regulates the actomyosin network as well as cell-cell contact. The 

adhesion protein is expressed by epithelial precursor cells, undifferentiated stem cells and 

immature liver cells but gets lost after differentiation to hepatocytes.2 

PDAC,119,120 GBC,121PLC – either HCC, CCA and mixed subtypes122 – can be established as 

organoids and are then called tumoroids. Similar to physiological tissue, they resemble and 

keep the gene expression with their genetic alterations over time. As well, when reinjected into 

immunocompetent mice, they closely reflect the histological architecture and recapitulate the 

metastatic potential. When there is the possibility to establish healthy liver organoids side by 

side, genetic changes playing a role in the tumor can be identified, and effective personalized 
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therapy with small side effects can be found. The heterogeneity of the tumoroids and their dif-

ferent sensitivity shows the importance of these studies.2  

Liver cancer organoids could be established only by a small amount of material acquired by 

a needle biopsy, and especially GB and GBC organoids need only small amounts as starting 

material.2,113,121,123 Still, the low efficiency of establishing primary human organoid cell lines is 

problematic, which is lower in well-differentiated tumors. One explanation could be that the 

well-differentiated tumors have only a few proliferating cells. This is the case in GBC and CCA, 

which contain a high number of stroma cells, interfering in the culturing of the proliferating 

cells. Saito et al. showed that non-cancerous organoids are more robustly proliferating than 

tumoroids. Hence, some "contaminating" non-cancerous cells in organoid cultures overgrow 

the cancerous culture.121 

4.6.3 Transplantation of cell lines into mice 

Animal models are a very powerful tool to study diseases in a whole organism and to 

investigate the interaction between cancer cells and the non-neoplastic organismal environment, 

for example, stromal cells, angiogenesis and immune system. Transplanting cell lines into a 

living organism is an easier and faster method than engineering mouse models. Injected cell 

lines from one individual to another of the same species, is called an allograft, which can be 

syngeneic when the individuals are genetically identical or at least closely related. If cells are 

injected into a different species, the model is called xenograft, which is often used as a patient-

derived xenograft, where patient-derived material is injected into immunocompromised mice. 

The injection can be orthotopic, at the same organ as the cell type belongs to, or ectopic, 

whereas here for easier accessibility mostly subcutaneous injections are used.124 

Cells lines injected into mice positively select for the most aggressive clone which, in turn, 

leads to an only low recruitment of a desmoplastic stroma – they are more likely to grow in a 

homogenous mass.125 Patient-derived xenografts (PDX) should overcome these disadvantages 

with transplantation of a large piece of a human tumor into mice, keeping a part of the 

microenvironment and morphological characteristics of the original tumor as well as the 

metastatic potential.126,127 These lead to a response to chemotherapeutics closely mirroring the 

human response,128 but out of all resectable tumors only very few and mainly very aggressive 

tumors engraft in mice after PDX transplantation. Thus, this is predicting negative disease 

progress for the patient.129,130 Instead of injecting 2D tumor cell lines, tumoroids (3D cultured 

tumor cell lines) from PDAC, GBC and CCA develop tumors resembling histopathological the 

glandular and tubular structures of the adenocarcinomas. 
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Using the CRISPR/Cas9 system made it easier to produce syngeneic allograft mouse models. 

Cancerous cells or solid tumors derived from the same genetic strain can be created and 

reinjected – a mouse model in which the effect of the immune system on the tumor can be 

studied. Therefore, the only disadvantage is the rodent source of the tumor cells and organism, 

which does not completely recapitulate the human disease.131,132 Freshly isolated fetal liver cells 

can be genetically modified in culture, transplanted into recipient mice and depending on the 

genetic context, lead to either HCC or CCA. Murine fetal liver cells harboring the Cre-

recombinase Alb-Cre and p53lsllR172H/lox possess a mutated p53 expressed in liver progenitor 

cells and adult hepatocytes from one chromosome whereas the gene is deleted on the other 

chromosome, reassembling a typical situation in patients. In combination with an overexpressed 

mutated KRASG12D injected orthotopically into mice, this results in CCA-resembling histology. 

Mutated p53-fetal liver cells in combination with overexpression of c-MYC on the contrary 

result in a different histology without the CCA- characteristical stromal reactions and more 

likely resemble HCC.133 

4.6.4 Transgenic mouse models for preclinical cancer studies 

Even though 3D cell lines can display cell-cell contact and co-culturing with different cell 

types is possible, it does not resemble the whole complex environment of an organism. Prob-

lematic on modeling PC is that upcoming data on human cancer shows the uniqueness of every 

human tumor, making the use of genetically engineered mouse models (GEMMs) or cell lines 

less meaningful.134 Still GEMMs are valuable for studying tumor biology in the case of tumor 

development, maintenance, metastasis and therapy effect with intact stroma and immune cells, 

with the need of keeping in mind that it is still a murine model, with distinctions to humans 

(e.g., different telomere properties, different chromosomal location).125 In addition, the next-

generation GEMMs are developed, in which a recombinase-driven system is not only 

introduced in cancer origin cells, but also in the whole body or specific cell lines of the stroma, 

coupled with inducible promotors for studying the effect of gain and loss at different time 

points.135 Even though the knowledge of the cancer genome constantly increases with con-

currently the rationale for personalized therapy, there is still the need for in vivo models to 

understand how cancer driver act or their dependencies impact the tumor and treatment 

response. GEMMs resemble human cancers with the different stages of development and pre-

neoplastic lesions, making studies in tumor development and their early detection possible. 

Still, they are costly and time-consuming to produce and, therefore, not beneficial for 

representing the heterogeneity of PLC, BTC or PC. 
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4.6.4.1 Genetically engineered mouse models – GEMMs  

For CCA, only a few different mouse models are available and many displaying a mixed 

CCA/HCC histology.136–138 Having a partly CCA histology but mainly HCC was found in mice 

carrying liver-specific p53 and Ink4a/Arf, loss or inactivation of NF2, Sav1 or Mst1/Mst2 tumor 

suppressor genes.139 The cell-specific loss for murine liver cancer models is mostly controlled 

by the hepatocyte-specific Albumin expression of Cre-recombinase.139 In addition, with a 

defined genetic context, these alterations can lead to CCA development: Smad4 and Pten 

deletion lead to CCA development in four to five months, mice with Kras activation and Pten 

loss have a fast tumor development of seven weeks, activated Kras with IDH-mutations show 

CCAs with a mean survival of 47.3 weeks139 and carrying activated Kras and Tp53 loss show 

latencies of 9-19 weeks. Cholangiocyte-specific Kras activation and TP53 loss also lead to 

CCA, but with a significantly prolonged latency of 30 weeks. Also, the dysregulation of the 

Notch-signaling, for example, overexpression of Notch1 intracellular domain NICD in 

combination with Tp53 deletion, presents CCA in mice with high penetrance, but long latency 

of eight to nine months.100 Formation of CCA can also develop from hepatocytes when Notch 

signaling is activated in combination with AKT overexpression.140 Expressing an activated 

form of Notch1 in combination with mutated Kras also represents a useful preclinical model 

for CCA development.141  

Spontaneous gallbladder cancer in mice is rare, but there is some chemically induced neo-

plastic lesion in the murine gallbladder with still low incidence. A mouse model overexpressing 

a rat ERBB-2 under the control of the bovine keratin five promotor developing GBC is 

described as a first efficient mouse model for GBC.42 

Since KRAS is activated in almost all PDACs, most GEMMs also rely on that. In combination 

with altered tumor suppressor genes, mice develop PDACs. Mutations in Tp53 or loss of 

Smad4, Brca2 or Cdkn2a accelerate the PDAC development and lead to tumors with different 

histologies.142 Mostly used is the KPC model, in addition to the mutation in KRAS (mostly 

KraslslG12D, activated through the excision of a stop codon in front of its endogenous promotor) 

loss or mutational deactivation of the floxed Tp53 that is introduced in a pancreas-specific way: 

The recombinase Cre is expressed under the control of the Pdx1 or Ptf1a promoter, which is 

only expressed in cells of the pancreas from the embryonic status on.49,143 Mutated Kras alone 

leads to ductal lesions, comparable with human PanINs. In combination with depleted p53, 

mice develop PDACs with a substantial desmoplastic stromal reaction, immune cell infiltration 

and hypovascularity.49 Using the KPC model (LSL-KrasG12D; lsl-p53R172H; Pdx1-Cre) to study 
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the effect of an additional gene needs time-consuming intercrossing ending in multi-allelic mice 

harboring four engineered alleles.  

4.6.5 Embryonic stem cell-based – GEMMs: technical approach 

Next to the breeding strategies to produce new GEMMs, stem cell technologies have enabled 

the production of mouse strains harboring multiple alleles without the need of any intercrossing. 

Derivating embryonic stem cells (ESCs) from mice already harboring conditional disease-

associated alleles can be genetically modified in vitro and, in turn, used to create a cohort of 

experimental mice by blastocyst injection or tetraploid complementation.144 Efficient 

transgenesis approaches are invented, for example, a recombinase-mediated cassette exchange 

strategy (RCME). The RMCE-strategy allows rapid introduction of a defined genetic locus, 

where the locus can contain genetic elements expressing shRNA, overexpression of oncogenes 

or a CRISPR/Cas9 implemented interruption of gene expression coupled with a fluorescent 

reporter under a tet-responsiveness expression cassette.93 94,145,146  

For the PDAC-model described in this work, previously described KC-RIK ESCs to produce 

GEMMs are used. Shortly, the ESCs include a cre-recombinase under the control of Ptf1a pro-

moter147 and a heterozygous KraslslG12D allele (KC). Further, the ESCs harbor an allele co-

expressing mKate with a reverse tetracycline transactivator (TRE) upon cre-activation.148 Here, 

Cas9 expression is linked to GFP under a tetracycline regulatable promotor, whereas the 

sgRNA is constantly expressed. The tet-transactivator, in combination with doxycycline 

treatment, lead to the expression of Cas9 linked to GFP, genetically manipulating genes 

dependent on the constantly expressed sgRNA target sequence. 

4.6.6 Electroporation: transfection of adult liver or pancreas in vivo 

One method developed by the lab of Florian Kühnel at Hannover Medical School is the 

electroporation-based transfection method into the liver or pancreas in vivo. This method is 

useful in order to generate genetically highly flexible transgenic mouse models in a timely and 

economical manner. After injecting a DNA plasmid mixture into the organ, an electric impulse 

transfers the DNA into the cells. Activating the two most frequent genetic alterations in PDAC 

in the mouse model KraslslG12D/wt; p53fl/fl only by electroporating a Cre-recombinase leads to 

locally restricted tumors with a median survival of 84 days. In the pancreas, they showed in 

early stages PanINs and later on PDACs moderately differentiated expressing CK19 and 

desmoplastic stroma surrounding the tumor cells, resembling the human disease PDAC.149 The 

liver electroporation approach is published in combination with a CRISPR/Cas9 based sgRNA 
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screen, where investigations of metastasis in the mouse model, tracking metastatic tumors 

comparing the indel-/deletion formation with the primary tumor is possible. At that time, the 

paper was the first one describing somatic engineering of inter-chromosomal translocations in 

a higher organism.150 

4.6.7 High dynamic tail vein injection HTVI 

Hydrodynamic tail vein injection (HTVI) is the injection of high amounts of plasmid-DNA 

in a fast and high-pressure injection into the tail vein, leading to the transfection of 2-10% of 

all hepatocytes. HCC is the favorable tumor subtype to study, maybe because mainly hepato-

cytes are affected. But also CCA can be studied – e.g., dysregulation of the Notch pathway in 

combination with other common genetic events, like a disruption of the KRAS driven pathway, 

lead to CCA even though hepatocytes are targeted via HTVI.140,141,151,152 CRISPR/Cas9 system 

has proven to work either for the characterization of tumors with the disruption of p53 and Pten 

is working,153 as well as the possibility for genetic screening with up to ten sgRNAs.154. 

Advantages are that only a part of the cells is targeted with tumorigenic genetic alterations so 

that they can still interact with a normal and healthy microenvironment.100  
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Supporting Figures 

 
Supporting FIG. S1: EpCAM FACS gating strategy  
EpCAM FACS on whole liver digests versus isolated liver organoid cell line. 

Abbreviations: EpCAM, epithelial cell adhesion molecule; FACS, fluorescence -activated 
cell sorting; SSC-A, side scatter area; SSC-W, side scatter width; FSC-A, forward scatter 
area.  

  

Supporting FIG. S2: Abundant budding of organoids from tissue fragments  Murine 
liver digests and remaining tissue fragments were plated separately. Tissue frag ments lead 
to accelerated and more abundant organoid development as compared to the cell 
suspensions. 
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Supporting FIG. S3: Cre-recombinase mediated activation of latent transgenic 

alleles  
(A) Successful Cre-recombinase mediated excision of the transcript ional stop cassette 

within the Kras l s lG12D allele and loss of the floxed p53 allele in murine organoids is 
confirmed by multiplex PCR (1) using the following primers: y116 WT: TCC GAA TTC AGT 
GAC TAC AGA TG; y117 MT: CTA GCC ACC ATG GCT TGA GT ; y118 common: ATG TCT 
TTC CCC AGC ACA GT . Presence of the p53 floxed allele 1F: CAC AAA AAC AGG TTA 
AAC CCA G ; 1R AGC ACA TAG GAG GCA GAG AC ; and Cre-mediated recombination of 
the lox sites (1F and 10R GAAGACAGAAAAGGGGAGGG) was tested. (B) Murine 
Kras l s lG12D/wt;p53 lox / lox liver organoids do not exhibit overt morphological changes upon Cre -
recombination. Abbreviations: Kras, Kirsten rat sarcoma oncogene; bp, base pair; fl, floxed; 
lsl, lox-stop-lox; MT, mutant; PCR, polymerase chain reaction; WT, wild type.  
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Supporting FIG. S4: Gene Set Enrichment Analysis on wild type, preinjection and 

tumor derived organoids 
(A) Gene sets activated during the progression from wild type to preinjection organoids. 

(B) Gene sets activated during progression from preinjection organoids to tumor derived 
organoids (tumoroids). 
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Supporting FIG. S5: Gemcitabine treatment leads to a modest survival benefit in 

mice harboring murine CCAs  
KrasG12D;p53Δ/Δ organoids were injected sq into recipient mice. Gemcitabine treatment 

(100 mg/kg bodyweight) was initiated when murine CCAs reached a diameter of >5  mm 
and led to a modest survival benefit (32 vs. 42 days; P = 0.027). Abbreviations: CCA, 
cholangiocarcinoma; sq, subcutaneous.  

 

Supporting FIG. S6: Relative stromal content is not altered by loss of Pten  
As a surrogate for the amount of recipient derived stroma, CK19 -negative area was 

determined on CK19 stained immunohistochemistry slides. Relative stromal content does 
not differ between CCAs with and without loss of Pten. Abbreviations: CCA, 
cholangiocarcinoma; CK19, cytokeratin 19; NS, not significant; Pten, phosphatase and 
tensin homolog.  

 
Supporting FIG. S7: Relative stromal content is similar in orthotopic and 

subcutaneous CCAs 
(A) KrasG12D;p53Δ/Δ;LMP_shPten organoids give rise to orthotopic CCAs (macroscopic 

image) upon intrahepatic injection. GFP (transplanted cells) and CK19 ( ductal 
differentiation) expression is confirmed by immunohistochemistry. (B) Orthotopic and 
subcutaneous CCAs do not dif fer in stromal content (as assessed by CK19-negative area). 
Abbreviations: CCA, cholangiocarcinoma; CK19, cytokeratin 19; GFP, green flu orescent 
protein; HE, hematoxylin and eosin; NS, not significant; sq, subcutaneous.  
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Supporting FIG. S8: Differential expression analysis of Myc expressing liver 

organoids  
(A) sgRNA-mediated cleavage of Apc in Myc, shp53, sgApc organoids (preinjection, l ane 

2), and isolated tumoroids (lane 3) detected by T7 endonuclease assays. Lane 1: control 
genomic DNA. (B) Differentia l expression analysis of liver organoids from C57Bl/6J mice 
(wild type), C57Bl/6J liver organoids transduced with a Myc overexpression c assette, an 
shRNA against p53, and transiently transfected with an sgRNA targeting Apc prior to 
injection into recipient mice (preinjection), as well as tumoroids derived from a resulting 
tumor. Similar to our observations in CCA organoids (Fig. 2D), wild -type and preinjection 
organoids cluster together. (C) Treatment of 2D HCC-like tumor derived cell lines with 
selumetinib and BKM-120 at the same inhibitor concentrations used in Kras mutant cells 
lead to a significant, but only mild reduction in cell growth at 48 hours (see Fig. 3D for 
comparison). Abbreviations: 2D, 2-dimensional; Apc, adenomatous polyposis coli; CCA, 
cholangiocarcinoma; GFP, green fluorescent protein; Myc, myelocytomatosis oncogene; 
sgRNA, single guide RNA; shRNA, short hairpin RNA.  

 

References for Supp. Fig. Legends 
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Transplantation of engineered organoids enables rapid generation of metastatic mouse 

models of colorectal cancer. Nat Biotechnol 2017;35:577-582.



 

 

 Supporting TABLE 1: Chromosomal alterations in murine CCA tumoroids as determined by array-CGH and corresponding regions in human CCAs 

MGI M_chromosome M_start M_end M_gain M_loss H_gene H_chromosome H_start H_end H_gain H_loss 

Tbl1xr1 3 22076652 22216594 1 0 TBL1XR1 3 1,77E+08 1,77E+08 17% 8% 

Mecom 3 29951299 30548008 1 0 MECOM 3 1,69E+08 1,7E+08 14% 8% 

Pik3ca 3 32397671 32468486 1 0 PIK3CA 3 1,79E+08 1,79E+08 17% 8% 

Il2 3 37120523 37125959 1 0 IL2 4 1,22E+08 1,22E+08 0% 42% 

Gmps 3 63976106 64022579 1 0 GMPS 3 1,56E+08 1,56E+08 11% 8% 

Fbxw7 3 84815268 84979198 1 0 FBXW7 4 1,52E+08 1,53E+08 0% 44% 

Ntrk1 3 87778244 87795162 1 0 NTRK1 1 1,57E+08 1,57E+08 58% 0% 

Prcc 3 87858900 87885608 1 0 PRCC 1 1,57E+08 1,57E+08 58% 0% 

Lmna 3 88481148 88509956 1 0 LMNA 1 1,56E+08 1,56E+08 58% 0% 

Notch2 3 98013538 98150367 1 0 NOTCH2 1 1,2E+08 1,2E+08 22% 3% 

Fam46c 3 1E+08 1E+08 1 0 FAM46C 1 1,18E+08 1,18E+08 19% 8% 

Nras 3 1,03E+08 1,03E+08 1 0 NRAS 1 1,15E+08 1,15E+08 17% 14% 

Trim33 3 1,03E+08 1,03E+08 1 0 TRIM33 1 1,14E+08 1,15E+08 17% 14% 

Rbm15 3 1,07E+08 1,07E+08 1 0 RBM15 1 1,1E+08 1,1E+08 17% 11% 

Rap1gds1 3 1,39E+08 1,39E+08 1 0 RAP1GDS1 4 98261384 98443861 0% 36% 

Bcl10 3 1,46E+08 1,46E+08 1 0 BCL10 1 85266248 85277090 19% 14% 

Fubp1 3 1,52E+08 1,52E+08 1 0 FUBP1 1 77944055 77979110 19% 11% 

Chd2 7 73426691 73541746 1 0 CHD2 15 92901238 92949080 6% 6% 

Dnmt3a 12 3806007 3914443 1 0 DNMT3A 2 25227855 25342590 6% 3% 

Ncoa1 12 4247363 4477182 1 0 NCOA1 2 24491914 24770702 6% 3% 

Mycn 12 12936096 12941914 1 0 MYCN 2 15940564 15947007 6% 3% 

Arhgap5 12 52516077 52567852 1 0 ARHGAP5 14 32076114 32159728 0% 31% 

Baz1a 12 54892989 55014348 1 0 BAZ1A 14 34752731 34875647 3% 31% 

Nin 12 70011435 70111925 1 0 NIN 14 50719763 50831121 3% 33% 

Hif1a 12 73901375 73947530 1 0 HIF1A 14 61695513 61748259 0% 47% 

Hsp90aa1 12 1,11E+08 1,11E+08 1 0 HSP90AA1 14 1,02E+08 1,02E+08 0% 53% 
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Akt1 12 1,13E+08 1,13E+08 1 0 AKT1 14 1,05E+08 1,05E+08 0% 53% 

Men1 19 6334979 6340891 1 0 MEN1 11 64803510 64811294 0% 11% 

Fen1 19 10199132 10204169 1 0 FEN1 11 61792637 61797244 6% 11% 

Sdhaf2 19 10500513 10525209 1 0 SDHAF2 11 61430042 61447529 3% 11% 

A1cf 19 31868761 31949406 1 0 A1CF 10 50799409 50885675 11% 3% 

Pten 19 32757497 32826160 1 0 PTEN 10 87863113 87971930 11% 8% 

Tlx1 19 45150680 45156943 1 0 TLX1 10 1,01E+08 1,01E+08 3% 17% 

Nfkb2 19 46304737 46312090 1 0 NFKB2 10 1,02E+08 1,02E+08 3% 17% 

Sufu 19 46396896 46488804 1 0 SUFU 10 1,03E+08 1,03E+08 3% 17% 

Nt5c2 19 46886831 47015153 1 0 NT5C2 10 1,03E+08 1,03E+08 3% 19% 

Vti1a 19 55316351 55626561 1 0 VTI1A 10 1,12E+08 1,13E+08 3% 22% 

Tcf7l2 19 55741810 55933654 1 0 TCF7L2 10 1,13E+08 1,13E+08 3% 22% 

 



 

 

Supporting Information: Supplemental Materials and Methods 

Subcutaneous and orthotopic cell transplantation 

For subcutaneous (sq) injections, 0.5 × 106 organoids were resuspended in 50 µL of 50% 

Growth Factor Reduced Matrigel (Corning, NY) and injected subcutaneously into the rear 

flanks of recipient mice. 2D cell lines were resuspended in 50% Matrigel/PBS and injected. For 

orthotopic transplantation, a substernal 5-mm longitudinal incision was performed, the left liver 

lobe was exposed, and organoids were implanted using a 30-g Hamilton syringe. After 

retraction of the needle, the injection site was compressed with a sterile cotton swap, and the 

abdominal cavity was washed with 2 mL of sterile prewarmed water. The abdominal wall was 

closed layer-wise using absorbable sutures.  
 

Transfection and retroviral transduction of organoids 

MSCV-based retroviruses (pMSCV-LTR-miR30-Puromycin-resistance-IRES-EGFP [LMP](1) 

and PGK-CreERT-IRES-NeomycinResistance [PCIN]) were produced in Platinum-E retroviral pack-

aging cells (Cell Biolabs, San Diego, CA), concentrated using Retro-X concentrator (Clontech, 

Mountain View, CA), and supplemented with polybrene (4 µg/mL) prior to transduction of 

organoids. ShRenilla.713 (shRenilla) and shPten.1522 (shPten) were described.(2)  

sgApc was cloned into pX459 (Addgene, plasmid #48139). Transient transfections of 

organoids with pX459_sgApc and U6-sgp53-U6-sgPten-EFS-Cas9-P2A-Cre plasmid 

(sgp53/sgPten-CC)(3) were performed using Lipofectamine2000 (ThermoFisher Scientific, 

Waltham, MA). Cas9-mediated DNA cleavage of p53 and Pten were verified using the T7 

Endonuclease I EnGen Mutation Detection Kit (NEB, Ipswich, MA) according to the manu-

facturer’s manual. PCR products were heteroduplex annealed and treated with Endonuclease 

T7. 
 

Guide RNA sequences: 

p53 sgRNA  CCTCGAGCTCCCTCTGAGCC 

Pten sgRNA  GAGATCGTTAGCAGAAACAAA 

Apc sgRNA  GCAGGAACCTCATCAAAACG 
 

Primers used in T7 Endonuclease Mutation Detection Assay  
 

T7 Mut PCR p53 fwd GCCATCTTGGGTCCTGACTT 

T7 Mut PCR p53 rev CCCCGCAGGATTTACAGACA 

T7 Mut PCR Pten fwd GAGCCATTTCCATCCTGCAG 

T7 Mut PCR Pten rev CTAGCCGAACACTCCCTAGG 

T7 Mut PCR Apc fwd GCCATCCCTTCACGTTAG 

T7 Mut PCR Apc rev   TTCCACTTTGGCATAAGGC 

  

Immunohistochemistry, immunofluorescence, Alcian Blue- and Sirius Red/Fast Green stains  

Slides were deparaffinized and rehydrated. Sirius Red/Fast Green staining was performed 

using Sirius Red Solution (0.5 g Direct Red; Sigma-Aldrich, St Louis, MO) and 0.5 g Fast Green 

FCF (Sigma-Aldrich) in 500 mL Picric Acid-saturated solution 1.3% (Sigma-Aldrich).  

For Alcian Blue staining (Serva Electrophoresis, Heidelberg, Germany), the deparaffinized 

slides were immersed in 3% acetic acid and stained in Fast Red for 30 seconds. Hematoxylin 
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and eosin (H&E) staining and immunohistochemistry were performed as described.(4) For 

immunohistochemistry, we used the following primary antibodies: Abcam (Cambridge, UK): 

CK19, #ab133496 and GS, #ab73593; Cell Signaling Technology (Danvers, MA): GFP XP 

#2956, PTEN XP #9188s and CD31 #77699S; Santa Cruz Biotechnology (Dallas, TX): CK7, 

#sc-23876. The secondary biotin conjugated antibody (goat-anti-rabbit, #B-2770, Life 

Technologies, Carlsbad, CA) was diluted 1:250. For immunofluorescence, all primary 

antibodies were purchased from Santa Cruz Biotechnology and used at a 1:50 dilution: ß-

Catenin (#sc-7963), CK7 (#sc-23876), CK19 (#sc-33111), and Sox9 (#sc-20095). 
 

Immunoblotting 

Immunoblotting was performed as described.(4) We used the following primary antibodies: Cell 

Signaling Technology (Danvers, MA): Akt Pan, #4691P, p-Akt (T308), #2965S, p44/42, 

#4695S, PTEN XP, #9188S, p-p44/42 (T202/Y204) #4376S (all 1:1000), Vinculin XP, #13901 

(1:5000); Santa Cruz Biotechnology (Dallas, TX): p21 (#sc-471, 1:500); Leica Biosystems 

(Wetzlar, Germany): p53, #p53-CM5P-L (1:2000). Secondary antibodies (1:5000): goat-anti-

mouse (Santa Cruz, #sc-2005) and goat-anti-rabbit (Cell Signaling Technology, #7074S).  

Cells were treated with 1 µg/mL doxorubicin for 60 minutes prior to blotting for p53. 
 

Gemcitabine treatment 

C57/Bl6 mice were injected sq with KrasG12D/wt; p53Δ/Δ organoids and randomized upon detec-

tion of a tumor of 0.5 cm diameter into either a treatment (gemcitabine, n = 5, 100 mg/kg, 

intraperitoneally) or a placebo (n = 6, NaCl 0.9%) arm. Mice were followed by caliper measure-

ments and harvested upon reaching endpoint criteria (tumor volume 1,400 mm3, poor health 

conditions). 
 

Detection of copy number alterations (CNAs) in murine organoids and tumoroids by 

comparative genomic hybridization (CGH) 

DNA from KraslslG12D/wt;p53lox/lox (wild type) KrasG12D/wt;p53Δ/Δ (preinjection) and 

KrasG12D/wt;p53Δ/Δ (tumoroid) murine liver organoids was isolated according to the manu-

facturer’s protocol (NucleoSpin Tissue; Macherey-Nagel, Düren, Germany), labeled, and 

hybridized to an Agilent 4 × 180k MicroArray (Agilent Technologies, Santa Clara, CA). 

For visualization of array CGH data, genomic copy number alterations were identified using 

the R package CGHcall(5) applying default parameters followed by the definition of genomic 

copy number regions using the R package CGHregions.(6) The called copy number regions 

were collapsed to three states (i.e., loss, normal, gain) and plotted along the genomic position 

next to ideograms of mouse chromosomes. CNAs that occurred in the genetically modified 

organoids or in tumoroids were identified in contrast to the genomic copy number profiles of 

parental wild-type organoids. The genomic locations of CNAs in genome version NCBI37/mm9 

were translated to GRCm38/mm10 using LiftOver tool provided by the UCSC genome browser. 

Genes encoded on CNA regions were extracted from the Ensembl genome database using 

the R biomaRt package.(7) Segmented genomic copy number profiles generated from 

Affymetrix SNP 6.0 genotyping array data in the frame of the TCGA cholangiocarcinoma 

project were downloaded from the GDC data portal (https://portal.gdc.cancer.gov) and 

subjected to copy number calling using CGHcall and CGHregions. The alteration frequency of 
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gains and losses of genes that were detected in the mouse organoids was subsequently 

determined in the human data set. 
 

RNA sequencing 

RNA from KraslslG12D/wt; p53lox/lox (wild type organoids), KrasG12D/wt; p53∆/∆ (“preinjection” organ-

oids) and tumor-derived KrasG12D/wt; p53∆/∆ (“tumoroids”), as well as Myc;shp53;sgApc 

(Supporting Fig. S7B, preinjection and tumoroid) and C57BL/6J murine liver organoids 

(Supporting Fig. S7B, wild type) (n = 3 replicates each), was isolated according to the manufac-

turer’s protocol (NucleoSpin RNA #740955, Macherey-Nagel). RNA integrity was confirmed on 

an Agilent 2100 Bioanalyzer. NEB Next Ultra RNA Library Prep Kit was used for nonstranded 

library preparation, and samples were sequenced on an Illumina HiSeq 4000. 

Raw reads were filtered by removing adapter sequences, contamination, and low-quality 

reads. The reads were mapped to mouse genome reference sequence (GRC38m) using 

HISAT2 (hisat2-2.0.2-beta) followed by read summarization with featureCounts (subread-

1.5.0-p1).(8-10) All data analysis was performed using R programing language and related 

packages. Output matrix from featureCounts was used as input for Bioconductor package 

DESeq2 to perform differential expression analysis.(11) Significance testing was performed 

using Wald Test statistics. Only genes with a fold change >2 were considered for further anal-

yses. To visualize the data, Euclidean distance clustering was performed. All plots were 

generated using the MADE4 package.(12) Gene Set Enrichment Analysis (GSEA) was per-

formed using GSEA software provided by Broad Institutes (http://www.broad.mit.edu/gsea/).(13) 

Gene sets from the MSigDB database were tested and gene sets with a NOM P value <0.05 

and FDR <0.25 were considered significantly enriched in an a priori defined set of genes. 

Integration of human data was performed as described using GSE15765.(14,15) 
 

Determination of CK19-negative area 

CK19-negative area was determined by automatic thresholding using ImageJ (National Insti-

tutes of Health, USA). Five nonoverlapping low-magnification fields of view were considered 

per tumor. 
 

Cell Cycle Analysis 

Cells were plated at a density of 0.04 × 106 cells per 12-well and treated with IC50 concen-

trations of selumetinib (3.36 µM; MedChem Express, Monmouth, NJ), BKM-120 (0.25 µM; 

MedChem Express, Monmouth, NJ), or a combination of both for 24 hours. Cells were har-

vested, washed once with PBS, and fixed with 70% EtOH at −20°C overnight. Thereafter, 1 

mL Trisodium citrate (38 mM) was added, and samples were centrifuged for 5 minutes at 500g. 

The supernatant was discarded, the pellet was resuspended in PI staining solution (400 µL 

Trisodium citrate, 30 µL PI [2.5 g/L], 5 µL RNase A [10 mg/mL]), and incubated at 37°C for 20 

minutes protected from light. The samples were analyzed by flow cytometry within 1 hour. 
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Statistical analysis 

Experimental data were analyzed using GraphPad Prism software. 1-tailed t test was used to 

compare cell growth (Fig. 1C) and tumor weights (Fig. 4A). We applied a 2-tailed t test to 

compare CK19-negative area (Fig. 3C; Supporting Figs. S5, S6B). Log-rank (Mantel Cox) test 

was used to calculate differences in animal survival (Supporting Fig. S4). 1-way ANOVA with 

Post-Bonferroni’s Multiple Comparison Test was used in cell viability assays (Fig. 3D). 
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Abstract: Gallbladder cancer is associated with a dismal prognosis, and accurate in vivo models will 

be elemental to improve our understanding of this deadly disease and develop better treatment 

options. We have generated a transplantation based murine model for gallbladder cancer that 

histologically mimics the human disease, including the development of distant metastasis. Murine 

gallbladder derived organoids are genetically modified by either retroviral transduction or 

transfection with CRISPR/Cas9 encoding plasmids, thereby allowing the rapid generation of complex 

cancer genotypes. We characterize the model in the presence of two of the most frequent oncogenic 

drivers – Kras and ERBB2, and provide evidence that the tumor histology is highly dependent on the 

driver oncogene. Further, we demonstrate the utility of the model for the preclinical assessment of 

novel therapeutic approaches by showing that liposomal Irinotecan (Nal-IRI) is retained in tumor cells 

and significantly prolongs the survival of gallbladder cancer bearing mice compared to conventional 

irinotecan.  

 

Keywords: Organoids, gallbladder, CRISPR/Cas9, Nal-IRI, mouse model 

 

1. Introduction 

Gallbladder cancer (GBC) is the most common biliary tract cancer, and ranks sixth of all 

gastrointestinal cancers. In 2018, GBC is predicted to reach more than 200,000 new cases with 165,087 

cancer-related deaths worldwide [1,2]. Notably, significant differences in GBC incidence are reported 

among different geographical regions and ethnicities, with highest rates in South America  [3]. These 

differences may in part be attributed to the prevalence of known risk factors that predispose to the 

development of GBC, such as the presence of gallstones, chronic bacterial infection (e.g. salmonella), or 

anomalies of the pancreatobiliary duct junction [4,5]. The median survival of GBC worldwide is low, 

ranging from 5.7 months to 12.89 months [6,7]. Surgical resection can improve the five year survival 
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rate, but less than 40% of patients are amenable for surgical resection [8]. Based on the results from the 

ABC-02 trial published in 2010, combination chemotherapy with gemcitabine and cisplatin remains the 

standard of care for the treatment of patients with cancers of the biliary tract, including GBC, leading to 

a median overall survival of 11.7 months with a median progression free survival of 8 months [9]. No 

established second line concepts exist, but. recently presented results from the first prospective 

randomized phase III trial, (ABC-06) provide initial evidence that patients with tumor progression 

under first-line CT can benefit from FOLFOX chemotherapy in the second line setting [10]. However, to 

date no therapeutic regimen has achieved long-term disease control in GBC. Among others, a novel 

liposomal formulation of irinotecan (Nal-IRI), which has demonstrated superior performance in 

patients with advanced pancreatic cancer in combination with leucovorin and 5-fluorouracil [11], is 

currently being assessed in clinical studies in combination with 5-FU for first and second line treatment 

of biliary tract cancers, including GBC (1st line: NIFE [12], 2nd line NaliriCC [13]). Irinotecan, one of the 

most prevalent topoisomerase inhibitors, is a prodrug also known as CPT-11, that undergoes enzymatic 

activation to its active metabolite SN-38 through the action of carboxylesterases [14]. The liposomal 

formulation of irinotecan changes the pharmacologic characteristics of irinotecan and has been shown 

to have superior anti-tumor activity compared to conventional irinotecan in mouse xenograft models 

[15,16]. 

Apart from “classical” chemotherapeutic regimens, the potential value of precision oncology is 

increasingly recognized. Thus far, several oncogenic driver mutations have been identified in patients 

with gallbladder cancer, including frequent inactivating mutations in tumor suppressor genes like TP53, 

ARID1A and SMAD4, as well as activating mutations in the KRAS gene. Recurrent amplifications or 

activating mutations in members of the ERBB2 pathway (EGFR, ERBB2, ERBB3 and ERBB4 and their 

downstream targets) point towards a decisive role of this pathway in gallbladder carcinogenesis [17-

20]. Overall, the molecular landscape of gallbladder carcinoma is heterogeneous, and the consequences 

of specific genetic aberrations alone or in the context of the co-mutational spectrum remains largely 

elusive. 

In order to functionally annotate the mutational landscape of GBC and to facilitate meaningful pre- 

and co-clinical trials, genetically flexible in vivo models mimicking the human disease are urgently 

needed. Immunocompetent in vivo systems serve as a preclinical platform to assess the therapeutic 

efficacy and characterize the pharmacodynamic properties of novel systemic therapeutic approaches 

within a complex environment. An existing traditional transgenic mouse models for GBC relies on 

gallbladder directed overexpression of rat ERBB2. While this model recapitulates several relevant 

histological features of human GBC, the integration of additional alleles or other driver oncogenes 

requires time consuming breeding of mice [21].  

In this study, we use murine gallbladder organoids to generate a genetically flexible model that 

allows the study of gallbladder carcinogenesis in the presence of an intact immune system. We show 

that expression of mutant Kras or mutant ERBB2 (ERBB2S310F and ERBB2V777L), two of the most frequent 

oncogenic drivers in human GBCs, drives rapid tumor development in vivo in the presence of p53 loss. 

Further, we demonstrate how the model can be used to functionally validate candidate tumor 

suppressor genes using CRISPR/Cas9. Importantly, resulting tumors histologically resemble their 

human counterparts and lead to metastatic spread upon orthotopic transplantation. In order to 

demonstrate the utility of the model to elucidate relevant pharmacodynamic properties of novel drugs, 

we show that GBC bearing mice treated with Nal-IRI survive longer than mice receiving conventional 

irinotecan and that this effect correlates with the prolonged presence of the compound in the epithelial 

tumor cell compartment. 

2. Results 

2.1. Introduction of cancer drivers into GB organoids leads to tumor formation in mice 

To assess whether gallbladder organoids can be used to study gallbladder carcinogenesis in vivo, 

we isolated organoids from whole murine gallbladders (Figure 1A-C). As expected, these cells express 

markers of biliary differentiation, such CK19, Sox9 and EpCAM (Figure 1D,E). Considering that 
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EpCAM is uniformly expressed by the epithelial cells lining the luminal site of the gallbladder, it 

appears likely that the cell of origin of gallbladder organoids resides within this compartment (Figure 

1B).  

TP53 and KRAS are among the most frequently mutated genes in GBC [7,18]. To investigate 

whether alteration of these genes in gallbladder organoids leads to GBC, we first generated organoids 

from KraslslG12D mice. Activation of the latent Kras mutant and loss of p53 with and without loss of Pten 

was achieved by co-transfecting pt3-PGK-Blasticidin-P2A-EGFP and a plasmid co-encoding Cre 

recombinase, Cas9 and either a single sgRNA against p53, or two sgRNAs targeting p53 and Pten (Fig 

2A) [22], followed by selection with blasticidin. An sgRNA directed against a non-genic region on 

chromosome 8 (sgCR8) [23] served as a negative control. Efficient genome editing was confirmed after 

selection and expansion by T7 endonuclease assays (Figure 2B). 

 

 

 

Figure 1: Gallbladder organoids express a biliary marker profile 

(A) Technical outline: organoids were isolated from the gallbladders of adult mice, expanded in Matrigel, 

and genetically modified using CRISPR/Cas9 or by retroviral introduction of cDNAs. Genetically altered 

organoids were transplanted into recipient mice, either s.c. or orthotopically into the gallbladder. (B) 

IHC confirms EpCAM expression within the epithelial layer of adult murine gallbladders. (C) Brightfield 

image of gallbladder organoids. (D) Flow cytometry analysis for EpCAM on single cell suspensions from 

adult mouse liver (left column), adult mouse gallbladder (middle column) and gallbladder organoids 

(right column). (E) Immunofluorescence on gallbladder organoids confirms expression of ß-catenin 

(left), CK19 (middle) and SOX9 (right). 

Following transplantation, we observed tumor growth in the KrasG12D/wt;sgp53 (KP) and 

KrasG12D/wt;sgp53;sgPten (KPP) cohorts, but not in animals injected with KrasG12D/wt;sgCR8 organoids 
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(KCR8) (Figure 2C). Accordingly, recipient mice reached endpoint criteria with a median latency of 46 

days vs. 69 days after implantation of organoids in the KPP and the KP cohort, respectively (Figure 2D).  

Histological examination of the tumors in both the KP and KPP cohorts revealed mostly tubular 

adenocarcinomas with areas of mucin production, as assessed by Alcian blue staining (Figure 2E, Suppl. 

Table 1). Loss of PTEN in the tumor cells, but not in the recipient-derived stromal cells was confirmed 

by IHC on histological sections (Figure 2E). Loss of PTEN in KPP and loss of p53 in KP and KPP tumor 

derived cell lines was detected by western blot (Figure 2F, Figure S1). The increased frequency of indels 

in tumor derived cell lines compared to preinjection organoids indicates positive selection of the 

targeted genes p53 and Pten during tumor development (Figure 2G). As expected, the majority of indels 

are predicted to cause frameshifts (for details see Figure S2). Since a prominent stromal reaction is a 

hallmark of GBC, we quantified the CK19 negative area as a surrogate for the relative contribution of 

the tumor stroma to the tumor volume. Approximately 57% of the tumors stained CK19 negative, with 

no significant differences between the KP and KPP groups (57.44% vs 56.97%) (Figure 2H). Thus, tumor 

development in the KP and KPP cohorts validates the suitability of our model to generate GBCs with 

complex cancer genotypes in vivo using CRISPR/Cas9 that histologically resemble crucial 

characteristics of the human disease. 

  

 

 

 

Figure 2: Genetically modified gallbladder organoids can give rise to GBC that 

resembles the human disease 

(A) Schematic of plasmids used to transfect gallbladder organoids. Plasmids contain Cre recombinase, 

Cas9 and the respective sgRNA(s). (B) T7 endonuclease assay confirming cleavage after transfection 

and selection with blasticidin, first column: KCR8 organoids, second column: KP organoids and 
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third column: KPP organoids; arrows indicate cleaved bands. (C) Tumor volume 32 days after 

organoid implantation. No tumor development occurred in mice transplanted with KCR8 

organoids during the 4 months observation period. (D) Kaplan-Meyer curves of mice transplanted 

with KCR8, KP, and KPP organoids. Transplantation with KP and KPP organoids led to rapid 

tumor development (median survival: 69 days and 46 days for the KP and KPP cohorts, 

respectively). (E) Histological characteristics of GBC tumors derived from KP and KPP organoids. 

H&E staining of both genotypes shows GBCs classified as adenocarcinomas. IHC for CK19 confirms 

ductal differentiation and PTEN IHC detects loss of PTEN expression in sgPten-bearing epithelial 

tumor cells, but not in the surrounding stroma cells. IHC for αSMA confirms the presence of cancer-

associated fibroblasts. Normal gallbladder tissue (H&E) for comparison. (F) Loss of p53 and PTEN 

confirmed on tumor-derived cell lines of the respective genotypes by immunoblotting. KCR8 

organoids served as positive control. (G) Frequency of indels in the respective loci in preinjection 

organoids and in tumor derived cell lines shows enrichment of p53- and PTEN alterations during 

tumor development. (H) The relative stromal content of KP and KPP derived tumors (considering 

CK19 negative area as a surrogate for the relative stromal content) did not differ significantly 

(57.44% and 56.97%, respectively; P > 0.8669).  

2.2. Tumors derived from orthotopic transplantation of genetically altered organoids frequently metastasize to 

the lung 

Next, we assessed whether the histological presentation and/or the development of metastatic 

spread in our murine GBC model depends on the site of implantation. KPP organoids were either 

injected orthotopically into the gallbladder or subcutaneously (s.c.) into the flanks of recipient mice. 

Histologically, tumors from both sites presented as adenocarcinomas, with a moderately increased 

stromal content in the orthotopic group as assessed by CK19 negative area (Figure 3A,B). Notably, lung 

metastatic disease was exclusively detected in 50% of orthotopically transplanted mice, but in none of 

the mice that received flank injections (Figure 3C). Compared to the parental tumors, the metastases 

within the lung displayed dense aggregates of tumor cells and a significantly reduced stromal content 

compared to the parental tumor as assessed by CK19 negative area (Figure 3D,E). 
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Figure 3: Genetically altered gallbladder organoids lead to metastasis upon 

orthotopic implantation 

(A) Both s.c. and orthotopically implanted KPP organoids lead to GBCs classified as adenocarcinomas. 

(B) Orthotopic GBCs presented with a larger stromal compartment in as assessed by quantification of 

the CK19 negative area (54.15% and 62.69%, respectively (n = 9 & n = 7, respectively, P=0.0421)). (C) Lung 

metastases were present in 5/10 mice after orthotopic transplantation and in 0/10 mice after s.c. 

transplantation with KPP organoids. (D) H&E and CK19 staining of lung metastasis. (E) Compared to 

the parental orthotopic tumors, CK19 positive area as a surrogate for relative stromal content is 

significantly reduced in lung metastases (62.69% and 38.48% respectively, n = 7 & n = 3, respectively, 

P=0.0026). 

2.3. Overexpression of activating ERBB2 mutants give rise to GBC 

Mutations in the ERBB2-gene are among the most common genetic alterations in gallbladder cancer 

[17,18,24-26]. To assess their potential as oncogenic drivers in our organoid based GBCs, we stably 

introduced human ERBB2 and two ERBB2 mutants (ERBB2S310F and ERBB2V777L) by retroviral 

transduction into gallbladder organoids, in which p53 loss had been induced by Cas9-mediated genome 

editing (Figure 4A). Membranous expression of both wild-type (WT) ERBB2 and both ERBB2 mutants 

as well as the respective phosphorylated proteins on transduced gallbladder organoids was confirmed 

by immunofluorescence (Figure 4B).  
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Figure 4: Mutant ERBB2 cooperates with loss of p53 and leads to papillary GBC in 

recipient mice 

(A) Top: Schematic of human ERBB2, indicating the location of two point mutants (S310F and V777L). 

Bottom: retroviral vector used to transduce organoids, that had been treated with an sgp53-containing 

plasmid (px459) to induce loss of p53. (B) Immunofluorescence for ERBB2 (top) and phospho-ERBB2 

(bottom) on organoids harboring the indicated genetic alterations. (C) Tumor volumes 36 days after s.c. 

implantation of the respective organoids into recipient mice. All mice transplanted with 

sgp53;ERBB2S310F- and sgp53;ERBB2V777L organoids exhibited tumor development, whereas sgp53;empty 

vector- and sgp53;ERBB2wildtype organoids did not give rise to tumors over a 4 months observation period. 

There was no significant difference in the tumor burden of mice transplanted with sgp53;ERBB2S310F- and 

sgp53;ERBB2V777L organoids (P= 0.999). (D) Mice transplanted with sgp53;ERBB2S310F- and 

sgp53;ERBB2V777L organoids reached endpoint criteria with a median survival of 79.5 days and 58.5 days, 

respectively. (E) H&E and IHC for CK19 and EGFP on tumors generated with sgp53;ERBB2S310- and 

sgp53;ERBB2V777L organoids.  

Both ERBB2 mutants cooperated with p53 loss and gave rise to GBC with a median OS of 79.5 and 

58.5 days for ERBB2S310F and ERBB2V777L, respectively, whereas wildtype ERBB2 unexpectedly did not 

lead to tumor development within the observational period of 4 months (Figure 4C,D). Compared to 

GBCs harboring KrasG12D (KP and KPP), mutant ERBB2-driven tumors displayed distinct histological 

characteristics: while nearly all mutant Kras-driven GBC were classified as tubular adenocarcinomas, 

mutant ERBB2-driven GBCs were mostly of papillary/tubulo-papillary differentiation (Figure 4E, 

Suppl. Table 1). Both genotypes led to stromal desmoplasia (Figure 2E, Figure 4E).   

In summary, we show that the model histologically recapitulates prime hallmarks of the human 

disease and that its histology is dependent on the driving oncogenes.  

2.4. Antitumor effects of Nal-IRI correlate with increased intratumoral CPT-11 concentrations 

The topoisomerase inhibitor Nal-IRI achieved a significant increase in median overall survival of 

previously treated patients with pancreatic cancer [11]. Since pancreatic cancer shares several features 

of biliary tract cancers, such as the abundant stromal desmoplasia and the relative chemotherapy 

resistance, we wanted to assess whether Nal-IRI leads to a survival benefit in our stroma-rich GBC 

model in comparison to conventional irinotecan. First, we tested whether Carboxylesterase 2 (CES2), 

the enzyme, that catalyzes the activation of irinotecan (CPT-11) to the active compound SN-38, is 

expressed in our murine organoid derived GBCs. IHC confirmed that CES2 is expressed in tumor cells 

as well as in the stromal cell compartment, suggesting that both cellular compartments are capable of 

activating CPT-11 to SN-38 (Figure 5A). We transplanted KPP organoids into recipient mice and, when 

tumor sizes reached 150 mm3, animals were randomized into four treatment arms (vehicle, irinotecan 

50 mg/kg, Nal-IRI 25 mg/kg and Nal-IRI 50 mg/kg). Nal-IRI administered at 50 mg/kg lead to significant 

reduction in tumor size and prolonged the median survival to 33 days compared to 22 days for vehicle-

treated mice, 21 days for free irinotecan, and 25 days for Nal-IRI administered at 25 mg/kg (Figure 5B,C). 

This is in stark contrast to the in vitro situation, in which Nal-IRI exhibits higher IC50s compared to free 

Irinotecan (Figure 5D). 
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Figure 5: Treatment with Nal-IRI leads to improved survival in GBC bearing mice 

(A) IHC for CES2 on a tumor derived from KPP organoids confirms CES2 expression in both the tumor 

cell compartment and in stromal cells. (B) Waterfall plots displaying growth fold changes after 16 days 

of vehicle, irinotecan, Nal-IRI 25mg/kg or Nal-IRI 50mg/kg treatment. Mean fold changes are 5.87, 5.14, 

3.38 and 2.60, respectively. Treatment with Nal-IRI 50mg/Kg led to significantly reduced tumor growth 

compared to vehicle (P=0.0232).  (C) Kaplan-Meyer curve of vehicle, irinotecan, Nal-IRI 25 mg/kg or Nal-

IRI 50mg/kg treated GBC-bearing mice. Median survivals were 22 days, 21 days, 25 days and 33 days, 

respectively. Nal-IRI 50mg/kg led to a significantly improved survival compared to vehicle and free 

irinotecan (P= 0.0015 and P=0.0047, respectively). (D) IC50s of a KPP GBC-tumor derived cell line for 

irinotecan and Nal-IRI in vitro. (E) Intratumoral CPT-11 concentration of vehicle -, irinotecan - or Nal-

IRI- treated, tumor-bearing mice 72 hours after a single injection with the respective drug. Treatment 

with Nal-IRI led to higher intratumoral CPT-11 levels than treatment with free irinotecan (P=0.0006).  (F) 

Intratumoral SN-38 concentrations 72 hours after a single injection with vehicle-, irinotecan- or Nal-IRI. 

SN-38 is exclusively detectable in Nal-IRI treated mice (P=0.0006). (G) CPT-11 concentrations within 

tumor- and stromal cells from vehicle, irinotecan or Nal-IRI treated tumor-bearing mice, 72 hours after 

a single injection. EGFP-labelled tumor cells were separated from the EGFP-negative stromal cells by 

FACS and subsequently analyzed with LC-MS/MS. Mean CPT-11 concentrations were significantly 

higher in tumor cells than in stromal cells (P=0.0001) in Nal-IRI treated mice.  

Next, we aimed to delineate whether administration of Nal-IRI leads to higher intratumoral 

concentrations of CPT-11 and its active metabolite, SN38, compared to free irinotecan and reaches the 

tumor cell compartment despite the abundant desmoplasia in mice bearing s.c. GBCs. Tumors were 

harvested 72 hours after a single treatment with vehicle, Nal-IRI (50 mg/kg), or irinotecan (50 mg/kg). 

Using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS), we quantified the 

levels of CPT-11 and SN-38. Three days after injection, both CPT-11 (Figure 5E) and SN-38 (Figure 5F) 

were significantly higher in lysates from the Nal-IRI treated GBCs than in tumor lysates from mice 

treated with free irinotecan.  
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The tumor stroma may serve as a barrier for efficient drug delivery to tumor cells and stromal cells 

have the potential to scavenge cytostatic drugs, thereby affecting the pharmacokinetics and 

pharmacodynamics of drugs [27,28]. Considering that the previous experiment was performed on 

whole tumor lysates, we aimed to address whether Nal-IRI is predominantly retained within the tumor 

cells or the stroma cell compartment. To do so, we derived tumors from KPP organoids stably 

transfected with an EGFP expression cassette. 72 hours following a single injection of vehicle, Nal-IRI 

(50 mg/kg), or irinotecan (50 mg/kg), EGFP positive tumor cells and EGFP negative stromal cells were 

separated by FACS, and the individual fractions were subjected to LC-MS/MS analysis. Confirming our 

previous results from whole tumor lysates, we detected more abundant CPT-11 in the Nal-IRI treated 

mice than in mice receiving conventional irinotecan in both the stromal cells and the tumor cells. 

Furthermore we found significantly higher CPT-11 levels in the tumor cells as compared to the EGFP 

negative stromal cells (Figure 5G).  

Together, the improved survival of GBC bearing mice treated with Nal-IRI over conventional 

irinotecan is paralleled by a prolonged presence of the active drug within the tumors, where it is 

predominantly retained in tumor cells and not in stromal cells. These data also illustrate that our model 

is particularly well suited for pharmacologic investigations due to its intact microenvironment 

resembling the human disease.    

3. Discussion 

Recurrent key genetic alterations in patients with GBC lead to inactivation of the tumor suppressor 

TP53 (47.1%), to oncogenic activation of KRAS (7.8%), or to increased signaling through various 

components of the ERBB pathway (36.8%). In addition, multiple other genes, such as RNF43, FBXW7, 

MAP2K4, have been found to be mutated, albeit at considerably lower frequency [17].  

A murine model for GBC (BK5.ERBB2 mice) exists but relies on time consuming traditional 

breeding [29]. Considering that cancer therapy is increasingly moving towards personalized 

approaches, genetically flexible model systems are needed to adequately model also more complex 

genetic phenotypes found in GBC patients. Here, we present a murine model for GBC that relies on key 

tumorigenic drivers, but can be easily adapted in an individualized fashion to assess the potential 

influence of the co-mutational spectrum on tumorigenesis and therapy response.  

Organoid cultures have been established from various murine and human tissues. These cultures 

allow for the propagation of both normal and malignant cells and have opened up new avenues for 

cancer research including screens for novel therapeutics (reviewed in [30]). Murine gallbladder 

organoids can be passaged for long periods of time, are able to undergo repeated freeze/thaw cycles 

and can be transplanted into syngeneic recipient mice. Using untransformed murine organoids instead 

of fully transformed human tumor cell lines not only allows researchers to study carcinogenesis starting 

from a wildtype cell, but also enables them to investigate GBC development and treatment strategies in 

the presence of an intact immune system. 

We use murine gallbladder derived organoids to demonstrate how activation of mutant Kras or 

ERBB2 in conjunction with loss-of-function of single or multiple tumor suppressor genes reliably leads 

to GBC in recipient mice. Disruption of candidate tumor suppressor genes or activation of latent alleles 

is efficiently accomplished by transfection of CRISPR-Cas9-encoding plasmids or Cre-recombinase, 

respectively, while retroviral transduction facilitates the rapid introduction of cDNAs encoding 

wildtype or mutant proteins. We generate ortho- and heterotopic GBCs featuring the most frequent 

genetic alterations (p53 together with mutant KRAS, as well as p53 in conjunction with mutant ERBB2). 

Tumors develop with 100% penetrance and can be generated with and without loss of Pten, a gene that 

is inactivated in a subset of human GBCs [18,31]. Since murine Erbb2 is known to be less oncogenic than 

its human counterpart, we introduced the human ERBB2 gene [32]. Interestingly, while ERBB2 is 

frequently amplified in various malignancies, including breast cancer, gastric cancer, or colon cancer 

[33-35], GBCs have a substantial rate of ERBB2 mutations [17,18,24]. The ERBB2 mutants ERBB2S310F and 

ERBB2V777L used in this work are located in the extracellular domain and in the tyrosine kinase domain, 

respectively, and lead to enhanced downstream signaling [36,37]. Notably, in our model, tumor 

development only occurred in the presence of the ERBB2 mutants, but not upon overexpression of the 
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WT human ERBB2, further substantiating the notion that mutant ERBB2 is a more potent cancer driver 

than overexpression of WT ERBB2. This data is in line with results from experiments in breast cancer 

(reviewed in [38]). 

Histologically, both mutant KRAS and mutant ERBB2 driven tumors resemble human GBCs. 

Interestingly, the mutant KRAS-driven GBCs predominantly led to adenocarcinomas with tubular 

structures whereas the ERBB2-driven GBC frequently showed a pronounced tubulo-papillary/papillary 

differentiation. Both genotypes led to stromal desmoplasia, a hallmark of GBC and an important feature 

since the influence of the stromal compartment on therapy resistance is increasingly recognized in 

pancreato-biliary cancers [39-42]. Murine models that accurately depict the histology and 

microenvironment of human tumors are particularly important to create an adequate preclinical in vivo 

situation for the testing of novel therapeutic compounds: despite exhibiting a potent anti-tumor activity 

either in vitro or in tumors derived from the implantation of tumor cell lines, several chemotherapeutic 

compounds failed in the clinical setting [43,44]. This may, in part, result from the lack of the complex 

interactions of a drug with the multiple different cell types and extracellular matrices present within the 

tumor microenvironment. 

Irinotecan is a topoisomerase inhibitor that is frequently used in combination with fluorouracil (5-

FU) based chemotherapeutic regimens. It is processed to its active metabolite SN-38 by CES-enzymes, 

and prompted for inactivation through the conversion to a glucuronide derivate (SN-38G) as the main 

excreted metabolite by UDP-glucuronyltransferases [14]. Since the activity of irinotecan is limited due 

to major side effects and a short half-life, liposomal delivery systems have been developed. The anti-

tumoral activity of Nal-IRI has been found exceed that of free irinotecan in a mouse xenograft model of 

colon cancer [45]; and in human patients with metastatic pancreatic cancer, Nal-IRI achieved superior 

overall survival in combination with fluorouracil and leucovorin [11]. Stromal desmoplasia in 

pancreatic cancer can act as a barrier to chemotherapeutic agents [28]. Therefore, we wanted to delineate 

whether Nal-IRI is capable of sufficiently penetrating the GBC stroma and to reach relevant CPT-11 and 

SN-38 levels within the tumor cell compartment. Since both tumors cells and stromal cells express CES2, 

both compartments are likely capable of generating the active metabolite SN-38. 

Although the in vitro activity of Nal-IRI was lower than for free irinotecan, weekly administration 

of Nal-IRI 50 mg/kg lead to a significant survival benefit of tumor-bearing mice, while free irinotecan 

was not superior to vehicle in our model. The survival benefit may in part be due to the extended levels 

of CPT-11 within our GBCs, as we detected substantially higher levels of both CPT-11 and SN-38 in 

tumors of Nal-IRI treated mice 72 hours after treatment. However, we also show a relative enrichment 

of CPT-11 in tumor cells over stromal cells, indicating that Nal-IRI accumulates preferentially within 

GBC cells and suggesting that a liposomal formulation may be beneficial in stroma-rich tumors.   

4. Materials and Methods  

4.1. Animal experiments 

Mice were maintained under standard housing conditions with access to food and water ad libitum 

and a 12-hour day-night cycle. All interventions were conducted during the day cycle. KraslslG12D mice 

[46]  were a gift from Dieter Saur (Munich, Germany). Recipient mice (C57BL/6J and NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJZtm (NSG), 5-8 weeks old) were purchased from the local animal facility (Hannover 

Medical School, Germany). C57BL/6J mice were used as recipients for organoids derived from C57BL/6J 

or syngeneic KraslslG12D mice. NSG mice were used as recipients for organoids transduced with human 

ERBB2 proteins. Mouse experiments were approved by local authorities (the Lower Saxony State Office 

for Consumer Protection and Food Safety (LAVES)). Mice were harvested when they reached endpoint 

criteria (sign of ill health, tumor volume > 1200 mm3). 

4.2. Isolation of murine gallbladder organoids 

Murine gallbladder organoids were isolated from adult C57BL/6J mice or KraslslG12D mice with some 

modifications to published protocols [47]. Briefly, the murine gallbladder was minced with a scalpel 
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and filtered through a 100 µm mesh. After additional washes with PBS, cells were spun at 300g for 5 

minutes, resuspended in 100% Growth Factor Reduced Matrigel (Corning, NY), and plated in a 24-well 

plate (two 50 µL droplets per well). After solidification, Matrigel droplets were overlaid with 500 µL 

murine liver organoid media according to published protocols [47]. For passaging, organoids were 

mechanically disrupted by repeated pipetting using a P200 pipette tip, followed by a 3- to 5-minute 

enzymatic digestion in TrypLE Express solution (Thermo Fisher, Waltham, MA). 

4.3. Tumor Cell Isolation 

Organoid derived tumors were minced with a scalpel and enzymatically digested in a shaking 

incubator with Collagenase IV 1 mg/mL (Sigma-Aldrich, St Louis, MO) in EBSS (Thermo Fisher, 

Waltham, MA) for 1 hour at 37°C. Cells were washed with PBS, spun at 300g, resuspended and plated 

on tissue culture dishes in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin. 

4.4. IC50 Cell Viability Assay: 

For inhibitor treatment, tumor cell lines established as 2D cultures from primary organoid-derived 

tumors were plated at 5,000 cells per 96-well and treated with irinotecan-HCl (Aurobindo Pharma, 

Munich, Germany) or Nal-IRI (Onyvide, Servier, Neuilly-sur-Seine, France) for 72 hours. At the 

indicated time points, luminescence was assessed using the CellTiter-Glo Luminescent Cell Viability 

Assay on a Glomax Multi Detection System (Promega, Madison, WI)). 

 4.5. Flow Cytometry and Cell Sorting 

Single cell suspensions from murine gallbladder organoids were prepared and incubated with the 

primary antibody (1:100 dilution) for 30 minutes at 4°C (Allophycocyanin-EpCAM, ThermoFisher 

Scientific, Waltham, MA, Cat. #17-5791-80). Flow cytometry was performed on a FacsCanto (BD 

Biosciences, San Jose, CA) and analysis was performed using Flowjo (Flowjo LCC, Oregon, USA). For 

cell sorting, single cell suspensions were prepared from organoid derived tumors as described above. 

EGFP-positive and –negative cells were separated by fluorescence activated cells sorting (FACS) at the 

institutional cell sorting facility (Hannover Medical School, Germany). 

4.6. Subcutaneous and orthotopic transplantation of organoids 

For subcutaneous (s.c.) injections, 0.5 × 105 organoids were resuspended in 50 µL DMEM 

F12/Advanced with 50% Growth Factor Reduced Matrigel (Corning, NY) and injected s.c. into the rear 

flanks of recipient mice. For orthotopic transplantation, mice were starved for 2 hours before the 

surgery. A substernal 5 mm longitudinal incision was performed, the gallbladder was exposed, and the 

bile was aspirated using a 31G syringe (BD Medical, France #324826). Subsequently, 0.5 × 105 organoids 

were resuspended in 10 µL of 100% Growth Factor Reduced Matrigel (Corning, NY) and were 

implanted using a 31G syringe (BD Medical, France #324826). After retraction of the needle, the injection 

site was compressed with a sterile cotton swab, and the abdominal cavity was washed with 2 mL of 

sterile pre-warmed water. The abdominal wall was closed layer-wise using absorbable sutures.  

4.7. Plasmids 

The U6-sgRNA-Cas9-P2A-Cre plasmid was a gift from Lukas E. Dow. sgRNA against Cr8, p53, and 

Pten were inserted as described previously [48]. The pMSCV-ERBB2-IRES-EGFP was a gift from Martine 

Roussel (Addgene, plasmid #91888). ERBB2 mutants were generated via site-directed mutagenesis PCR. 

The sgRNA against p53 was cloned into pX459 as described previously (Addgene, plasmid #48139) [49]. 

4.8. Transfection and retroviral transduction of organoids 

Gallbladder organoids derived from KraslslG12D mice were transiently cotransfected with pt3-PGK-

Blasticidin-P2A-EGFP and either U6-sgCr8-EFS-Cas9-P2A-Cre (KCR8 organoids), U6-sgp53-EFS-Cas9-
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P2A-Cre (KP organoids) or U6-sgp53-U6-sgPten-EFS-Cas9-P2A-Cre (KPP organoids) using 

Lipofectamine2000 (ThermoFisher Scientific, Waltham, MA) and selected with blasticidin (20 µg/mL). 

Prior to transduction with different ERBB2 expressing retroviruses we transfected gallbladder 

organoids from C57BL/6J mice with px459_sgp53 and selected with puromycin (50 µg/mL). 

To mark organoids with a green fluorescent marker (EGFP), we cotransfected pt3-PGK-Blasticidin-

P2A-EGFP with the sleeping beauty-13 plasmid (kindly provided by David A. Largaespada, University 

of Minnesota) using Lipofectamine2000 and selected with blasticidin (20 µg/mL). MSCV-based 

retroviruses (pMSCV-ERBB2-IRES-EGFP) were produced in Platinum-E retroviral packaging cells (Cell 

Biolabs, San Diego, CA), concentrated using Retro-X concentrator (Clontech, Mountain View, CA), and 

supplemented with polybrene (4 µg/mL) prior to transduction of organoids. 

4.9. T7-Endonuclease assays and quantification of indel frequency in edited organoids and tumor derived cell 

lines 

Cas9-mediated DNA cleavage with sgCr8, sgp53 and sgPten were verified using the T7 

Endonuclease I EnGen Mutation Detection Kit (NEB, Ipswich, MA) according to the manufacturer’s 
manual. PCR products were heteroduplex annealed and treated with Endonuclease T7. Next generation 

sequencing to determine indel frequency was performed at the genomics core unit at Hannover Medical 

School. Target regions from genomic DNA were amplified using corresponding primers, the PCR 

amplicons were pooled per sample in equimolar concentrations. The sequencing fragment libraries 

were prepared from 50 ng DNA with the NebNext Ultra II DNA Library Prep Kit from NEB, following 

the manufacture’s protocols. Sequencing was performed on a MiSeq (Illumina) Nano Flowcell. Indel 
frequency was determined by filtering the fastq reads for the target region and the 20bp sequence 

surrounding the expected cleavage site of the respective sgRNA and direct counting of WT and indel 

reads. The analysis of editing events was performed using the ampliCan ([50]) method. We created a 

design table with our amplicon sequences, primers and sgRNA sequences for all five samples, together 

with the raw MiSeq sequencing data. With the aforementioned MiSeq data and the created design table 

we employed the ampliCanPipeline method to compute summary metrics such as the number of 

frameshifts, and several other metrics. The analysis was performed using GNU R using a Jupyter 

Notebook ([51]). Downstream analysis plots for the size of observed indels were plotted using ggplot2’s 
violin-plot functions to describe the variance in indel sizes on a sample level appropriately. All other 

final results were plotted using ggplot2 ([52]) in R using a custom analysis script.  

 
Guide RNA sequences: 

p53 sgRNA CCTCGAGCTCCCTCTGAGCC 

Pten sgRNA GAGATCGTTAGCAGAAACAAA 

Cr8 sgRNA GACATTTCTTTCCCCACTGG 
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Primers used in T7 Endonuclease Mutation Detection Assay: 

T7 Mut PCR p53 fwd GCCATCTTGGGTCCTGACTT 

T7 Mut PCR p53 rev CCCCGCAGGATTTACAGACA 

T7 Mut PCR Pten fwd GAGCCATTTCCATCCTGCAG 

T7 Mut PCR Pten rev CTAGCCGAACACTCCCTAGG 

T7 Mut PCR Cr8 fwd TAAGATGATTATCTGAATTCC

TGGG 

T7 Mut PCR Cr8 rev TCTTATCCCCTGTGTTGGAA 

Primers used in NGS: 

NGS PCR p53 fwd CCATAGGGGTTTGTTTGTTTGT 

NGS PCR p53 rev CGCAGGATTTACAGACACCC 

NGS PCR Pten fwd GAGCCATTTCCATCCTGCAG 

NGS PCR Pten rev CACGATCTAGAAATGCGCCC 

NGS PCR Cr8 fwd  TCTGAATTCCTGGGATGGGG 

NGS PCR Cr8 rev TGTGTGGCTACCCTGTTCTT 

                                                                                              

4.10. Immunohistochemistry, Immunofluorescence and Alcian Blue: 

Paraffin-embedded tissue slides were deparaffinized and rehydrated. For Alcian-Blue staining 

(Serva Electrophoresis, Heidelberg, Germany) the deparaffinized slides were immersed in 3% acetic 

acid and stained in Fast Red for 30 seconds. Hematoxylin and eosin (H&E) staining and 

immunohistochemistry (IHC) were performed as described [53]. For IHC, we used the following 

primary antibodies: Abcam (Cambridge, UK): CK19 (ab133496), αSMA (5694) were diluted 1:250; Cell 
Signaling Technology (Danvers, MA): PTEN XP (9188s) was diluted 1:200; Santa Cruz (Dallas, USA): 

Ep-CAM (sc-66020) was diluted 1:200; Merck (Darmstadt, Germany): CES2 (ABS1065) was diluted 1:200. 

The secondary biotin-conjugated antibody (goat-anti-rabbit, #B-2770, Life Technologies, Carlsbad, CA) 

was diluted 1:250. For immunofluorescence, Santa Cruz Biotechnology: ß-Catenin (sc-7963), CK19 (sc-

33111), and Sox9 (sc-20095); Cell Signaling Technology (Danvers, MA): ERBB2, (2165s); Novus 

Biological (Colorado, USA): p-ERBB2 (NB100-81960) were all diluted 1:50.        
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4.11. Immunoblotting 

Immunoblotting was performed as previously described [53]. We used the following primary 

antibodies: Cell Signaling Technology (Danvers, MA): PTEN XP (9188S), ERBB2 (2165S), were diluted 

1:1000, Vinculin XP (13901) was diluted 1:5000; Novus Biological (Colorado, USA): p-ERBB2 (NB100-

81960) was diluted 1:1000; Leica Biosystem (Illinois, USA): p53 (P53-PROTEIN-CM5) 1:1000. Secondary 

antibodies: Cell Signaling Technology:  goat-anti-rabbit (7074S) was diluted 1:1000. For the p53 western 

blot organoids and tumor derived cell lines were treated with Doxorubicin (1ng/mL) for 4 hours.     

4.12. In vivo chemotherapy treatment 

C57Bl/6 mice were injected s.c. with KPP organoids and randomized upon detection of a tumor of 

150 mm3 into one of three treatment arms (Irinotecan, n = 6, 50 mg/kg, intravenous, Aurobindo Pharma, 

Munich, Germany) or (Nal-IRI, n = 6, 25 mg/kg, intravenous, Onyvide, Servier, Neuilly-sur-Seine, 

France) or (Nal-IRI, n = 6, 50 mg/kg, intravenous, Onyvide, Servier, Neuilly-sur-Seine, France) or vehicle 

(NaCl 0.9%, n = 6) arm. Tumor growth was followed by caliper measurements and mice were harvested 

upon reaching endpoint criteria (tumor volume > 1200 mm3, signs of ill health). 

To quantify the levels of SN-38 and CPT-11 in GBCs we treated mice harboring a GBC (KPP 

organoids) of > 500 mm3 with a single treatment of either vehicle, Irinotecan (50 mg/kg) or Nal-IRI (50 

mg/kg). 72 hours after the treatment, tumors were harvested and either analyzed directly using liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS), or FACS-sorted for the EGFP-

positive and –negative fractions prior to LC-MS/MS. All LC-MS/MS analyses were done at the 

metabolomics core facility of Hannover Medical School (MHH, Hannover, Germany).  

4.13. Determination of CK19-negative area 

The CK19-negative area was determined by automatic thresholding using Fiji, ImageJ (National 

Institutes of Health, USA). Five non-overlapping low-magnification fields of view were assessed per 

tumor. 

4.14. Statistical analysis 

Experimental data were analyzed using GraphPad Prism software. If not stated otherwise, a P-

value of < 0.05 was considered significant. We applied a 2-tailed t test to compare the CK19-negative 

area of tumor samples. We used the Log-rank (Mantel-Cox) test to calculate differences in animal 

survival. A P-value of < 0.008 was considered significant when making individual comparisons among 

four different cohorts of tumor bearing mice [54]. 1-way ANOVA with Tukey’s Multiple Comparison 
Test was used to assess differences in tumor growth and also in CPT-11 and SN-38 levels. 2-way 

ANOVA with Bonferroni’s test was used to calculate the difference of CPT-11 and SN-38 in different 

treatments and compartments. Chi-square was used to calculate the proportions of lung metastasis in 

mice bearing s.c. and orthotopic GBCs.  

5. Conclusions 

We present and characterize an organoid-based GBC mouse model that facilitates the rapid 

interrogation of putative cancer genes using CRISPR-Cas9 technology. With its intact tumor 

microenvironment and the close histological resemblance to human tumors, the model is highly suited 

to address the efficacy and pharmacodynamic properties of novel therapeutic compounds. We utilize 

this model to show that Nal-IRI enriches in the tumor cell compartment and prolongs the survival of 

GBC-bearing mice compared to conventional irinotecan. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Histological 

classification of organoid GBC tumors, Figure S1: uncropped western blot images, Figure S2: characterization of 

induced indels. 
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8 Animal husbandry & experiments 

All experimental mice were kept in individually ventilated cages (IVC) with controlled 

environmental conditions of 21 ±2°C, relative humidity of 55 ±10% and artificial light with a 

14:10 light/dark cycle. Autoclaved water and commercial pellet diet (Altromin, Germany) was 

available ad libitum. Mice were kept in groups up to 5 mice with commercial softwood 

granulate bedding (Altromin, Germany). 

All animal experiments were performed according to protocols approved by the local 

authority The Lower Saxony State Office for Consumer Protection and Food Safety (LAVES). 

Mice were routinely monitored for palpable tumors or of sign of ill health and scored according 

to an activity score modified from van Griensven et al.153, see Table 2. 

 Table 2: Activity Score according to animal protocols. (Modified Van Griensven et al, Shock 2002)153 

Score Erscheinungsbild Kriterien Konsequenz 

1 Sehr aktiv Gesundes Erscheinungsbild, neugierig, 

rasche, kräftige und adäquate Bewegungen, 

regelrechte Nahrungsaufnahme, Fell glatt, 

glänzend 

Fortsetzung 

der 

routinemäßigen 

Kontrollen  

2 Aktiv Gesundes Erscheinungsbild, neugierig, 

vereinzelte gelegentliche Unterbrechungen 

der regelrechten Aktivität, regelrechte 

Nahrungsaufnahme, Fell glatt, glänzend 

Fortsetzung 

der 

routinemäßigen 

Kontrollen 

3 Eingeschränkte 

Aktivität 

Adäquate Reaktion auf die Umgebung, 

häufige Unterbrechungen der Aktivität, 

leichte Verminderung der 

Nahrungsaufnahme, Fell stumpf, Augen 

nicht mehr vollständig geöffnet. Palpabler 

abdomineller Tumor von 0.5 cm 

Tägliche 

Kontrollen 

4 Verlangsamt Schläfrig, langsame Bewegungen, 

deutliche Einschränkung der 

Nahrungsaufnahme, Fell stumpf, Augen 

nicht mehr vollständig geöffnet. 

Tierschutz-

gerechtes Töten 

5 Lethargisch 

 

Nur residuelle Aktivität bis bewegungslos, 

Fell aufgestellt/schmutzig, Augen 

geschlossen, fehlende Nahrungsaufnahme 

Tierschutz-

gerechtes Töten  
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8.1 Manuscript I: Murine Liver Organoids as a Genetically Flexible System to Study 

Liver Cancer In Vivo and In Vitro, Hepatology Communications, 2019 

All animal experiments were approved by the LAVES (animal protocols 15/1945 and 

17/2553). Mice used for organ removal, subcutaneous or orthotop injection were over six weeks 

of age. 

8.1.1 Mouse Strains 

Table 3: Mouse strains used in Manuscript I, named with their international nomenclature and origin. 

Strain Short Name Origin 

B6-Krastm4.1Tyj-Trp53tm1Brn KraslslG12D/wt; p53fl/fl  Gift from Florian Kühnel,  

Central Animal 

Laboratory, Medical School 

Hannover (CTL MHH) 

C57BL/6J C57BL/6J JAX-ID 000664 

CTL MHH 

NOD.Cg-Prkdcscid 

IL2rgtm1Wjl/SzJZtm 

NSG JAX-ID 005557, 

CTL MHH 

 

KraslslG12D/wt; p53fl/fl is a mouse strain with a stop-codon flanked by LoxP-sites in front of the 

mutated KrasG12D allele and a p53-gene homozygously flanked by LoxP-sites.154,155 C57BL/6J 

is an immunocompetent widely used inbred strain. NSG mice are an immunodeficient strain 

with a null allele of the Interleukin 2 receptor IL2 gamma chain and severe combined immune 

deficiency scid, a mutation in the DNA repair complex protein Prkdc. Therefore, the NSG mice 

are deficient of T-cells, B-cells and functional NK-cells.156,157 

8.1.2 Establishment of cell lines 

To harvest the liver or a tumor, mice were euthanized with cervical fracture according to 

animal welfare regulations and tissues were processed according to published protocols.112  

8.1.3 Orthotopic Injection 

Depending on the strain background of the cells, injections were either performed into 

immunocompetent (C57Bl/6J) in case of congenic cells or immunocompromised (NSG) mice 

in case of cells with mixed strain background. For subcapsular orthotopic injections into the 

liver mice were anesthetized with isoflurane inhalation (TVA 15/1945, Initiation Isofluran (5% 
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+ O2 (5l/min) and maintenance Isofluran (2%) + O2 (1l/min)) or intraperitoneal injection of 

Ketamin (80 mg/kg), Midazolam, (0.7 mg/kg) and Rompun (2 mg/kg). The eyes of the 

anesthetized mice were protected by the use of Dexpanthenol. The mice were kept warm with 

a heat lamp before and directly after the operation to prevent body temperature reduction. 

Carprofen was applied subcutaneously (5 mg/kg) before narcosis to prevent postoperative pain. 

Additionally, for the first to the third postoperative day, Metamizol was added to the drinking 

water (0.8 ml to 500 ml water).  

For the subcapsular injection, a short substernal longitudinal incision was performed and the 

left liver lobe exposed. Organoids resuspended in a 50% Growth Factor Reduced Matrigel 

(Corning)/ DMEM F12 Advanced (Gibco) solution were implanted using a 30-g Hamilton 

syringe. After needle-retraction, the injection site was compressed with a sterile cotton swap 

followed by a wash of the abdominal cavity with 2 ml of sterile, prewarmed water. The 

abdominal wall was closed layer-wise with the inner peritoneum with absorbable 6-0 sutures 

and the outer skin with 4-0 sutures. The duration of the whole procedure was approximately 5-

7 min. 

Mice were monitored for signs of ill health or tumor development by inspection and palpation 

twice a week and scored according to an activity score (Van Griensven et al, Shock 2002; with 

modifications, see Table 3). When an abdominal tumor was palpable or a score of 3 was 

reached, daily controls were performed. Mice were harvested when they showed a score >3 by 

cervical dislocation. Experiments were terminated and mice euthanized by cervical dislocation 

after 6 months if no tumor development occured. 

8.1.4 Subcutaneous injection 

For subcutaneous injections, cells were resuspended in 50% Growth Factor Reduced Matrigel 

(Corning)/ DMEM F12 Advanced (Gibco) solution and injected into the rear flanks of recipient 

mice. 50 µl were injected per flank without narcosis. Mice were monitored for signs of ill health 

or tumor development by inspection and palpation twice a week and scored according to an 

activity score (Van Griensven et al, Shock 2002; with modifications, see Table 2). Tumor 

growth was followed with caliper-measurements. When a tumor diameter was >0.5 cm or a 

score of 3 was reached, daily controls were performed. Mice were harvested when they showed 

a score >3 by cervical dislocation. When a tumor was ulcerating, impaired the movement of the 

mice, growing infiltrating or reached a size with a diameter of 1.2 - 1.4 cm, mice were 

euthanized and the tumors harvested for further analysis. Experiments were terminated and 

mice euthanized by cervical dislocation after 6 months if no tumor development occured.  
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8.1.5 Gemcitabine treatment 

Mice were randomized into gemcitabine- or placebo-treated groups when the tumor reached 

a diameter of 0.5 cm. Gemcitabine 100 mg/kg or vehicle (NaCl 0.9%), were injected 

intraperitoneally twice a week (10 µl/g body weight). Mice were monitored for signs of ill 

health or tumor development by inspection and palpation twice a week and scored according to 

an activity score (Van Griensven et al, Shock 2002; with modifications, see below). Tumor 

growth was followed with caliper-measurements. When a tumor diameter >0.5 cm was 

detectable controls were performed every other day. When a score of 3 was reached, daily 

controls were performed. Mice were harvested when they showed a score >3 by cervical 

dislocation. When a tumor was ulcerating, impaired the movement of the mice, growing 

infiltrating or reached a size with a diameter of 1.2 - 1.4 cm, mice were euthanized and the 

tumors harvested for further analysis. 

8.2 Manuscript II: Generation of focal mutations and large genomic deletions in the 

pancreas using inducible in vivo genome editing, Carcinogenesis 2019 

All animal experiments were approved by the LAVES (animal protocol 15/1986). 

8.2.1 Mouse strains 

Table 4: Mouse strains used in Manuscript II, named with their international nomenclature and origin. 

Strain Short Name Origin 

STOCK Ptf1atm1(cre)Cvw Krastm4Tyj 

Gt(ROSA)26Sortm2(CAG-rtTA3-mKate2)Slowe-

Col1a1em(tetO-EGFP, Cas9, U6-sgCR8) 

KC-RIK-sgCR8 Max-Planck Institute for 

Biophysical Chemistry, 

Göttingen 

STOCK Ptf1atm1(cre)Cvw Krastm4Tyj 

Gt(ROSA)26Sortm2(CAG-rtTA3-mKate2)Slowe-

Col1a1em(tetO-EGFP, Cas9, U6-sgRNF43-A) 

KC-RIK-

sgRnf43-A 

Max-Planck Institute for 

Biophysical Chemistry, 

Göttingen 

STOCK Ptf1atm1(cre)Cvw Krastm4Tyj 

Gt(ROSA)26Sortm2(CAG-rtTA3-mKate2)Slowe-

Col1a1em(tetO-EGFP, Cas9, U6-sgRNF43-B) 

KC-RIK-

sgRnf43-B 

Max-Planck Institute for 

Biophysical Chemistry, 

Göttingen 

STOCK Ptf1atm1(cre)Cvw Krastm4Tyj 

Gt(ROSA)26Sortm2(CAG-rtTA3-mKate2)Slowe-

Col1a1em(tetO-EGFP, Cas9, U6-sgRNF43-B) 

KC-RIK-sgDel-

A/B 

Max-Planck Institute for 

Biophysical Chemistry, 

Göttingen 
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KC-RIK-sgCR8, KC-RIK-sgRNF43-A, KC-RIK-sgRNF43-B and KC-RIK-sgDel-A/B were 

mice generated by morula injection at the Max-Planck Institute for Biophysical Chemistry in 

Göttingen and were kept in quarantine after transport to the CTL of the MHH before 

transferring them to the IVC area. For detailed description see Manuscript II. 

8.2.2 Food 

Autoclaved water and commercial pellet diet (Altromin 1324, total pathogen free, Germany) 

was available ad libitum. KC-RIK-sgCR8, -sgRNF43-A and -B mice were fed with dox-

enriched food (625 mg/kg from Altromin, Lage, Germany) for 14 days and KC-RIK-sgDel-

A/B mice for 21 days and were returned to commercial pellet diet afterwards.  

8.2.3 Monitoring of the mice 

Mice were monitored twice a week for tumors via palpation or signs of illness and scored 

according the modified Van Griensven Score. If an abdominal tumor was palpable or the score 

was 3, daily controls were performed. If a tumor with a size >1.4 cm³ was palpable or the van 

Griensven score was above 3, the mice were euthanized in accordance with animal welfare via 

cervical dislocation.  

8.3 Manuscript III: Potent antitumor activity of liposomal irinotecan in an organoid- 

and CRISPR-Cas9-based murine model of gallbladder cancer, Cancers 2019 

All animal experiments had been approved by the LAVES (TVA 18/2827) and were 

performed by colleagues. I was not involved in animal experiments and assisted in the project 

only with experiments performed in vitro. 

8.3.1 Mouse strains 

Table 5: Mouse strains used in Manuscript III, named with their international nomenclature and origin. 

Strain Short Name Origin 

C57BL/6J C57BL/6J JAX-ID 000664 

MHH CTL 

NOD.Cg-Prkdcscid 

IL2rgtm1Wjl/SzJZtm 

NSG JAX-ID 005557, 

MHH CTL 

8.3.2 Subcutaneous injection 

Subcutaneous injections were performed as described in manuscript I.  
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8.3.3 Orthothopic injection 

Ortothopic injections into the gallbladder were performed as described in manuscript I with 

some slight changes. The organoids were injected into the lumen of the gallbladder instead of 

the liver lobe in 10 µl of 100% Growth factor reduced Matrigel (Corning, NY) using a 31G 

syringe.  

8.3.4 In vivo chemotherapy treatment 

Organoids were implanted subcutaneously and tumor growth was monitored with caliper 

measurements twice a week. When the tumor size reached 150 mm³, mice were randomized 

and treated intravenous either with irinotecan (50 mg/kg) or Nal-Iri (25 mg/kg or 50 mg/kg) or 

vehicle (0.9% NaCl) once weekly. Mice were evaluated for signs of ill health or tumor 

development twice a week and scored according to an activity score (Van Griensven et al, 

Shock 2002; with modifications, see Table 2) as previously described in manuscript I. 
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9 Aim of the work 

Pancreatic and hepatobiliary tract cancer are intestinal cancer types with an increasing 

incidence and high mortality, partly because of missing adequate models to study them. Firstly, 

there is an urgent need for a genetically flexible, rapidly generated mouse model reflecting the 

human cancer types in an immunocompetent environment. Second, genetic changes specific for 

each of the deadly diseases need to be studied, and basic research is necessary to improve treat-

ment. As the CRISPR/Cas9 system gets more and more prominent in cancer research, it should 

be combined with the future perspective of 3D-cultured healthy liver cells or gallbladder cells 

for basic cancer research like tumor formation, cell plasticity and therapy.  
 

Aim 1: Establishment of an organoid based mouse model for Cholangiocarcinoma 

At first, the isolation and propagation of murine organoids from adult murine liver should be 

established. Additionally, the genetic manipulation of the healthy wildtype organoids with RNA 

interference and CRISPR/Cas9 technology, as well as the use of the cre/loxP system to activate 

endogenous mutational changes, needed to be implemented. The influences of these 

manipulations and characterization of organoids in vitro should be addressed. Conclusively, the 

transplantation into mice, either orthotopic or subcutaneous, should be performed to develop a 

murine cholangiocarcinoma (CCA) cancer model. 
 

Aim 2: Characterization of the murine CCA model 

The purpose of the establishment of a murine CCA model was to reproduce the human disease 

as accurately as possible, especially the hallmark of a strong desmoplastic stroma reaction. 

Therefore, a histological characterization of resulting tumors upon transplantation should be 

performed. The system should have the ability to functionally characterize candidate cancer 

genes also in regard to treatment studies, including the influence of the microenvironment and 

immune system. Another goal was to test the plasticity of the organoids by inducing liver cancer 

depending on the driving oncogene and, finally, the comparison to human CCA. 

Aim 3: Transfer of my expertise to further in vivo mouse models 

Furthermore, we paralleled the experimental set up to the establishment of gallbladder 

organoids and the characterization of the resulting gallbladder cancer murine model. Finally, 

with the knowledge gained, I supported the establishment of the CRISPR/Cas9 based murine 

model in combination with pancreatic cancer genetically engineered mouse model based on 

embryonic stem cells.  
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10 Summary of the published results 

The established and characterized murine CCA model resulted in a publication in Hepatology 

Communication 2019 with the title "Murine Liver Organoids as a Genetically Flexible System 

to Study Liver Cancer In Vivo and In Vitro" where I retain the shared first authorship. Therefore, 

I mainly focus on this publication and the results I rendered as summarized here. 

Moreover, I have supported and used my expertise for the accomplishment of two further 

publications: the organoid-technology and in vivo models to establish an organoid based mouse 

model for gallbladder cancer (GBC) (Manuscript submitted in Cancers, 2019, "Potent antitumor 

activity of liposomal irinotecan in an organoid- and CRISPR-Cas9-based murine model of 

gallbladder cancer" and a GEMM-ESC based mouse model of pancreatic cancer, published 

2019 in Carcinogenesis titled "Generation of focal mutations and large genomic deletions in 

the pancreas using inducible in vivo genome editing."  

10.1 Murine liver organoids as a genetically flexible system to study liver cancer in vivo 

and in vitro 

10.1.1 Murine liver organoids show a biliary phenotype in vitro 

For establishing liver organoids, we digested healthy liver from adult mice with different 

genetic backgrounds and plated these cells in matrigel covered with murine liver organoid 

media according to published protocols.112 FACS analysis of the cell suspension shows only a 

minor fraction of epithelial cell adhesion molecule EpCAM expressing cells (<1%), whereas 

liver organoid cultures are almost completely EpCAM positive (99%).  

Liver organoids can be genetically manipulated via RNAinterference, CRISPR/Cas9 

technology and overexpression of oncogenes. Transducing KraslslG12D/wt; p53fl/fl liver organoids 

with a neomycin-selectable plasmid expressing an inducible Cre-recombinase activates the 

mutated KRAS and homozygous excision of p53, both confirmed by PCR. This endogenous 

mutational activation leads to faster-growing organoids in vitro than their wildtype counterpart 

without any morphological differences. 

10.1.2 Pre-malignant liver organoids give rise to CCA in vivo 

Transplanted subcutaneously into mice, the activated KrasG12D; p53Δ/Δ ("pre-injection") 

organoids form moderately differentiated adenocarcinomas with 100% penetrance. These 

adenocarcinomas histologically show biliary structures of Cytokeratin 19 (CK19) positive 

tumor cells surrounded by a strong desmoplastic stroma, which is a prominent characteristic of 
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CCA. Additionally, we stained abounding collagen-fibers with sirius red/fast green and cluster 

of differentiation (CD31) showing the present vascularity in the tumor and elevated mucin 

production indicated by alcian blue, reflecting the human disease accurately. Isolated cell lines 

from the tumor cultured in either 2D or 3D culture conditions (called "tumoroids") were further 

analyzed in comparison to the wildtype and pre-injected organoids. Comparing the MAPK-

signaling, p44/42 MAPK (ERK) gets activated via phosphorylation at T202/Y204 after Cre-

recombinase excision and mutational activation of KRAS, and even stronger in combination 

with p53 loss. Shown in western blot analysis, p21 is only faintly reduced expressed after 

KRAS-activation and its expression almost completely gone after p53 excision. In the tumor 

cell line derived from KrasG12D; p53Δ/Δ organoids, the ERK-phosphorylation is comparably 

strong, and no p21 is detectable.  

Genomic copy number alterations showed an increased quantity of deletions and 

amplifications after KRAS-activation and p53-deletion and even more after tumorigenesis in 

vivo, analyzed in wildtype (wt) organoids (unexcised), pre-injection organoids and the 

corresponding tumoroids. Regions of the detected alterations retain oncogenic potential and are 

altered in human CCA patient samples.  

Next, we compared the transcriptome profiles of the same samples in unsupervised cluster 

analysis. The expression profile between the wildtype and the pre-injected, cre-activated 

organoids are similar, and only the related tumoroids are markedly different. Gene set 

enrichment analysis showed that in the pre-injected organoids gene sets associated with the cell 

cycle regulation, E2F and myelocytomatosis oncogene MYC were activated, underlining the 

shown increased proliferation in vitro. After tumorigenesis in vivo, gene sets associated with 

inflammation and paracrine signaling are activated, leading to the hypothesis of these pathways 

being important during tumor progression.  

10.1.3 Organoid derived tumor-cell lines are serially transplantable independent of their 

culture conditions 

Intending the scalability of the system for drug testing, tumor cell lines from the organoid-

derived CCA were established and cultured either in a 2D or 3D condition. Resulting tumors of 

these reinjected cell lines lead to comparable histology similar to the parental tumor. We 

detected no difference in the stroma content, and they remain as a G2 or G2-3 grade of 

differentiation. Therefore, genetically defined and easily expandable 2D cell lines should also 

be used for testing targeted treatment options. In vitro testing with the PI3K inhibitor BKM120 

and the MAPKK inhibitor, selumetinib was performed. Analyzed by a cell viability assay 
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measured after 24 h and 48 h, both drugs inhibit the proliferation of the cholangiocarcinoma 

cell line KrasG12D; p53Δ/Δ. As a combinatorial treatment, the response is additive, but not 

synergistic. The response of the two different cultured cell lines was comparable to BKM120, 

and selumetinib cell-cycle FACS analysis determined the cells staying in the G1/G0 cell cycle 

phase. 

10.1.4 Validation of cancer drivers in CCA in vivo 

Stable knockdown of the in cholangiocarcinoma commonly mutated tumor suppressor gene 

phosphatase and tensin homolog (PTEN) via RNAinterference coupled with GFP or a non-

targeting control shRenilla was introduced in addition to the KRAS-activated and p53 deficient 

organoids. Transplanted into mice, the knockdown of PTEN accelerated the tumor growth 

significantly without histological changes and stage of tumor grading. The activation of the 

PI3K signaling pathway was proven to show activating phosphorylation on the T308 of AKT 

in the PTEN-downregulated cell lines. In immunohistochemistry, PTEN-staining showed a still 

strong PTEN-expression in the stroma but none in the ductal tumor cell structure. These are 

CK19 positive and contrarily to the PTEN- staining GFP positive. The stroma is displayed GFP 

negative as it consists of recruited cells from the recipient mice. Concluding, we proved the 

ability of the system to validate candidate cancer drivers in CCA-carcinogenesis. Next, we 

wanted to investigate if the found accurate presentation of CCA dependents of the place of 

transplantation, we injected organoids KrasG12D; p53Δ/Δ; shPten intrahepatic. We obtained 

comparable CCAs with no differences in stroma content between subcutaneous and intrahepatic 

location.  

The CRISPR/Cas9 system is a technology facilitating genetic manipulation. We transfected 

KraslslG12D/wt organoids with a plasmid expressing a Cre-recombinase, Cas9 and two sgRNAs 

targeting p53 and Pten. In a T7 endonuclease assay, the sgRNA-induced gene cleavage was 

detected for p53 and Pten in pre-injected organoids, as well as in resulting tumor cell lines, and 

the protein level of p53 and PTEN supports these results as seen by western blot. This syngeneic 

KrasG12D/wt organoids can be injected into immunocompetent C57BL/6J and give rise to CK19-

positive, well-differentiated CCA.  

First-line chemotherapy in cholangiocarcinoma is gemcitabine. We investigated the benefit 

of Gemcitabine treatment on the tumor development in our murine immunocompetent model 

representing the human diseases with the main hallmark of a strong desmoplastic stroma 

reaction. Gemcitabine treatment of CCA-bearing mice leads to a moderate survival benefit of 

32 days compared to 42 days in the vehicle control group, but no complete tumor regression. 
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This is matching the patient's response, proofing that the in vivo organoid-based mouse model 

is suitable for preclinical drug testing.  

10.1.5 Liver organoids can give rise to CCA and HCC 

Next, we wanted to investigate if the biliary phenotype of the organoids in vitro affects CCA 

development. Substituting the oncogene from Kras to myelocytomatosis oncogene (Myc), we 

established C57BL/6J organoids. We transduced them with retroviruses coding for Myc 

coupled with a red fluorescent reporter (mCherry) in combination with RNA-interference 

mediated p53 knockdown (shRNA co-expressing GFP) and gene alteration of adenomatous 

polyposis coli Apc via sgRNA. Transplanted into mice, these organoids give rise to tumors with 

completely different histology: Tumor cells grow in a solid pattern in nests without prominent 

desmoplasia, histologically presented like hepatocellular carcinoma. Tumor cells are CK19 

negative but glutamine synthetase positive and GFP positive, in contrast to the stroma. 

Concluding, organoids having a biliary phenotype in vitro keep their plasticity to give rise to a 

broad differentiation spectrum into CCA and HCC.  

We performed RNA sequencing, and unsupervised cluster analysis revealed marked 

differences between HCC and CCA tumoroids. Gene-enrichment analyses validated that CCAs 

driven by the activation of KRAS-target genes, whereas HCC leads to an activation of the 

MYC-driven pathways. When comparing the gene expression between the wildtype organoids, 

pre-injection organoids and tumoroids of the HCC, they showed similar results than the CCA-

approach. Pre-injected organoids and wildtype organoids cluster together, whereas tumoroids 

differ in terms of gene expression. Treatment with the MAPK-inhibitor selumetinib and the 

Pi3K inhibitor has almost no effect on the proliferation of the established HCC-tumor cell lines, 

indicating the differences in the tumor-driving signaling pathways. 

Finally, a comparative analysis with a previously published data set of 70 human HCCs, 13 

CCAs and seven liver cancers of mixed HCC/CCA histology confirmed that the transcriptome 

profiles of this organoid-based murine cholangiocarcinoma and hepatocellular carcinoma like 

tumors closely reflect the profile of corresponding human cancers.  

This concludes the main advantage of the organoid-based murine mouse model, which we 

developed for liver cancer: closely reflecting the characteristics of the human disease in terms 

of histology, stroma content and transcriptome profile. Furthermore, the system is targetable 

using fluorescent proteins coupled to oncogenic regulators and can be implemented in an 

immunocompetent environment with high flexibility in genetic alterations due to a broad range 
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of techniques. Future tests for targeted treatment are simplified with the chance of scalability 

and comparable response to humans. 

10.2 Potent antitumor activity of liposomal irinotecan in an organoid- and CRISPR-

Cas9-based murine model of gallbladder cancer 

In the recently submitted manuscript that I have co-authored, we show that gallbladder (GB) 

organoid cultures can be used to model gallbladder cancer in vivo. In this work, I supported the 

paralleling of the experimental designs and technical procedure that I established in the CCA 

organoid system and recapitulated how organoids can be used for cancer acceleration studies 

and the functional annotation of unknown cancer drivers also in the most aggressive biliary 

tract cancer, GBC. Histologically, GB organoids transplanted into mice recapitulate the feature 

of the human disease, including a strong stroma reaction, and half of all orthotopic tumor-

bearing mice obtained metastasis in the lung, typical for GBC patients. Beyond using Kras as 

an oncogenic driver and a proof of principle of the system showing tumor acceleration through 

the gene interruption of Pten, this work highlights the role of ERBB2 mutants in GB-

carcinogenesis. Transferable also here is the retaining plasticity of the organoids and 

development of different cancer-subtypes depending on the oncogenic driver. Tumors driven 

by activated Kras lead to adenocarcinomas, whereas mutant human ERBB2 leads to papillary 

gallbladder cancer. Besides, we expand on pharmacodynamic studies to show that the system 

is suitable to determine the concentration of clinically relevant therapeutic agents, exemplified 

by Nal-IRI. The liposomal formulation of irinotecan increased the survival benefit more than 

irinotecan itself and reached with a significantly higher concentration the epithelial tumor cells 

than the stroma. Specifically, I established the culturing of the parental gallbladder organoids 

from mice, cloned the Cre, Cas9 and sgRNA containing plasmids and specified the cell of origin 

with EpCAM-FACS analysis, with a significantly higher number of EpCAM-positive cells in 

the gallbladder (21.1%) compared to the liver. Whereas gallbladder organoids are almost 

completely sustained of EpCAM-positive cells.  

10.3 Generation of focal mutations and large genomic deletions in the pancreas using 

inducible in vivo genome editing 

Another way for producing genetically engineered mice with a complex genotype without 

time-consuming breeding is the use of engineered embryonic stem cells, manipulated in vitro 

and injected into the morula for producing mice cohorts. Multi-allelic embryonic stem cells are 
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targeted with regulatable CRISPR/Cas9 constructs which lead to organ-specific and inducible 

genome editing, detailed described in Saborowski et al., Genes & Development 2014.158 The 

system used here enables expression of a Cre-recombinase co-expressing a red fluorescent-

protein mKate which activates latent mutant Kras and doxycycline-inducible CRISPR/Cas9 

technology only in exocrine pancreatic cells. In this work, we could show that loss of RNF43 

leads to reduced survival and increased tumor development. Specifically, two different sgRNA-

Plasmids targeting Rnf43 were cloned, which in the ESC-based mouse cohort in combination 

with activated KRAS both lead to invasive PDAC-formation of 57% and 75% compared to 

28.6% in the control group. In 49.58% of all mKate positive cells, 35.89% showed effective 

Rnf43-cleavage, displaying the efficiency of the CRISPR/Cas9 system.  

In addition, the expression of dual sgRNA constructs targeting the regions surrounding the 

Ink4a/Arf locus leads to the generation of homozygous deletions spanning 1.2 megabases and 

development of pancreatic cancers with several tumor foci with full penetrance. Resulting 

tumor cell lines are a heterogeneous population, due to repair mechanism indels were 

introduced. As the Cas9 is active throughout the entire pancreas, the model might be particularly 

well suited as an experimental model system for the generation of large homozygous deletions. 

Leakages in the system were not found, and the inducible Cas9 lowers the risk of off-target 

effects and makes a complete loss-of-function phenotype in mice.  

The embryonic stem cell genetically engineered mouse model system is highly flexible. It 

reflects the human dismal prognostic disease pancreatic ductal adenocarcinoma in the envi-

ronment of a non-mutated stroma and intact immune system. 
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11 Discussion  

11.1 CRISPR/Cas9, ESCs & organoids for modeling cancer – genetic tools of the future? 

11.1.1 Is the use of murine models still necessary? 

Even though, a mouse is a different organism than a human with dissimilarities in tumor 

development and treatment, in vivo models in mice recapitulate the important hallmarks of 

cancer and support the investigations of the pathobiology and treatment response. Different 

mouse models keep their specific advantages in the study of either cell transformation, pre-

neoplastic lesions, tumor maintenance, the tumor environment interplay or metastasis. Still, 

most of the mouse models, especially in gallbladder cancer (GBC), pancreatic adenocarcinoma 

(PDAC) and cholangiocarcinoma (CCA), lack the accurate presentation of the human disease, 

especially an appropriate tumor-environment with subsequent effects on therapy. Next to the 

differences in the organism, drawbacks of in vivo models are the high cost, especially in 

genetically engineered mouse models (GEMMs), and the length of time establishing these 

models. Organoid-based mouse models and ESC-based GEMMs circumvent at least partly 

these drawbacks – as the production is fast, but the cost of husbandry and maintenance of mice 

remain.  

Recently large volumes of data showing genetic alterations in PDAC, GBC and PLC are 

published, but the functional annotation in combination with an organismal environment is of 

greater importance.13,19,35,36,38,41,44 Specifically, which genetic alterations are driver mutations, 

which are only passengers and relevant in terms of therapy or metastasis. Therefore, the 

flexibility available in the ESC- and organoid-based murine model is useful. In these three 

established models, only genetic alterations are considered as influencing factors for tumor 

formation. Risk factors like inflammation of the pancreas or especially the liver or gallbladder 

or metastatic diseases, have a high impact on tumor development,159 but were not considered in 

the models established in this work. The ESC-and organoid-based model in this work only 

considers genetic changes guiding tumor development without any organ damage, but further 

development could also include these risk factors in combination with the genetically flexible 

murine models.  

In traditional transgenic mouse models, tumor development starts endogenously, and gradual 

changes within the epithelial tumor cell compartment along with the surrounding stroma 

happens stepwise. This allows the process of early tumor-stages and the possibility to follow 

up on this progression. An ESC-based mouse model with inducible genetic manipulations in 
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adult mice makes this possible, especially when the manipulation can be introduced in a 

physiological, adult mice age. Our developed pancreatic mouse model enables that – Dox-

induction of the expression of the Cas9 can genetically change the pancreas-genome at the 

desired time point. Here, precursor lesions can be found easily with tractable genetic 

manipulations that are coupled with fluorescent proteins. In contrast, premalignant organoids 

are injected with the final tumorigenic potential into a healthy environment, incompletely 

mirroring the tumor formation process.  

For liver and gallbladder and their cancer types, not many in vitro systems are available. 

Culturing primary hepatocytes in traditional culturing methods is difficult, they do not pro-

liferate and lose their functions quite fast.160 Therefore, studying hepatobiliary cancer starting 

from an untransformed cell is not possible.110 Organoids overcome this disadvantage – 

pancreas, liver and gallbladder cells from an untransformed, "wildtype" or already genetically 

modified mouse can be cultured and used as starting material for the production of in vitro 

premalignant cells with a defined genetic background which are stable over the long term in 

culture and manipulatable with all known genetic modification-methods (CRISPR/Cas9, RNAi, 

stable gene overexpression). Even though available 2D human or murine cell lines of GBC, 

PDAC, CCA, or HCC are as described in the introduction, adapted to the specific culture 

conditions and, therefore, under selective pressure. In addition, they do not reflect the 

phenotypic profile of the parental tissue anymore. Therefore, in this work, we showed high 

similarities in the transcriptome profile of tumoroids established from murine cancer compared 

to human cancer (Hepatology Communications, 2019).  

In vitro systems developed more recently in combination with xenotransplantation of human 

cell lines or patient-derived tissues into immunodeficient mice. However, these models do not 

recapitulate all hallmarks and especially not the complexity and crosstalk of carcinogenesis 

within an intact organismal environment and immune system. Especially these disadvantages 

get addressed in this work in the developed murine models – all three tumor models enable to 

study carcinogenesis in an immunocompetent environment with a strong desmoplastic stroma 

reaction. This is not only a characteristic of CCA, GBC and PDAC but also plays an important 

role in the drug response. As tumor-treatment drives more and more into the light of recent 

advances of immune therapy,161 it poses an advantage. Thus, the orthotopic injection and tumor 

formation might be important, as it displays best the available surrounding cell populations. 

Injection of human tissues occurs mostly subcutaneously in immunodeficient mice. Still, we 

could not show any differences in tumor development of the organoid-based tumor model in 
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CCA, but the metastatic level differed in the GBC-organoid based model. Therefore, the 

recruiting of cells might be comparable, but vascularity impacting the metastasis not.  

Additionally, the genetic flexibility and environmental characteristics are not only important 

for the development of targeted therapy, but also essential in finding explanations in the 

clinically frequently occurring resistance and relapse even in precise oncology therapy. 

Properties of chemotherapeutic agents often show two problematics, the short half-life and 

small therapeutic index. Olive et. al hypothesize, that the poor perfusion of pancreatic cancer 

shown in human tumors and well displayed in KPC models limits drug delivery. In pancreatic 

tumors, various mouse models respond differently on gemcitabine treatment. Transplanted 

pancreas tumor cell lines in mice show almost no tumor growth upon gemcitabine treatment, 

on the other hand, gemcitabine treatment has an only little inhibiting effect on the increasing 

tumor volume in the KPC mouse model, which is consistent with the human response on 

gemcitabine treatment of patients harboring PDAC.162 Only 5-10% of patients treated with 

gemcitabine demonstrate a response of decreased tumor size at the primary tumor site.163 The 

active metabolite dFdCTP did accumulate in the tumors of the transplantation models, but not 

in KPC-mice tumors. Blood vessels are significantly lower in tumors of the KPC model 

compared to transplantation models with less drug delivery into the tumor but increased 

delivery into the surrounding tissue. The Inhibition of the Hedgehog-pathway lead to reduced 

stromal myofibroblasts and following the gemcitabine delivery within the tumor in KPC tumors 

was elevated with improved survival and decreased metastasis to the liver.162 

As PDAC has many features in common with CCA, especially the hallmark characteristic of 

a desmoplastic stroma, responses to treatments are often similar. Chemotherapy with 

gemcitabine in combination with cisplatin is still the standard care of biliary tract cancer and 

no targeted therapy is available. 26 Transplantation models often show, that gemcitabine almost 

completely stops the tumor growth in mouse models, which does not reflect the reaction of the 

patients. Therefore, we show in our organoid-based mouse model a reaction on gemcitabine 

comparable to the human response – gemcitabine slows tumor growth down but does not 

abolish liver tumor growth. It seems to reflect the pathologic drug transport to the tumor due to 

decreased vascularization (also shown as CD31- blood vessel staining in CCA tumors, which 

is there, but not of high amounts), suggesting this to be an important factor as it is in pancreatic 

tumor mouse models. Drug components which are even already in clinical phase II studies 

frequently do not reflect the human response on tumor-treatment with specific histology in 

xenografts. The predicted activity needs to be first translated from anti-proliferative activity in 

vitro into mouse models in vivo with a closest response to the human disease on drug 
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treatment.164 This is why our model is very valuable, it is important to find first in vitro pre-

clinical solid tumor models, with a response to drug treatment making a reliable prediction of 

the effect on a tumor with specific genetic and histologic context of the human disease. 

Therefore, a scalable system preferably with a broad range of genotypic phenotypes for drug 

testing which is not time-consuming or expensive is necessary. The comparison in this work 

(Hepatology communications, 2019) between organoid-derived tumor-cell lines cultured in 

either 2D- or 3D-conditions does not show a difference in the drug response in vitro making it 

perfectly suitable for this purpose. This was surprising, as the 2D-cell lines compared to the 

tumoroids have no 3D-cell network contacts, assumed to be important in drug-testing models. 

A possible explanation might be a similar transcriptome profile or secreting factors of the tumor 

cell lines which also if re-transplanted into mice lead to a tumor comparable to the parental one 

independent of the pre-culture conditions. For irinotecan, GBC cells in culture need a 

significantly lower concentration to be effective than tumor cells in mice, indicating there a role 

of the environment (Manuscript accepted in Cancers).  

The MAPK- and PI3K-inhibitors act on the activated pathways in the tumor and therefore 

change the cell cycle and proliferation range, but do not completely stop the cell proliferation 

(Hepatology Communications, Fig. 3). KRAS is the most frequent mutated gene in PDAC, CCA 

and GBC and results in sustained cell proliferation, but currently there is no direct anti-KRAS 

therapy available. Therefore, the downstream signaling needs to be suppressed and the two 

most prominent pathways hyperactivated are the MAPK pathway RAF-MEK-ERK and the 

PI3K pathway PI3K-AKT-mTOR. Problems of treatments are the development of new drugs 

which is expensive and resulting drugs mostly show adverse side effects. In our model with 

activation of the MAPK pathway due to mutation of Ras and loss of Pten activating the PI3K-

pathway, a combinatorial treatment shows an additive effect, but not synergistically. The MEK 

inhibitor selumetinib was already shown as an inhibitor affecting proliferation and apoptosis in 

a Ras-activated mouse model141 and in B-cell non-Hodgkin lymphomas BKM120 treatment 

lead to mitotic arrest, in accordance to the cell cycle arrest we showed. Frequently, cancer shows 

resistance to BKM120 due to the upregulation of MEK, whereas the anti-tumor effect of 

BKM120 can be enhanced with MEK1/2 inhibition.165 Also in breast cancer combinatorial 

treatment of BKM120 with selumetinib showed promising therapeutic results.166 Unfortunately, 

the combinatorial treatment suppressing MAPK- and PI3K signaling does not fully stop cell 

growth even in cell culture conditions, where no stroma disturbs drug delivery. The high 

redundancy and crosstalk between the MAPK- and PI3K pathway often make therapy failing. 

In CCA cell lines regarding proliferation, apoptosis and cell signaling showed synergistic 
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effects when targeting mTOR or AKT in combination with MEK inhibition but also when 

targeting AKT and mTOR; showing that combinatorial treatment might be a viable approach 

for the future.167  On HCC-tumor cell lines, we could barely show an effect of selumetinib and 

BKM120, explained by the not directly activated MAPK- and PI3K pathway. HCCs treated 

with sorafenib often show a high phosphorylation level of ERK. Therefore, selumetinib could 

potentiate the anti-tumorigenic effect of sorafenib in HCC56 but as shown in our model, alone 

it does not have a direct effect on cell lines with a knock-down of p53, overexpression of MYC 

and a disrupted Apc expression. 

In metastatic PDAC, Nal-IRI treatment as a second-line treatment after gemcitabine is already 

in clinical trials. There they show that a combinatorial treatment of Nal-IRI with 5-FU/LV 

prolongs survival of 4.5 months compared to 5-FU/LV treatment alone. Tumor-associated 

macrophages possibly play a role in the effectiveness of the drug, they might take up the drug 

and interfere with the transport.168 Comparable to our results in GBC, Nal-IRI has improved 

transport compared to irinotecan and therefore higher efficacy in the tumor, but still shows 

adverse side effects.169 The involvement of the stroma restraining irinotecan from tumors show 

the significance of studying the role of stroma in tumors. Either the drug transport towards the 

tumor cells and specificity of the drug delivery needs to improve or the stroma density reduced 

as well as increased vascularization of the tumor is needed to enhance drug response. The role 

of macrophages in the treatment of GBC need to be investigated, co-treatment of macrophages 

can even enhance Nal-IRI delivery to the tumor. 

Two things need to be kept in mind for future treatment-development for PDAC, BTC and 

CCA: First, the desmoplastic, hypo-vascular stroma has a high impact on treatment effective-

ness. Therefore, the stroma might need to be additionally targeted. Secondly, the heterogenic 

mutational landscape needs molecular profiling of patient tumors for personalized treatment 

options.170  

11.1.2 CRISPR/Cas9 as fast and efficient technology 

Comparing the efficiency of gene disruption between the CRISPR/Cas9 technology and the 

Cre-based loxP technology is difficult. CRISPR/Cas9 convinced with its short time needed for 

cloning and its easy introduction into an organism. However, DNA repair happening after Cas9 

cutting generates a heterogenous population of cells with genetic mutations making it therefore 

unpredictable.171 To introduce one or two sgRNAs and a Cas9 in combination with a Cre-

recombinase at the same time, we transiently transfected cells with a plasmid coding for each 

with an individual promoter, named LCC sgp53 +/- sgPten (PP). As LCC does not contain a 
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selection marker, we co-transfected the cells with a GFP-Blasticidine-resistance cassette 

containing plasmid, to know the transfection efficiency and make them co-selectable. The GFP 

expression is not stably integrated or coupled, therefore does not necessarily need to be 

expressed or the sequence integrated. The transient expression of sgRNA, Cas9 and Cre can 

cleave the DNA during the time of transient expression, but due to the limited expression, it 

should have low side effects and a weak possible immune reaction against the Cas9. The 

duration of the Cas9 expression can control the altering of genes reducing ,on one hand, the on-

target mutation but also off-target effects and toxicity, which can occur with constitutive 

expression of the Cas9 and sgRNA expression.171 Therefore, we used this system to produce 

CCA and GBC in immunocompetent mice.  

Successful CRISPR/Cas9 genome editing is dependent of the guide RNA sequence, algorithm 

publicly available on websites calculate a high on-target activity in addition to an as low as 

possible off-target prediction.172 In vivo sgRNA efficiency can vary from one gene to another.89 

The sgRNA targeting Tp53 and Pten in this work originated from Xue et. al, Nature, 2014.173 

They co-transfected NIH3T3 cell lines with Px330 sgPten with a GFP-containing Plasmid and 

20% GFP positive cells were detected but 36.4% indels in Pten. Thus, assuming that the 

delivery of sgPten seems to be more efficient than GFP and sgPten efficiently mutates the Pten 

gene. Comparing sgPten delivered mice via tail vein injection with Ptenfl/fl mice with Cre-

recombinase delivered expressed by adenovirus did show similar knockout-rate of Pten. Most 

cells which got indels due to sgPten cutting also showed a complete mutation of all Pten alleles 

and therefore complete loss of the gene. Top-ranking sgPten off-target genomic sites of the 

mouse genomes were identified, as sgRNA can also detect and tolerate sequences with 

mismatches. None of the off-target sites of the top four ranked sites got cut detected by surveyor 

assay or deep sequencing, revealed at least less than 0.1% cleavage at the top off-target 

sequences and 10 surrounding nucleotides. The sgRNA targeting p53 used in this work was 

tested in similarly in NIH3T3 by the group around Xue et. al and showed 44.49% indel 

frequency. Co-injection via hydrodynamic tail vein injection of sgp53 and sgPten introduced 

4% of Pten indel formation and 6.4% in p53 and lead to tumor formation after 3 months, 

comparable with Ptenfl/fl; p53fl/fl conditional knock out mice after adenoviral Cre-injection.173 

In our approach in the LCC-PP-Plasmid, sgRNA against sgp53 and sgPten is expressed each 

under a U6 promoter in series. For testing the cleavage of the sgRNA, the T7 endonuclease 

assay shows clear results. 

Next-generation sequencing was performed to find indel-frequency of LCC-sgp53 and LCC-

PP (sgp53 and sgPten) in pre-injected gallbladder organoids. LCC sgp53 alone leads to an indel 
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formation of 36%, in the combinatorial transfection p53 got indel formations of 71.2% and Pten 

90.2%. We did not check transfection efficiency, as we after selection assume almost 100% 

positivity, but initial transfection might have been different. In the tumor cell lines, indel 

formation detected in almost 100%. Even though, Xu et al showed more efficiency of the sgp53 

than sgPten. Here, we did not check effectiveness from sgPten alone but paired sgRNA 

achieved higher indel formation for sgPten than sgp53. This can have different reasons, for 

example sgRNAs have varying efficiency depending on the cell type due to the chromatin 

packing and the resulting different reachable target sequence. Also, the position of the sgRNA 

sequence in the plasmid might change the expression strength. Still, the majority of cells got an 

indel formation in both target genes and as it should have a positive selectable effect due to 

their tumor suppressor function. The cells with interrupted p53 and Pten expression will grow 

out and form tumors. We did not detect how long cells express Cas9 and sgRNA, as they were 

just transiently expressed, they might get rid of the plasmids already after a few passages in 

vitro or spontaneously stably integrate some into the genome. 

sgRNA against Rnf43 in the ESC based model constantly expressed sgRNA either against the 

control sequence CR8 or Rnf43-A or B and two days before birth the Cas9-expression was 

induced for 14 days in all mKate2 positive cells. Now investigating the efficiency of the sgRNA 

targeting Rnf43, ICE analyses were performed on DNA obtained from tissue sections and 

compared with the area of mKate2-positivity. The mean of 49.58% cells of the tissue did 

express Cas9 and 35.89 % of the whole tissue was edited in the Rnf43 gene. Both sgRNAs 

showed similar results and sgCR8 mice had 52.88% mKate2+ area and 29% effective gene 

edits. Between the tumors, the variety is small. All these results show a quite efficient 

CRISPR/Cas9 system which seems to be restricted to the pancreas as there were no mKate 

positive cells found in the lung or liver. Still, the CRISPR/Cas9 system in vitro in a limited time 

range does not lead to 100% genetic alteration in the target sequence, even though ESCs were 

selected for excision and Cas9 expressed for a long duration. This can be possibly explained by 

the repair-machineries of the cells. Therefore, sgRNAs targeting a negative selective pressure 

in a cell population might escape the gene targeting, also shown in an electroporation based 

screening method.174 

In another approach, 13 sgRNAs targeting tumor suppressors of pancreatic cancer and two 

neutral control sgRNAs showed indel frequencies between 27% and 64% all simultaneously 

electroporated in the pancreas. Numbers of cells reached via electroporation is low, but all 

tumors had high-frequency indels at multiple of the sgRNA-targeting sites, maybe reflecting 

the CRISPR/Cas9-driver mutations give rise to cancer.150 A multiplexed CRISPR/Cas9 delivery 
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approach in liver was the introduction of multiplexed sgRNA via hydrodynamic tail vein 

injection, using the sleeping beauty transposon system. There, first a transient expression from 

the episomal plasmid and then long-term expression from genome integrated vectors should 

take place. Even though, none of the resulting tumors had stably integrated Cas9, which might 

be another hint for the toxicity in an organism. Ten sgRNAs targeting ten different genes 

injected induced mean mutant read frequencies of 4% of each targeted DNA site, increasing up 

to 40% due to positive selection of the oncogenic potential.174 

In general, as in the described sgRNA models, the CRISPR/Cas9 system does very effective 

alter genes even when the expression is time-limited. 

11.2 Cell of origin, genetic background and the environment determine cancer 

characteristics 

Organoids can grow out of almost any adult tissue including diseased tissues. For establishing 

GB or liver organoids, a piece of tissue (in the case of the murine GB, the whole organ) was 

digested to reach a single cell suspension which is plated entirely. To address the question, what 

kind of cells form the organoids, we performed EpCAM FACS-analysis on the single-cell 

suspension and the organoid-culture. (Hepatology Communications Fig. 1B, Cancers, Fig. 1D) 

We could show, that even a small amount of less than 1% positive EpCAM cells in the liver 

seems to be efficient for building organoids, which are almost completely EpCAM positive for 

liver and GB-organoids. These results are consistent with the literature, which describes that 

EpCAM negative cells do not form organoids,115 guiding the suggestion of a biliary phenotype 

as originating cell population. It is also shown, that the stem-cell marker Lgr5 positive cells are 

able to form organoids in vitro,175 which combined with our results might suggest a biliary 

progenitor cell as organoid-forming population. The liver has regenerative potential due to the 

stem-cell like population which is even bigger in the GB. Consistent with the higher amount of 

EpCAM positive cells (21.1%) in the GB than in the liver, the observation that GB-organoids 

have a higher establish-efficiency might be explained.121 This is also useful in regard that the 

GB is not an essential organ and therefore can be operatively taken and used for the 

establishment of organoids, where they can also be differentiated into hepatocytes and engraft 

either allogenic or autologous.117  

Several publications cover the question of cell of origin, CCA can arise from hepatoblast, 

hepatocyte and cholangiocytes, whereas HCC can arise from hepatoblast and hepatocytes. Back 

in the 1950s, a population of small proliferative oval-shaped cells in the adult liver was found 
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to contribute to the regeneration of both – cholangiocytes and hepatocytes. The origin of these 

cells is the ductal compartment of the liver, expressing markers like Sox9 and Lgr5.113,117 We 

did not check the expression of Lgr5 specifically, but liver and GB organoids do express SOX9, 

a stem cell marker, and both express CK19, showing the biliary phenotype with a progenitor 

status as the cells form organoids in vitro. If the stem-cells alone build organoids in culture or 

the factors in the medium lead to the biliary, stem-cell like character, is not completely clear. 

Still, organoids are keeping their plasticity to result in different tumor types dependent on the 

genetic context – either CCA and HCC or tubular GBC and papillary differentiated GBC. On 

GBC, the most common histologic subtype is the adenocarcinoma, followed by the squamous 

subtype and the least frequent one, the papillary subtype (5-6% of all GBC). Due to its rarity, 

the literature does not provide much information. The survival outcome is worse for 

adenocarcinoma than the papillary subtype and seems to depend on different risk factors. 

Therefore, one study showed a correlation between mutated KRAS and pancreatobiliary reflux 

forming papillary GBC, contrary to our finding where KRAS-activation leads to 

adenocarcinoma, but without any environmental damage. As these studies have very small case 

numbers and we did not use any induced inflammation in our mouse model, these risk factor 

might be necessary for developing papillary GBC in combination with KRASG12D.176 

Concluding, our observation of developing different tumor types depending on the active 

oncogene shows another aspect in the GBC-research.  

This leads to the already long discussed question of the cell of origin for CCA and HCC. Here 

we can demonstrate that both, HCC and CCA arise from the same organoids depending on the 

genetic context (Hepatology Communications 2019). Even though common oncogenic 

pathways in PLCs are activated, some heterogeneity affecting the therapeutic targeting might 

be originating due to the cell of origin. Thus, this knowledge should be considered for individual 

treatment approaches and its precise effectiveness. PLCs have based on genomic analyses 

overlapping neoplasm rather than entirely distinct entities.  

The basic hepatic structure consists of parenchymal cells, which are the hepatocytes and 

cholangiocytes both arising from the same progenitor hepatoblasts. An obvious hypothesis is, 

HCCs arising from hepatocytes and CCA from cholangiocytes, heptoblasts can develop into 

both. There is one study underlining this hypothesis of PLC transforming cell-type dependent 

into CCA or HCC, where they developed mouse models with Cre-activated Kras in 

combination with either homozygous or heterozygous floxed Pten and cell type specific Cre-

expression in the liver. Homozygous deletion of Pten in hepatoblasts on an embryonic level 

leads to pure CCA development, heterozygous deletion to a mixed CCA/HCC population. In 
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mature hepatocytes of adult mice, tamoxifen induced Cre-recombinase expression under the 

control of an Albumin-promoter with homozygous or heterozygous Pten-deleted cells results 

always in HCC, but when induced earlier in younger mice, mice develop CCA. In the not mature 

young mice, Albumin-promoter are active in hepatocytes and in some bile ducts, which might 

form the CCAs. In adult mice, Alb-expression is restricted to mature hepatocytes which after 

Pten-excision transform into HCC. The Cre-recombinase expressed under the cholangiocyte 

specific CK19-promoter did not develop liver tumors but showed pre-malignant lesions in the 

liver with CCA-characteristics. The same genetic background, Kras activation and Pten loss 

can lead to HCC or CCA if transforming the corresponding cell type. Here, the activation of 

the PI3K pathway due to loss of Pten determines the fate towards biliary lineage during 

development, leading in combination with mutated KRAS to CCA.177 Progenitor/Stem cells are 

bi-potential cells, they can give rise to biliary ductal cells and hepatocytes and can drive 

hepatobiliary carcinogenesis into CCAs and HCCs. Stem cells as cells of origin in PLC is a 

marker for poor outcome for the patient, maybe because stemness traits are positively effecting 

tumor initiation, metastasis and therapy relapse. 

Nowadays, there is evidence that the cell of origin of each cancer type is not determined but 

depends on their molecular feature. Lineage conversion during the malignant transformation is 

a possibility for developing CCA out of hepatocytes.140 Hydrodynamic tail vein injection 

(HTVI) mainly hits hepatocytes but cannot exclude plasmid DNA, also entering some bile duct 

epithelial cells or liver progenitor cells. HTVI delivered AKT-encoding DNA lead to a mixture 

of HCC and CCA combined with NICD overexpression even to CCA development. Notch-

signaling, therefore, drives reprogramming and AKT accelerates the tumor formation.178 Both 

genes are frequently mutated and co-activated in human CCA, but if also in humans, 

hepatocytes give rise to CCA needs to be determined.140 The oncogene MYC drives HCC, 

whereas KRAS rather drives CCA, in our model independent of the Pten expression. Loss of 

p53 enables the expansion of progenitor-like cells and opens them for distinct cell fates through 

cooperating genetic events.179 This got confirmed with our liver organoid-based murine model, 

p53 loss seems to promote stem-cell characteristics, and the driving oncogene determines the 

fate of the initiating tumor. This might also explain different phenotypes seen in the KRAS- or 

ERBB-driven GBCs. The level of Myc expression has an impact on the stem-cell characteristic 

of the progenitor cells, and the self-renewal effect of MYC is dependent on p53.180  

Differentiated cells undergoing reprogramming with appropriate cell-type-specific pathway-

activations may account for the phenotypic complexity in cancer.181 To summarize the possible 

ways from cell of origin to cancer, see Figure 3. Concluding that all cell lineages have the 
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molecular patterns released from necroptically dying hepatocytes. The secreting factors of the 

environment might determine the development of HCC or CCA.159 As we developed HCC or 

CCA only via injection into undamaged healthy tissue either subcutaneously or orthotopically, 

we could not conclude anything from the organoid based model concerning the 

microenvironmental influence. But next to cholangiocytes and hepatocytes non–parenchymal 

cells are building the cells of the liver (fibroblasts, stellate cells, Kupffer cells and endothelial 

cells). They might play not a role in the cell of origin, but form a desmoplastic stroma, which 

is especially characteristic for CCA and GBC and the desmoplastic stroma reaction shown in 

the here described mouse models. Differences in availability and proximity of the cell of origin, 

cells of the microenvironment and the health conditions of the environment might determine 

tumor phenotype and aggressivity.  

A few digestive tract cancers share common features like risk factors, either environmental 

or potentially genetic, why it often makes sense for a combined analysis or comparison may 

provide useful information. As PDAC, PLC and GBC share many genetic alterations and have 

some differences and (see Figure 1) originate from different cell types, it is still important to 

investigate the genetic change in every different cell type and the original tissue.  
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11.3 Outlook: Possibilities for cancer-research with the new developed models 

ESC-GEMMs and an organoid-based mouse model with genetic changes, if needed tractable, 

with the overexpression of oncogenes (KRAS, MYC, ERBB), knockdown or knock-out of 

single tumor suppressors or deletions of complete chromosome regions give the full spectrum 

of tools reaching knowledge of the diseases especially on endogenous tumor development in 

adult mice including an appropriate environment and healthy immune system. In addition, they 

are fast and effective to produce (also due to CRISPR/Cas9), comparable cheap and reflect all 

characteristics of the tumors. 

Appropriate tumor models for PDAC, HCC, CCA and GBC developed and characterized in 

this work serve as exemplary models for urgently needed investigations. In all tumor types, the 

impact of genetic changes represents a huge field to study as the tumor heterogeneity makes the 

full-understanding difficult. Therefore, the genetic flexibility should be used to find the driving 

effects of frequently mutated genes which are still functional unknown.  

Additionally, our studies showed that stroma influences the treatment outcome in GBC and 

CCA and gemcitabine and irinotecan as wells as Nal-IRI do not cure the disease as it does not 

in humans. Therefore, targeted therapy and drugs targeting the stroma as well as combinatorial 

treatment of these should be studied on the developed appropriate models. In the beginning, 

basic research on factors introducing the strong stroma reaction should be investigated in detail 

on the PDAC, GBC and CCA model. The increased signaling of inflammation and paracrine 

signaling in CCA-tumoroids showed the importance of these signaling pathways in the 

tumorigenesis. Based on the RNA-sequencing data, which showed marked differences between 

HCC and CCA, tumor type-specific factors that influence the tumorigenesis in the mice could 

be identified and need to be tested for their impact on the stroma. The literature shows the 

impact of macrophages in Nal-IRI treatment, and these and other immune cell populations next 

to their impact on treatment require a closer look. 

  



List of references 

 

114 
 

12 List of references 

1. Carriaga MT, Henson DE. Liver, gallbladder, extrahepatic bile ducts, and pancreas. 
Cancer. 1995;75(1 Suppl):171–190. doi:10.1002/1097-0142(19950101)75:1. 

2. Hindley CJ, Cordero-Espinoza L, Huch M. Organoids from adult liver and pancreas: 
Stem cell biology and biomedical utility. Dev Biol. 2016;420(2):251–261. 
doi:10.1016/j.ydbio.2016.06.039. 

3. Rizvi S, Khan SA, Hallemeier CL, Kelley RK, Gores GJ. Cholangiocarcinoma — 
evolving concepts and therapeutic strategies. Nat Rev Clin Oncol. 2018;15(2):95–111. 
doi:10.1038/nrclinonc.2017.157. 

4. Seufferlein T, Ettrich TJ. Treatment of pancreatic cancer-neoadjuvant treatment in 
resectable pancreatic cancer (PDAC). Transl Gastroenterol Hepatol. 2019;4:21. 
doi:10.21037/tgh.2019.03.05. 

5. Akinyemiju T, Abera S, Ahmed M, Alam N, Alemayohu MA, Allen C, Al-Raddadi R, 
Alvis-Guzman N, Amoako Y, Artaman A, et al. The Burden of Primary Liver Cancer and 
Underlying Etiologies From 1990 to 2015 at the Global, Regional, and National Level: 
Results From the Global Burden of Disease Study 2015. JAMA Oncol. 2017;3(12):1683–
1691. doi:10.1001/jamaoncol.2017.3055. 

6. Alsaleh M, Leftley Z, Barbera TA, Sithithaworn P, Khuntikeo N, Loilome W, Yongvanit 
P, Cox IJ, Chamodol N, Syms RR, et al. Cholangiocarcinoma: a guide for the 
nonspecialist. Int J Gen Med. 2019;12:13–23. doi:10.2147/IJGM.S186854. 

7. McGlynn KA, Petrick JL, London WT. Global epidemiology of hepatocellular 
carcinoma: an emphasis on demographic and regional variability. Clin Liver Dis. 
2015;19(2):223–238. doi:10.1016/j.cld.2015.01.001. 

8. Kim K, Jha R, Prins PA, Wang H, Chacha M, Hartley ML, He AR. Regorafenib in 
advanced hepatocellular carcinoma (HCC): considerations for treatment. Cancer 
Chemother Pharmacol. 2017;80(5):945–954. doi:10.1007/s00280-017-3431-5. 

9. El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C, Kim T-Y, Choo S-P, 
Trojan J, Welling TH, et al. Nivolumab in patients with advanced hepatocellular 
carcinoma (CheckMate 040): an open-label, non-comparative, phase 1/2 dose escalation 
and expansion trial. Lancet. 2017;389(10088):2492–2502. doi:10.1016/S0140-
6736(17)31046-2. 

10. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin. 2018;68(6):394–424. doi:10.3322/caac.21492. 

11. Razumilava N, Gradilone SA, Smoot RL, Mertens JC, Bronk SF, Sirica AE, Gores GJ. 
Non-canonical Hedgehog signaling contributes to chemotaxis in cholangiocarcinoma. J 
Hepatol. 2014;60(3):599–605. doi:10.1016/j.jhep.2013.11.005. 

12. Banales JM, Cardinale V, Carpino G, Marzioni M, Andersen JB, Invernizzi P, Lind GE, 
Folseraas T, Forbes SJ, Fouassier L, et al. Expert consensus document: 
Cholangiocarcinoma: current knowledge and future perspectives consensus statement 
from the European Network for the Study of Cholangiocarcinoma (ENS-CCA). Nat Rev 
Gastroenterol Hepatol. 2016;13(5):261–280. doi:10.1038/nrgastro.2016.51. 

13. Farshidfar F, Zheng S, Gingras M-C, Newton Y, Shih J, Robertson AG, Hinoue T, 
Hoadley KA, Gibb EA, Roszik J, et al. Integrative Genomic Analysis of 
Cholangiocarcinoma Identifies Distinct IDH-Mutant Molecular Profiles. Cell Rep. 
2017;18(11):2780–2794. doi:10.1016/j.celrep.2017.02.033. 

14. Chan-on W, Nairismägi M-L, Ong CK, Lim WK, Dima S, Pairojkul C, Lim KH, 
McPherson JR, Cutcutache I, Heng HL, et al. Exome sequencing identifies distinct 
mutational patterns in liver fluke-related and non-infection-related bile duct cancers. Nat 
Genet. 2013;45(12):1474–1478. doi:10.1038/ng.2806. 



List of references 

 

115 
 

15. Nakamura H, Arai Y, Totoki Y, Shirota T, Elzawahry A, Kato M, Hama N, Hosoda F, 
Urushidate T, Ohashi S, et al. Genomic spectra of biliary tract cancer. Nat Genet. 
2015;47(9):1003–1010. doi:10.1038/ng.3375. 

16. Schweitzer N, Fischer M, Kirstein MM, Berhane S, Kottas M, Sinn M, Gonzalez-
Carmona MA, Balta Z, Weismüller TJ, Strassburg CP, et al. Risk estimation for biliary 
tract cancer: Development and validation of a prognostic score. Liver Int. 
2017;37(12):1852–1860. doi:10.1111/liv.13517. 

17. Peng Huang, Sherri Chubb, Larry W. Hertel, Gerald B. Grindey and William Plunkett. 
Action of 2′,2′-Difluorodeoxycytidine on DNA Synthesis. Cancer Res. 
1991;1991(51):6110–6117. 

18. Ralf Grunewald, Hagop Kantarjian, Michael J. Keating, James Abbruzzese, Peter 
Tarassoff and William Plunkett. Pharmacologically Directed Design of the Dose Rate and 
Schedule of 2′,2′-Difluorodeoxycytidine (Gemcitabine) Administration in Leukemia. 
Cancer Res. 1990;1990(50):6823–6826. 

19. Li M, Zhang Z, Li X, Ye J, Wu X, Tan Z, Liu C, Shen B, Wang X-A, Wu W, et al. 
Whole-exome and targeted gene sequencing of gallbladder carcinoma identifies recurrent 
mutations in the ErbB pathway. Nat Genet. 2014;46(8):872–876. doi:10.1038/ng.3030. 

20. Cai Z-Q, Guo P, Si S-B, Geng Z-M, Chen C, Cong L-L. Analysis of prognostic factors 
for survival after surgery for gallbladder cancer based on a Bayesian network. Sci Rep. 
2017;7(1):293. doi:10.1038/s41598-017-00491-3. 

21. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A, 
Sinha R, Larsson E, et al. Integrative analysis of complex cancer genomics and clinical 
profiles using the cBioPortal. Sci Signal. 2013;6(269):pl1. doi:10.1126/scisignal.2004088. 

22. Srivastava K, Srivastava A, Sharma KL, Mittal B. Candidate gene studies in gallbladder 
cancer: a systematic review and meta-analysis. Mutat Res. 2011;728(1-2):67–79. 
doi:10.1016/j.mrrev.2011.06.002. 

23. Chen C, Geng Z, Shen H, Song H, Zhao Y, Zhang G, Li W, Ma L, Wang L. Long-Term 
Outcomes and Prognostic Factors in Advanced Gallbladder Cancer: Focus on the 
Advanced T Stage. PLoS ONE. 2016;11(11):e0166361. 
doi:10.1371/journal.pone.0166361. 

24. Kanthan R, Senger J-L, Ahmed S, Kanthan SC. Gallbladder Cancer in the 21st Century. J 
Oncol. 2015;2015:967472. doi:10.1155/2015/967472. 

25. Ben Kridis W, Toumi N, Daoud J, Khanfir A, Frikha M. Gall Bladder Carcinoma: 
Clinical Presentations and Different Modalities of Treatment. In: Comprehensive Book on 
Gallbladder. Vol. 2019. [place unknown]: [publisher unknown]; [date unknown]. 

26. Valle J, Wasan H, Palmer DH, Cunningham D, Anthoney A, Maraveyas A, Madhusudan 
S, Iveson T, Hughes S, Pereira SP, et al. Cisplatin plus gemcitabine versus gemcitabine 
for biliary tract cancer. N Engl J Med. 2010;362(14):1273–1281. 
doi:10.1056/NEJMoa0908721. 

27. Mathijssen RH, van Alphen RJ, Verweij J, Loos WJ, Nooter K, Stoter G, Sparreboom A. 
Clinical pharmacokinetics and metabolism of irinotecan (CPT-11). Clin Cancer Res. 
2001;7(8):2182–2194. 

28. Drummond DC, Noble CO, Guo Z, Hong K, Park JW, Kirpotin DB. Development of a 
highly active nanoliposomal irinotecan using a novel intraliposomal stabilization strategy. 
Cancer Res. 2006;66(6):3271–3277. doi:10.1158/0008-5472.CAN-05-4007. 

29. Wang-Gillam A, Li C-P, Bodoky G, Dean A, Shan Y-S, Jameson G, Macarulla T, Lee K-
H, Cunningham D, Blanc JF, et al. Nanoliposomal irinotecan with fluorouracil and folinic 
acid in metastatic pancreatic cancer after previous gemcitabine-based therapy (NAPOLI-
1): a global, randomised, open-label, phase 3 trial. Lancet. 2016;387(10018):545–557. 
doi:10.1016/S0140-6736(15)00986-1. 



List of references 

 

116 
 

30. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 2018;68(1):7–
30. doi:10.3322/caac.21442. 

31. Matthaei H, Schulick RD, Hruban RH, Maitra A. Cystic precursors to invasive pancreatic 
cancer. Nat Rev Gastroenterol Hepatol. 2011;8(3):141–150. doi:10.1038/nrgastro.2011.2. 

32. Sakorafas GH, Smyrniotis V, Reid-Lombardo KM, Sarr MG. Primary pancreatic cystic 
neoplasms revisited: part II. Mucinous cystic neoplasms. Surg Oncol. 2011;20(2):e93-
101. doi:10.1016/j.suronc.2010.12.003. 

33. Benzel J, Fendrich V. Molecular Characterization and Pathogenesis of Intraductal 
Papillary Mucinous Neoplasms of the Pancreas. Eur Surg Res. 2015;55(4):352–363. 
doi:10.1159/000441492. 

34. Zhang L, Bluth MH, Bhalla A. Molecular Diagnostics in the Neoplasms of the Pancreas, 
Liver, Gallbladder, and Extrahepatic Biliary Tract: 2018 Update. Clin Lab Med. 
2018;38(2):367–384. doi:10.1016/j.cll.2018.03.003. 

35. Aguirre AJ, Hruban RH, Raphael BJ, The Cancer Genome Atlas Research Network et al. 
Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell. 
2017;32(2):185-203.e13. doi:10.1016/j.ccell.2017.07.007. 

36. Rao CV, Asch AS, Yamada HY. Frequently mutated genes/pathways and genomic 
instability as prevention targets in liver cancer. Carcinogenesis. 2017;38(1):2–11. 
doi:10.1093/carcin/bgw118. 

37. Liu J, Dang H, Wang XW. The significance of intertumor and intratumor heterogeneity in 
liver cancer. Exp Mol Med. 2018;50(1):e416. doi:10.1038/emm.2017.165. 

38. Jusakul A, Cutcutache I, Yong CH, Lim JQ, Huang MN, Padmanabhan N, Nellore V, 
Kongpetch S, Ng AWT, Ng LM, et al. Whole-Genome and Epigenomic Landscapes of 
Etiologically Distinct Subtypes of Cholangiocarcinoma. Cancer Discov. 
2017;7(10):1116–1135. doi:10.1158/2159-8290.CD-17-0368. 

39. Zou S, Li J, Zhou H, Frech C, Jiang X, Chu JSC, Zhao X, Li Y, Li Q, Wang H, et al. 
Mutational landscape of intrahepatic cholangiocarcinoma. Nat Commun. 2014;5:5696. 
doi:10.1038/ncomms6696. 

40. Waddell N, Pajic M, Patch A-M, Chang DK, Kassahn KS, Bailey P, Johns AL, Miller D, 
Nones K, Quek K, et al. Whole genomes redefine the mutational landscape of pancreatic 
cancer. Nature. 2015;518(7540):495–501. doi:10.1038/nature14169. 

41. Li M, Liu F, Zhang F, Zhou W, Jiang X, Yang Y, Qu K, Wang Y, Ma Q, Wang T, et al. 
Genomic ERBB2/ERBB3 mutations promote PD-L1-mediated immune escape in 
gallbladder cancer: a whole-exome sequencing analysis. Gut. 2019;68(6):1024–1033. 
doi:10.1136/gutjnl-2018-316039. 

42. Kiguchi K, Carbajal S, Chan K, Beltrán L, Ruffino L, Shen J, Matsumoto T, Yoshimi N, 
DiGiovanni J. Constitutive expression of ErbB-2 in gallbladder epithelium results in 
development of adenocarcinoma. Cancer Res. 2001;61(19):6971–6976. 

43. Nakazawa K, Dobashi Y, Suzuki S, Fujii H, Takeda Y, Ooi A. Amplification and 
overexpression of c-erbB-2, epidermal growth factor receptor, and c-met in biliary tract 
cancers. J Pathol. 2005;206(3):356–365. doi:10.1002/path.1779. 

44. Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras M-C, Miller DK, Christ 
AN, Bruxner TJC, Quinn MC, et al. Genomic analyses identify molecular subtypes of 
pancreatic cancer. Nature. 2016;531(7592):47–52. doi:10.1038/nature16965. 

45. Stegh AH. Targeting the p53 signaling pathway in cancer therapy - the promises, 
challenges and perils. Expert Opin Ther Targets. 2012;16(1):67–83. 
doi:10.1517/14728222.2011.643299. 

46. Joerger AC, Fersht AR. The p53 Pathway: Origins, Inactivation in Cancer, and Emerging 
Therapeutic Approaches. Annu Rev Biochem. 2016;85:375–404. doi:10.1146/annurev-
biochem-060815-014710. 



List of references 

 

117 
 

47. Cooper GM. Cellular transforming genes. Science. 1982;217(4562):801–806. 
doi:10.1126/science.6285471. 

48. Liu P, Wang Y, Li X. Targeting the untargetable KRAS in cancer therapy. Acta 
Pharmaceutica Sinica B. 2019;9(5):871–879. doi:10.1016/j.apsb.2019.03.002. 

49. Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King C, Jacobetz MA, Ross S, 
Conrads TP, Veenstra TD, Hitt BA, et al. Preinvasive and invasive ductal pancreatic 
cancer and its early detection in the mouse. Cancer Cell. 2003;4(6):437–450. 

50. Patra KC, Bardeesy N, Mizukami Y. Diversity of Precursor Lesions For Pancreatic 
Cancer: The Genetics and Biology of Intraductal Papillary Mucinous Neoplasm. Clin 
Transl Gastroenterol. 2017;8(4):e86. doi:10.1038/ctg.2017.3. 

51. Widmann C, Gibson S, Jarpe MB, Johnson GL. Mitogen-activated protein kinase: 
conservation of a three-kinase module from yeast to human. Physiol Rev. 
1999;79(1):143–180. doi:10.1152/physrev.1999.79.1.143. 

52. Mendoza MC, Er EE, Blenis J. The Ras-ERK and PI3K-mTOR pathways: cross-talk and 
compensation. Trends Biochem Sci. 2011;36(6):320–328. doi:10.1016/j.tibs.2011.03.006. 

53. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EWT, Chang F, Lehmann 
B, Terrian DM, Milella M, Tafuri A, et al. Roles of the Raf/MEK/ERK pathway in cell 
growth, malignant transformation and drug resistance. Biochim Biophys Acta. 
2007;1773(8):1263–1284. doi:10.1016/j.bbamcr.2006.10.001. 

54. Santarpia L, Lippman SM, El-Naggar AK. Targeting the MAPK-RAS-RAF signaling 
pathway in cancer therapy. Expert Opin Ther Targets. 2012;16(1):103–119. 
doi:10.1517/14728222.2011.645805. 

55. Yeh TC, Marsh V, Bernat BA, Ballard J, Colwell H, Evans RJ, Parry J, Smith D, 
Brandhuber BJ, Gross S, et al. Biological characterization of ARRY-142886 (AZD6244), 
a potent, highly selective mitogen-activated protein kinase kinase 1/2 inhibitor. Clin 
Cancer Res. 2007;13(5):1576–1583. doi:10.1158/1078-0432.CCR-06-1150. 

56. Tai WM, Yong WP, Lim C, Low LS, Tham CK, Koh TS, Ng QS, Wang WW, Wang LZ, 
Hartano S, et al. A phase Ib study of selumetinib (AZD6244, ARRY-142886) in 
combination with sorafenib in advanced hepatocellular carcinoma (HCC). Ann Oncol. 
2016;27(12):2210–2215. doi:10.1093/annonc/mdw415. 

57. Bridgewater J, Lopes A, Beare S, Duggan M, Lee D, Ricamara M, McEntee D, 
Sukumaran A, Wasan H, Valle JW. A phase 1b study of Selumetinib in combination with 
Cisplatin and Gemcitabine in advanced or metastatic biliary tract cancer: the ABC-04 
study. BMC Cancer. 2016;16:153. doi:10.1186/s12885-016-2174-8. 

58. Ko AH, Bekaii-Saab T, van Ziffle J, Mirzoeva OM, Joseph NM, Talasaz A, Kuhn P, 
Tempero MA, Collisson EA, Kelley RK, et al. A Multicenter, Open-Label Phase II 
Clinical Trial of Combined MEK plus EGFR Inhibition for Chemotherapy-Refractory 
Advanced Pancreatic Adenocarcinoma. Clin Cancer Res. 2016;22(1):61–68. 
doi:10.1158/1078-0432.CCR-15-0979. 

59. McRee AJ, Sanoff HK, Carlson C, Ivanova A, O'Neil BH. A phase I trial of mFOLFOX6 
combined with the oral PI3K inhibitor BKM120 in patients with advanced refractory 
solid tumors. Invest New Drugs. 2015;33(6):1225–1231. doi:10.1007/s10637-015-0298-
3. 

60. Jin L, Jin M-H, Nam A-R, Park J-E, Bang J-H, Oh D-Y, Bang Y-J. Anti-tumor effects of 
NVP-BKM120 alone or in combination with MEK162 in biliary tract cancer. Cancer Lett. 
2017;411:162–170. doi:10.1016/j.canlet.2017.10.002. 

61. Nusse R, Varmus HE. Many tumors induced by the mouse mammary tumor virus contain 
a provirus integrated in the same region of the host genome. Cell. 1982;31(1):99–109. 
doi:10.1016/0092-8674(82)90409-3. 



List of references 

 

118 
 

62. Kinzler KW, Nilbert MC, Su LK, Vogelstein B, Bryan TM, Levy DB, Smith KJ, 
Preisinger AC, Hedge P, McKechnie D. Identification of FAP locus genes from 
chromosome 5q21. Science. 1991;253(5020):661–665. doi:10.1126/science.1651562. 

63. Khalaf AM, Fuentes D, Morshid AI, Burke MR, Kaseb AO, Hassan M, Hazle JD, Elsayes 
KM. Role of Wnt/β-catenin signaling in hepatocellular carcinoma, pathogenesis, and 
clinical significance. J Hepatocell Carcinoma. 2018;5:61–73. doi:10.2147/JHC.S156701. 

64. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene. 2017;36(11):1461–
1473. doi:10.1038/onc.2016.304. 

65. Gabay M, Li Y, Felsher DW. MYC activation is a hallmark of cancer initiation and 
maintenance. Cold Spring Harb Perspect Med. 2014;4(6). 
doi:10.1101/cshperspect.a014241. 

66. Gibson AW, Cheng T, Johnston RN. Apoptosis induced by c-myc overexpression is 
dependent on growth conditions. Exp Cell Res. 1995;218(1):351–358. 
doi:10.1006/excr.1995.1166. 

67. Evan GI, Wyllie AH, Gilbert CS, Littlewood TD, Land H, Brooks M, Waters CM, Penn 
LZ, Hancock DC. Induction of apoptosis in fibroblasts by c-myc protein. Cell. 
1992;69(1):119–128. doi:10.1016/0092-8674(92)90123-t. 

68. Peng SY, Lai PL, Hsu HC. Amplification of the c-myc gene in human hepatocellular 
carcinoma: biologic significance. J Formos Med Assoc. 1993;92(10):866–870. 

69. Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, Sherr CJ, Roussel MF. Myc 
signaling via the ARF tumor suppressor regulates p53-dependent apoptosis and 
immortalization. Genes Dev. 1998;12(15):2424–2433. doi:10.1101/gad.12.15.2424. 

70. Jain S, Chang T-T, Hamilton JP, Lin SY, Lin Y-J, Evans AA, Selaru FM, Lin P-W, Chen 
S-H, Block TM, et al. Methylation of the CpG sites only on the sense strand of the APC 
gene is specific for hepatocellular carcinoma. PLoS ONE. 2011;6(11):e26799. 
doi:10.1371/journal.pone.0026799. 

71. Wang W, Pan Q, Fuhler GM, Smits R, Peppelenbosch MP. Action and function of Wnt/β-
catenin signaling in the progression from chronic hepatitis C to hepatocellular carcinoma. 
J Gastroenterol. 2017;52(4):419–431. doi:10.1007/s00535-016-1299-5. 

72. Waisberg J, Saba GT. Wnt-/-β-catenin pathway signaling in human hepatocellular 
carcinoma. World J Hepatol. 2015;7(26):2631–2635. doi:10.4254/wjh.v7.i26.2631. 

73. Kitao A, Matsui O, Yoneda N, Kozaka K, Kobayashi S, Sanada J, Koda W, Minami T, 
Inoue D, Yoshida K, et al. Hepatocellular Carcinoma with β-Catenin Mutation: Imaging 
and Pathologic Characteristics. Radiology. 2015;275(3):708–717. 
doi:10.1148/radiol.14141315. 

74. Serrano M. The INK4a/ARF locus in murine tumorigenesis. Carcinogenesis. 
2000;21(5):865–869. doi:10.1093/carcin/21.5.865. 

75. Sharpless E, Chin L. The INK4a/ARF locus and melanoma. Oncogene. 
2003;22(20):3092–3098. doi:10.1038/sj.onc.1206461. 

76. Serrano M, Lee H, Chin L, Cordon-Cardo C, Beach D, DePinho RA. Role of the INK4a 
locus in tumor suppression and cell mortality. Cell. 1996;85(1):27–37. 
doi:10.1016/s0092-8674(00)81079-x. 

77. Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing JR, Ashmun RA, Grosveld G, 
Sherr CJ. Tumor suppression at the mouse INK4a locus mediated by the alternative 
reading frame product p19ARF. Cell. 1997;91(5):649–659. doi:10.1016/s0092-
8674(00)80452-3. 

78. Stein RA, Staros JV. Evolutionary analysis of the ErbB receptor and ligand families. J 
Mol Evol. 2000;50(5):397–412. doi:10.1007/s002390010043. 

79. Franklin MC, Carey KD, Vajdos FF, Leahy DJ, Vos AM de, Sliwkowski MX. Insights 
into ErbB signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell. 
2004;5(4):317–328. doi:10.1016/S1535-6108(04)00083-2. 



List of references 

 

119 
 

80. Le Cong, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, 
Marraffini LA, et al. Multiplex Genome Engineering Using CRISPR/Cas Systems. 
Science. 2013;339(6121):819–823. doi:10.1126/science.1231143. 

81. Mojica FJM, Díez-Villaseñor C, García-Martínez J, Almendros C. Short motif sequences 
determine the targets of the prokaryotic CRISPR defence system. Microbiology (Reading, 
Engl ). 2009;155(Pt 3):733–740. doi:10.1099/mic.0.023960-0. 

82. Horvath P, Romero DA, Coûté-Monvoisin A-C, Richards M, Deveau H, Moineau S, 
Boyaval P, Fremaux C, Barrangou R. Diversity, Activity, and Evolution of CRISPR Loci 
in Streptococcus thermophilus▿†. J Bacteriol. 2007;190(4):1401–1412. 
doi:10.1128/JB.01415-07. 

83. Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9-crRNA ribonucleoprotein 
complex mediates specific DNA cleavage for adaptive immunity in bacteria. Proc Natl 
Acad Sci U S A. 2012;109(39):E2579-86. doi:10.1073/pnas.1208507109. 

84. Garneau JE, Dupuis M-È, Villion M, Romero DA, Barrangou R, Boyaval P, Fremaux C, 
Horvath P, Magadán AH, Moineau S. The CRISPR/Cas bacterial immune system cleaves 
bacteriophage and plasmid DNA. Nature. 2010;468(7320):67–71. 
doi:10.1038/nature09523. 

85. Jiang F, Doudna JA. CRISPR-Cas9 Structures and Mechanisms. Annu Rev Biophys. 
2017;46:505–529. doi:10.1146/annurev-biophys-062215-010822. 

86. Xiao A, Wang Z, Hu Y, Wu Y, Luo Z, Yang Z, Zu Y, Li W, Huang P, Tong X, et al. 
Chromosomal deletions and inversions mediated by TALENs and CRISPR/Cas in 
zebrafish. Nucleic Acids Res. 2013;41(14):e141. doi:10.1093/nar/gkt464. 

87. Kraft K, Geuer S, Will AJ, Chan WL, Paliou C, Borschiwer M, Harabula I, Wittler L, 
Franke M, Ibrahim DM, et al. Deletions, Inversions, Duplications: Engineering of 
Structural Variants using CRISPR/Cas in Mice. Cell Rep. 2015;10(5):833–839. 
doi:10.1016/j.celrep.2015.01.016. 

88. Canver MC, Bauer DE, Dass A, Yien YY, Chung J, Masuda T, Maeda T, Paw BH, Orkin 
SH. Characterization of genomic deletion efficiency mediated by clustered regularly 
interspaced short palindromic repeats (CRISPR)/Cas9 nuclease system in mammalian 
cells. J Biol Chem. 2014;289(31):21312–21324. doi:10.1074/jbc.M114.564625. 

89. Birling M-C, Schaeffer L, André P, Lindner L, Maréchal D, Ayadi A, Sorg T, Pavlovic G, 
Hérault Y. Efficient and rapid generation of large genomic variants in rats and mice using 
CRISMERE. Sci Rep. 2017;7:43331. doi:10.1038/srep43331. 

90. Li J, Shou J, Guo Y, Tang Y, Wu Y, Jia Z, Zhai Y, Chen Z, Xu Q, Wu Q. Efficient 
inversions and duplications of mammalian regulatory DNA elements and gene clusters by 
CRISPR/Cas9. J Mol Cell Biol. 2015;7(4):284–298. doi:10.1093/jmcb/mjv016. 

91. Boroviak K, Doe B, Banerjee R, Yang F, Bradley A. Chromosome engineering in zygotes 
with CRISPR/Cas9. Genesis. 2016;54(2):78–85. doi:10.1002/dvg.22915. 

92. Dow LE, Fisher J, O'Rourke KP, Muley A, Kastenhuber ER, Livshits G, Tschaharganeh 
DF, Socci ND, Lowe SW. Inducible in vivo genome editing with CRISPR-Cas9. Nat 
Biotechnol. 2015;33(4):390–394. doi:10.1038/nbt.3155. 

93. Dow LE, Premsrirut PK, Zuber J, Fellmann C, McJunkin K, Miething C, Park Y, Dickins 
RA, Hannon GJ, Lowe SW. A pipeline for the generation of shRNA transgenic mice. Nat 
Protoc. 2012;7(2):374–393. doi:10.1038/nprot.2011.446. 

94. Premsrirut PK, Dow LE, Kim SY, Camiolo M, Malone CD, Miething C, Scuoppo C, 
Zuber J, Dickins RA, Kogan SC, et al. A rapid and scalable system for studying gene 
function in mice using conditional RNA interference. Cell. 2011;145(1):145–158. 
doi:10.1016/j.cell.2011.03.012. 

95. Ventura A, Meissner A, Dillon CP, McManus M, Sharp PA, van Parijs L, Jaenisch R, 
Jacks T. Cre-lox-regulated conditional RNA interference from transgenes. Proc Natl Acad 
Sci U S A. 2004;101(28):10380–10385. doi:10.1073/pnas.0403954101. 



List of references 

 

120 
 

96. Kim H, Kim M, Im S-K, Fang S. Mouse Cre-LoxP system: general principles to 
determine tissue-specific roles of target genes. Lab Anim Res. 2018;34(4):147–159. 
doi:10.5625/lar.2018.34.4.147. 

97. Pan C, Kumar C, Bohl S, Klingmueller U, Mann M. Comparative Proteomic Phenotyping 
of Cell Lines and Primary Cells to Assess Preservation of Cell Type-specific Function. 
Mol Cell Proteomics. 2009;2009(8):443–450. 

98. Deer EL, González-Hernández J, Coursen JD, Shea JE, Ngatia J, Scaife CL, Firpo MA, 
Mulvihill SJ. Phenotype and genotype of pancreatic cancer cell lines. Pancreas. 
2010;39(4):425–435. doi:10.1097/MPA.0b013e3181c15963. 

99. Miserocchi G, Mercatali L, Liverani C, Vita A de, Spadazzi C, Pieri F, Bongiovanni A, 
Recine F, Amadori D, Ibrahim T. Management and potentialities of primary cancer 
cultures in preclinical and translational studies. J Transl Med. 2017;15(1):229. 
doi:10.1186/s12967-017-1328-z. 

100. Vicent S, Lieshout R, Saborowski A, Verstegen MMA, Raggi C, Recalcati S, 
Invernizzi P, van der Laan LJW, Alvaro D, Calvisi DF, et al. Experimental models to 
unravel the molecular pathogenesis, cell of origin and stem cell properties of 
cholangiocarcinoma. Liver Int. 2019;39 Suppl 1:79–97. doi:10.1111/liv.14094. 

101. Zach S, Birgin E, Rückert F. Primary Cholangiocellular Carcinoma Cell Lines. Journal 
of Stem cell Research and Transplantation. 2015;2015(2). 

102. Biankin AV, Waddell N, Kassahn KS, Gingras M-C, Muthuswamy LB, Johns AL, 
Miller DK, Wilson PJ, Patch A-M, Wu J, et al. Pancreatic cancer genomes reveal 
aberrations in axon guidance pathway genes. Nature. 2012;491(7424):399–405. 
doi:10.1038/nature11547. 

103. Wang J, Li L, Zhang K, Yu Y, Li B, Li J, Yan Z, Hu Z, Yen Y, Wu M, et al. 
Characterization of two novel cell lines with distinct heterogeneity derived from a single 
human bile duct carcinoma. PLoS ONE. 2013;8(1):e54377. 
doi:10.1371/journal.pone.0054377. 

104. Cavalloni G, Peraldo-Neia C, Varamo C, Casorzo L, Dell'Aglio C, Bernabei P, 
Chiorino G, Aglietta M, Leone F. Establishment and characterization of a human 
intrahepatic cholangiocarcinoma cell line derived from an Italian patient. Tumour Biol. 
2016;37(3):4041–4052. doi:10.1007/s13277-015-4215-3. 

105. Zach S, Grün J, Bauer AT, Pilarsky C, Grützmann R, Weng H, Dooley S, Wilhelm TJ, 
Gaiser T, Rückert F. CCC-5, a new primary cholangiocellular cell line. International 
Journal of Clinical and Experimental Pathology. 2017;2017(10):2451–2460. 

106. Varamo C, Peraldo-Neia C, Ostano P, Basiricò M, Raggi C, Bernabei P, Venesio T, 
Berrino E, Aglietta M, Leone F, et al. Establishment and Characterization of a New 
Intrahepatic Cholangiocarcinoma Cell Line Resistant to Gemcitabine. Cancers (Basel). 
2019;11(4). doi:10.3390/cancers11040519. 

107. Zhou F, Zhang Y, Sun J, Yang X. Characteristics of a novel cell line ZJU-0430 
established from human gallbladder carcinoma. Cancer Cell Int. 2019;19:190. 
doi:10.1186/s12935-019-0911-1. 

108. Liu Z-Y, Xu G-L, Tao H-H, Yang Y-Q, Fan Y-Z. Establishment and characterization 
of a novel highly aggressive gallbladder cancer cell line, TJ-GBC2. Cancer Cell Int. 
2017;17:20. doi:10.1186/s12935-017-0388-8. 

109. Koyama S, Yoshioka T, Mizushima A, Kawakita I, Yamagata S, Fukutomi H, Sakita 
T, Kondo I, Kikuchi M. Establishment of a cell line (G-415) from a human gallbladder 
carcinoma. Gan. 1980;71(4):574–575. 

110. Prior N, Inacio P, Huch M. Liver organoids: from basic research to therapeutic 
applications. Gut. 2019. doi:10.1136/gutjnl-2019-319256. 

111. Kondo J, Inoue M. Application of Cancer Organoid Model for Drug Screening and 
Personalized Therapy. Cells. 2019;8(5). doi:10.3390/cells8050470. 



List of references 

 

121 
 

112. Broutier L, Andersson-Rolf A, Hindley CJ, Boj SF, Clevers H, Koo B-K, Huch M. 
Culture and establishment of self-renewing human and mouse adult liver and pancreas 3D 
organoids and their genetic manipulation. Nat Protoc. 2016;11(9):1724–1743. 
doi:10.1038/nprot.2016.097. 

113. Sampaziotis F, Justin AW, Tysoe OC, Sawiak S, Godfrey EM, Upponi SS, Gieseck 
RL, Brito MC de, Berntsen NL, Gómez-Vázquez MJ, et al. Reconstruction of the mouse 
extrahepatic biliary tree using primary human extrahepatic cholangiocyte organoids. Nat 
Med. 2017;23(8):954–963. doi:10.1038/nm.4360. 

114. Huch M, Knoblich JA, Lutolf MP, Martinez-Arias A. The hope and the hype of 
organoid research. Development. 2017;144(6):938–941. doi:10.1242/dev.150201. 

115. Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MMA, Ellis E, van 
Wenum M, Fuchs SA, Ligt J de, et al. Long-term culture of genome-stable bipotent stem 
cells from adult human liver. Cell. 2015;160(1-2):299–312. 
doi:10.1016/j.cell.2014.11.050. 

116. Blokzijl F, Ligt J de, Jager M, Sasselli V, Roerink S, Sasaki N, Huch M, Boymans S, 
Kuijk E, Prins P, et al. Tissue-specific mutation accumulation in human adult stem cells 
during life. Nature. 2016;538(7624):260–264. doi:10.1038/nature19768. 

117. Lugli N, Kamileri I, Keogh A, Malinka T, Sarris ME, Talianidis I, Schaad O, 
Candinas D, Stroka D, Halazonetis TD. R-spondin 1 and noggin facilitate expansion of 
resident stem cells from non-damaged gallbladders. EMBO Rep. 2016;17(5):769–779. 
doi:10.15252/embr.201642169. 

118. Dorrell C, Tarlow B, Wang Y, Canaday PS, Haft A, Schug J, Streeter PR, Finegold 
MJ, Shenje LT, Kaestner KH, et al. The organoid-initiating cells in mouse pancreas and 
liver are phenotypically and functionally similar. Stem Cell Res. 2014;13(2):275–283. 
doi:10.1016/j.scr.2014.07.006. 

119. Li X, Nadauld L, Ootani A, Corney DC, Pai RK, Gevaert O, Cantrell MA, Rack PG, 
Neal JT, Chan CW-M, et al. Oncogenic transformation of diverse gastrointestinal tissues 
in primary organoid culture. Nat Med. 2014;20(7):769–777. doi:10.1038/nm.3585. 

120. Boj SF, Hwang C-I, Baker LA, Chio IIC, Engle DD, Corbo V, Jager M, Ponz-Sarvise 
M, Tiriac H, Spector MS, et al. Organoid models of human and mouse ductal pancreatic 
cancer. Cell. 2015;160(1-2):324–338. doi:10.1016/j.cell.2014.12.021. 

121. Saito Y, Muramatsu T, Kanai Y, Ojima H, Sukeda A, Hiraoka N, Arai E, Sugiyama Y, 
Matsuzaki J, Uchida R, et al. Establishment of Patient-Derived Organoids and Drug 
Screening for Biliary Tract Carcinoma. Cell Rep. 2019;27(4):1265-1276.e4. 
doi:10.1016/j.celrep.2019.03.088. 

122. Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarró LM, Bradshaw 
CR, Allen GE, Arnes-Benito R, Sidorova O, Gaspersz MP, et al. Human primary liver 
cancer-derived organoid cultures for disease modeling and drug screening. Nat Med. 
2017;23(12):1424–1435. doi:10.1038/nm.4438. 

123. Cao W, Liu J, Wang L, Li M, Verstegen MMA, Yin Y, Ma B, CHen K, Bolkestein M, 
Sprengers D, et al. Modeling liver cancer and therapy responsiveness using organoids 
derived from primary mouse liver tumors. Carcinogenesis. 2019;2019(1):145–154. doi://
%2010.1093/carcin/bgy129. 

124. Gómez-Cuadrado L, Tracey N, Ma R, Qian B, Brunton VG. Mouse models of 
metastasis: progress and prospects. Dis Model Mech. 2017;10(9):1061–1074. 
doi:10.1242/dmm.030403. 

125. Krempley BD, Yu KH. Preclinical models of pancreatic ductal adenocarcinoma. Chin 
Clin Oncol. 2017;6(3):25. doi:10.21037/cco.2017.06.15. 

126. Fu X, Guadagni K, Hoffman RM. A metastatic nude-mouse model of human 
pancreatic cancer constructed orthotopically with histologically intact patient specimens. 
Proc Natl Acad Sci U S A. 1992;1992(89):5645–5649. 



List of references 

 

122 
 

127. Loukopoulos P, Kanetaka K, Takamura M, Shibata T, Sakamoto M, Hirohasi S. 
Orthotopic transplantation models of pancreatic adenocarcinoma derived from cell lines 
and primary tumors and displaying varying metastatic activity. Pancreas. 
2004;2004(29):193–203. 

128. Garber K. From human to mouse and back: 'tumorgraft' models surge in popularity. J 
Natl Cancer Inst. 2009;101(1):6–8. doi:10.1093/jnci/djn481. 

129. Rubio-Viqueira B, Jimeno A, Cusatis G, Zhang X, Iacobuzio-Donahue C, Karikari C, 
Shi C, Danenberg K, Danenberg PV, Kuramochi H, et al. An in vivo platform for 
translational drug development in pancreatic cancer. Clin Cancer Res. 2006;12(15):4652–
4661. doi:10.1158/1078-0432.CCR-06-0113. 

130. Kim MP, Evans DB, Wang H, Abbruzzese JL, Fleming JB, Gallick GE. Generation of 
orthotopic and heterotopic human pancreatic cancer xenografts in immunodeficient mice. 
Nat Protoc. 2009;4(11):1670–1680. doi:10.1038/nprot.2009.171. 

131. Klein C, Waldhauer I, Nicolini VG, Freimoser-Grundschober A, Nayak T, Vugts DJ, 
Dunn C, Bolijn M, Benz J, Stihle M, et al. Cergutuzumab amunaleukin (CEA-IL2v), a 
CEA-targeted IL-2 variant-based immunocytokine for combination cancer 
immunotherapy: Overcoming limitations of aldesleukin and conventional IL-2-based 
immunocytokines. Oncoimmunology. 2017;6(3):e1277306. 
doi:10.1080/2162402X.2016.1277306. 

132. Labrijn AF, Meesters JI, Bunce M, Armstrong AA, Somani S, Nesspor TC, Chiu ML, 
Altintaş I, Verploegen S, Schuurman J, et al. Efficient Generation of Bispecific Murine 
Antibodies for Pre-Clinical Investigations in Syngeneic Rodent Models. Sci Rep. 
2017;7(1):2476. doi:10.1038/s41598-017-02823-9. 

133. Saborowski A, Saborowski M, Davare MA, Druker BJ, Klimstra DS, Lowe SW. 
Mouse model of intrahepatic cholangiocarcinoma validates FIG-ROS as a potent fusion 
oncogene and therapeutic target. Proc Natl Acad Sci U S A. 2013;110(48):19513–19518. 
doi:10.1073/pnas.1311707110. 

134. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA, Kinzler KW. 
Cancer Genome Landscapes. Science. 2013;339(6127):1546–1558. 
doi:10.1126/science.1235122. 

135. Schönhuber N, Seidler B, Schuck K, Veltkamp C, Schachtler C, Zukowska M, Eser S, 
Feyerabend TB, Paul MC, Eser P, et al. A next-generation dual-recombinase system for 
time and host specific targeting of pancreatic cancer. Nat Med. 2014;20(11):1340–1347. 
doi:10.1038/nm.3646. 

136. Benhamouche S, Curto M, Saotome I, Gladden AB, Liu C-H, Giovannini M, 
McClatchey AI. Nf2/Merlin controls progenitor homeostasis and tumorigenesis in the 
liver. Genes Dev. 2010;24(16):1718–1730. doi:10.1101/gad.1938710. 

137. Sekiya S, Suzuki A. Intrahepatic cholangiocarcinoma can arise from Notch-mediated 
conversion of hepatocytes. J Clin Invest. 2012;122(11):3914–3918. 
doi:10.1172/JCI63065. 

138. Xu X, Kobayashi S, Qiao W, Li C, Xiao C, Radaeva S, Stiles B, Wang R-H, Ohara N, 
Yoshino T, et al. Induction of intrahepatic cholangiocellular carcinoma by liver-specific 
disruption of Smad4 and Pten in mice. J Clin Invest. 2006;116(7):1843–1852. 
doi:10.1172/JCI27282. 

139. O'Dell MR, Huang JL, Whitney-Miller CL, Deshpande V, Rothberg P, Grose V, Rossi 
RM, Zhu AX, Land H, Bardeesy N, et al. Kras(G12D) and p53 mutation cause primary 
intrahepatic cholangiocarcinoma. Cancer Res. 2012;72(6):1557–1567. doi:10.1158/0008-
5472.CAN-11-3596. 

140. Fan B, Malato Y, Calvisi DF, Naqvi S, Razumilava N, Ribback S, Gores GJ, 
Dombrowski F, Evert M, Chen X, et al. Cholangiocarcinomas can originate from 
hepatocytes in mice. J Clin Invest. 2012;122(8):2911–2915. doi:10.1172/JCI63212. 



List of references 

 

123 
 

141. Dong M, Liu X, Evert K, Utpatel K, Peters M, Zhang S, Xu Z, Che L, Cigliano A, 
Ribback S, et al. Efficacy of MEK inhibition in a K-Ras-driven cholangiocarcinoma 
preclinical model. Cell Death Dis. 2018;9(2):31. doi:10.1038/s41419-017-0183-4. 

142. Gopinathan A, Morton JP, Jodrell DI, Sansom OJ. GEMMs as preclinical models for 
testing pancreatic cancer therapies. Dis Model Mech. 2015;8(10):1185–1200. 
doi:10.1242/dmm.021055. 

143. Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB, Hruban RH, Rustgi 
AK, Chang S, Tuveson DA. Trp53R172H and KrasG12D cooperate to promote 
chromosomal instability and widely metastatic pancreatic ductal adenocarcinoma in mice. 
Cancer Cell. 2005;7(5):469–483. doi:10.1016/j.ccr.2005.04.023. 

144. Zhou Y, Rideout WM, Zi T, Bressel A, Reddypalli S, Rancourt R, Woo J-K, Horner 
JW, Chin L, Chiu MI, et al. Chimeric mouse tumor models reveal differences in pathway 
activation between ERBB family- and KRAS-dependent lung adenocarcinomas. Nat 
Biotechnol. 2010;28(1):71–78. doi:10.1038/nbt.1595. 

145. Huijbers IJ, Krimpenfort P, Berns A, Jonkers J. Rapid validation of cancer genes in 
chimeras derived from established genetically engineered mouse models. Bioessays. 
2011;33(9):701–710. doi:10.1002/bies.201100018. 

146. Heyer J, Kwong LN, Lowe SW, Chin L. Non-germline genetically engineered mouse 
models for translational cancer research. Nat Rev Cancer. 2010;10(7):470–480. 
doi:10.1038/nrc2877. 

147. Heiser PW, Cano DA, Landsman L, Kim GE, Kench JG, Klimstra DS, Taketo MM, 
Biankin AV, Hebrok M. Stabilization of β-catenin induces pancreas tumor formation. 
Gastroenterology. 2008;135(4):1288–1300. doi:10.1053/j.gastro.2008.06.089. 

148. Beard C, Hochedlinger K, Plath K, Wutz A, Jaenisch R. Efficient method to generate 
single-copy transgenic mice by site-specific integration in embryonic stem cells. Genesis. 
2006;44(1):23–28. doi:10.1002/gene.20180. 

149. Gürlevik E, Fleischmann-Mundt B, Brooks J, Demir IE, Steiger K, Ribback S, Yevsa 
T, Woller N, Kloos A, Ostroumov D, et al. Administration of Gemcitabine After 
Pancreatic Tumor Resection in Mice Induces an Antitumor Immune Response Mediated 
by Natural Killer Cells. Gastroenterology. 2016;151(2):338-350.e7. 
doi:10.1053/j.gastro.2016.05.004. 

150. Maresch R, Mueller S, Veltkamp C, Öllinger R, Friedrich M, Heid I, Steiger K, Weber 
J, Engleitner T, Barenboim M, et al. Multiplexed pancreatic genome engineering and 
cancer induction by transfection-based CRISPR/Cas9 delivery in mice. Nat Commun. 
2016;7:10770. doi:10.1038/ncomms10770. 

151. Zhang S, Song X, Cao D, Xu Z, Fan B, Che L, Hu J, Chen B, Dong M, Pilo MG, et al. 
Pan-mTOR inhibitor MLN0128 is effective against intrahepatic cholangiocarcinoma in 
mice. J Hepatol. 2017;67(6):1194–1203. doi:10.1016/j.jhep.2017.07.006. 

152. Che L, Fan B, Pilo MG, Xu Z, Liu Y, Cigliano A, Cossu A, Palmieri G, Pascale RM, 
Porcu A, et al. Jagged 1 is a major Notch ligand along cholangiocarcinoma development 
in mice and humans. Oncogenesis. 2016;5(12):e274. doi:10.1038/oncsis.2016.73. 

153. van Griensven M, Dahlweid FM, Giannoudis PV, Wittwer T, Böttcher F, Breddin M, 
Pape H-C. Dehydroepiandrosterone (DHEA) modulates the activity and the expression of 
lymphocyte subpopulations induced by cecal ligation and puncture. Shock. 
2002;18(5):445–449. doi:10.1097/00024382-200211000-00010. 

154. Sutherland KD, Song J-Y, Kwon MC, Proost N, Zevenhoven J, Berns A. Multiple 
cells-of-origin of mutant K-Ras-induced mouse lung adenocarcinoma. Proc Natl Acad Sci 
U S A. 2014;111(13):4952–4957. doi:10.1073/pnas.1319963111. 

155. Maddipati R, Stanger BZ. Pancreatic Cancer Metastases Harbor Evidence of 
Polyclonality. Cancer Discov. 2015;5(10):1086–1097. doi:10.1158/2159-8290.CD-15-
0120. 



List of references 

 

124 
 

156. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, Kotb M, Gillies SD, 
King M, Mangada J, et al. Human lymphoid and myeloid cell development in NOD/LtSz-
scid IL2R gamma null mice engrafted with mobilized human hemopoietic stem cells. J 
Immunol. 2005;174(10):6477–6489. doi:10.4049/jimmunol.174.10.6477. 

157. Coughlan AM, Harmon C, Whelan S, O'Brien EC, O'Reilly VP, Crotty P, Kelly P, 
Ryan M, Hickey FB, O'Farrelly C, et al. Myeloid Engraftment in Humanized Mice: 
Impact of Granulocyte-Colony Stimulating Factor Treatment and Transgenic Mouse 
Strain. Stem Cells Dev. 2016;25(7):530–541. doi:10.1089/scd.2015.0289. 

158. Saborowski M, Saborowski A, Morris JP, Bosbach B, Dow LE, Pelletier J, Klimstra 
DS, Lowe SW. A modular and flexible ESC-based mouse model of pancreatic cancer. 
Genes Dev. 2014;28(1):85–97. doi:10.1101/gad.232082.113. 

159. Seehawer M, Heinzmann F, D'Artista L, Harbig J, Roux P-F, Hoenicke L, Dang H, 
Klotz S, Robinson L, Doré G, et al. Necroptosis microenvironment directs lineage 
commitment in liver cancer. Nature. 2018;562(7725):69–75. doi:10.1038/s41586-018-
0519-y. 

160. Wang L-Y, Liu L-P, Ge J-Y, Yuan Y-Y, Sun L-L, Xu H, Huang P-Y, Hui L-J, Isoda 
H, Ohkohchi N, et al. A Multiple-Cell Microenvironment in a 3-Dimensional System 
Enhances Direct Cellular Reprogramming Into Hepatic Organoids. Transplant Proc. 
2018;50(9):2864–2867. doi:10.1016/j.transproceed.2018.03.076. 

161. Wu X, Gu Z, Chen Y, Chen B, Chen W, Weng L, Liu X. Application of PD-1 
Blockade in Cancer Immunotherapy. Comput Struct Biotechnol J. 2019;17:661–674. 
doi:10.1016/j.csbj.2019.03.006. 

162. Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, McIntyre D, Honess D, Madhu 
B, Goldgraben MA, Caldwell ME, Allard D, et al. Inhibition of Hedgehog signaling 
enhances delivery of chemotherapy in a mouse model of pancreatic cancer. Science. 
2009;324(5933):1457–1461. doi:10.1126/science.1171362. 

163. Tempero M, Plunkett W, van Ruiz Haperen V, Hainsworth J, Hochster H, Lenzi R, 
Abbruzzese J. Randomized phase II comparison of dose-intense gemcitabine: thirty-
minute infusion and fixed dose rate infusion in patients with pancreatic adenocarcinoma. J 
Clin Oncol. 2003;21(18):3402–3408. doi:10.1200/JCO.2003.09.140. 

164. Johnson JI, Decker S, Zaharevitz D, Rubinstein LV, Venditti JM, Schepartz S, 
Kalyandrug S, Christian M, Arbuck S, Hollingshead M, et al. Relationships between drug 
activity in NCI preclinical in vitro and in vivo models and early clinical trials. Br J 
Cancer. 2001;84(10):1424–1431. doi:10.1054/bjoc.2001.1796. 

165. Müller A, Gillissen B, Richter A, Richter A, Chumduri C, Daniel PT, Scholz CW. 
Pan-class I PI3-kinase inhibitor BKM120 induces MEK1/2-dependent mitotic catastrophe 
in non-Hodgkin lymphoma leading to apoptosis or polyploidy determined by Bax/Bak 
and p53. Cell Death Dis. 2018;9(3):384. doi:10.1038/s41419-018-0413-4. 

166. van Swearingen AED, Sambade MJ, Siegel MB, Sud S, McNeill RS, Bevill SM, Chen 
X, Bash RE, Mounsey L, Golitz BT, et al. Combined kinase inhibitors of MEK1/2 and 
either PI3K or PDGFR are efficacious in intracranial triple-negative breast cancer. Neuro-
oncology. 2017;19(11):1481–1493. doi:10.1093/neuonc/nox052. 

167. Ewald F, Nörz D, Grottke A, Hofmann BT, Nashan B, Jücker M. Dual Inhibition of 
PI3K-AKT-mTOR- and RAF-MEK-ERK-signaling is synergistic in cholangiocarcinoma 
and reverses acquired resistance to MEK-inhibitors. Invest New Drugs. 2014;32(6):1144–
1154. doi:10.1007/s10637-014-0149-7. 

168. Chen L-T, Siveke JT, Wang-Gillam A, Li C-P, Bodoky G, Dean AP, Shan Y-S, 
Jameson GS, Macarulla T, Lee K-H, et al. Survival with nal-IRI (liposomal irinotecan) 
plus 5-fluorouracil and leucovorin versus 5-fluorouracil and leucovorin in per-protocol 
and non-per-protocol populations of NAPOLI-1: Expanded analysis of a global phase 3 
trial. Eur J Cancer. 2018;105:71–78. doi:10.1016/j.ejca.2018.09.010. 



List of references 

 

125 
 

169. Woo W, Carey ET, Choi M. Spotlight on liposomal irinotecan for metastatic 
pancreatic cancer: patient selection and perspectives. Onco Targets Ther. 2019;12:1455–
1463. doi:10.2147/OTT.S167590. 

170. Rizvi S, Borad MJ, Patel T, Gores GJ. Cholangiocarcinoma: molecular pathways and 
therapeutic opportunities. Semin Liver Dis. 2014;34(4):456–464. doi:10.1055/s-0034-
1394144. 

171. Dow LE, Fisher J, O'Rourke KP, Muley A, Kastenhuber ER, Livshits G, 
Tschaharganeh DF, Socci ND, Lowe SW. Inducible in vivo genome editing with 
CRISPR-Cas9. Nat Biotechnol. 2015;33(4):390–394. doi:10.1038/nbt.3155. 

172. Haeussler M, Schönig K, Eckert H, Eschstruth A, Mianné J, Renaud J-B, Schneider-
Maunoury S, Shkumatava A, Teboul L, Kent J, et al. Evaluation of off-target and on-
target scoring algorithms and integration into the guide RNA selection tool CRISPOR. 
Genome Biol. 2016;17(1):148. doi:10.1186/s13059-016-1012-2. 

173. Xue W, Chen S, Yin H, Tammela T, Papagiannakopoulos T, Joshi NS, Cai W, Yang 
G, Bronson R, Crowley DG, et al. CRISPR-mediated direct mutation of cancer genes in 
the mouse liver. Nature. 2014;514(7522):380–384. doi:10.1038/nature13589. 

174. Weber J, Öllinger R, Friedrich M, Ehmer U, Barenboim M, Steiger K, Heid I, Mueller 
S, Maresch R, Engleitner T, et al. CRISPR/Cas9 somatic multiplex-mutagenesis for high-
throughput functional cancer genomics in mice. Proc Natl Acad Sci U S A. 
2015;112(45):13982–13987. doi:10.1073/pnas.1512392112. 

175. Huch M, Dorrell C, Boj SF, van Es JH, Li VSW, van de Wetering M, Sato T, Hamer 
K, Sasaki N, Finegold MJ, et al. In vitro expansion of single Lgr5+ liver stem cells 
induced by Wnt-driven regeneration. Nature. 2013;494(7436):247–250. 
doi:10.1038/nature11826. 

176. Cariati A, Piromalli E, Cetta F. Gallbladder cancers: associated conditions, 
histological types, prognosis, and prevention. Eur J Gastroenterol Hepatol. 
2014;26(5):562–569. doi:10.1097/MEG.0000000000000074. 

177. Ikenoue T, Terakado Y, Nakagawa H, Hikiba Y, Fujii T, Matsubara D, Noguchi R, 
Zhu C, Yamamoto K, Kudo Y, et al. A novel mouse model of intrahepatic 
cholangiocarcinoma induced by liver-specific Kras activation and Pten deletion. Sci Rep. 
2016;6:23899. doi:10.1038/srep23899. 

178. Calvisi DF, Wang C, Ho C, Ladu S, Lee SA, Mattu S, Destefanis G, Delogu S, 
Zimmermann A, Ericsson J, et al. Increased lipogenesis, induced by AKT-mTORC1-
RPS6 signaling, promotes development of human hepatocellular carcinoma. 
Gastroenterology. 2011;140(3):1071–1083. doi:10.1053/j.gastro.2010.12.006. 

179. Tschaharganeh DF, Xue W, Calvisi DF, Evert M, Michurina TV, Dow LE, Banito A, 
Katz SF, Kastenhuber ER, Weissmueller S, et al. p53-dependent Nestin regulation links 
tumor suppression to cellular plasticity in liver cancer. Cell. 2014;158(3):579–592. 
doi:10.1016/j.cell.2014.05.051. 

180. Marquardt JU, Andersen JB, Thorgeirsson SS. Functional and genetic deconstruction 
of the cellular origin in liver cancer. Nat Rev Cancer. 2015;15(11):653–667. 
doi:10.1038/nrc4017. 

181. Sia D, Villanueva A, Friedman SL, Llovet JM. Liver Cancer Cell of Origin, Molecular 
Class, and Effects on Patient Prognosis. Gastroenterology. 2017;152(4):745–761. 
doi:10.1053/j.gastro.2016.11.048. 

  



Danksagung 

 

126 
 

13 Danksagung 

Ich möchte allen danken die mich während der letzten Jahre meiner Promotion begleitet und 
unterstützt haben.  

Zu Beginn möchte ich Michael Saborowski danken, für die Möglichkeit in seiner frisch 
gegründeten Arbeitsgruppe zu promovieren. Vielen Dank für die Unterstützung, die vielen 
richtungsweisenden Ratschläge, Diskussionen und vor allem gespendete Motivation durch die 
ich sowohl thematisch als auch persönlich viel gelernt habe. Mein Dank gilt ebenfalls Prof. 
Manns, für die Förderung der Arbeitsgruppe und ihrer Forschung an der MHH. 

Mein herzlicher Dank gilt Florian Kühnel, für die Übernahme der Zweit-Betreuung, die 
positive Aufnahme im Gastro-Labor und die sehr gute fachliche Beratung während der 
gesamten Promotion. Ebenso möchte ich mich bei Florian Vondran bedanken, für die 
Begutachtung meiner Arbeit und zielführenden Diskussionen bei den Projektpräsentationen. 

Ein großer Dank gilt Anna Saborowski, für die kontinuierliche Unterstützung, kritischen und 
sehr hilfreichen Diskussionen und fachliche Hilfe. 

Vielen Dank Arndt Vogel, für viele hilfreiche Diskussionen während Labmeetings und auch 
für die weitere Unterstützung meines Projektes. 

Insbesondere möchte ich der AG Saborowski² und AG Vogel danken. Die fröhliche und 
liebevolle Atmosphäre hat zu einem großen Teil zum Erfolg dieser Arbeit geführt. Vielen Dank 
Zul, für all deine großartige Unterstützung und gute Laune, Amrendra für hilfreiche 
Diskussionen, Ratschläge und 4 Jahre guter Zusammenarbeit, Sandra und Meriame für die 
herrvorragende Hilfe und schöne Zeit, Eric für seine vielen Arbeitsstunden, Silke die einem 
organisatorisch immer den Rücken gestärkt hat, Georgina & Simon für frischen lebensfrohen 
Wind in J11, Barbara für die allseits fröhliche Zusammenarbeit, Gajanan für sein friedliches 
Gemüt, Yasmine für ihre hilfsbereite Art und Tiago, dafür, dass er ist wie er ist. Mein 
besonderer Dank gilt Steffi Spielberg, für die Korrektur dieser Arbeit, die fachliche und 
praktische Unterstützung, den stetigen Glauben an mich und deine Freundschaft! 

Bedanken möchte ich mich auch bei AG Mederacke für die Stimmung und Hilfe im 
Laboralltag, sowie AG Kühnel & AG Wirth, insbesondere Dr. Norman Woller, Dr. Jennifer 
Brooks, Dr. Bettina Fleischmann-Mundt, Dr. Julia Niemann, Amanda Ernst und Sarah Knocke, 
für all ihr Wissen welches sie mit mir geteilt haben, und Steven Duong für seinen ständigen 
liebenswürdige Hilfe. 

Speziell bedanken möchte ich mich bei meiner Familie, dafür dass sie immer für mich da sind 
und mich vorbehaltlos in Allem Unterstützen, und meinen Freunden für die Ablenkung und den 
Zuspruch. 

 

  



List of Publications 

 

129 
 

15 List of Publications 

2019  
Zulrahman Erlangga, Katharina Wolff, Tanja Poth, Steffi Spielberg, Kai Timrott, Norman 

Woller, Florian Kühnel, Michael P. Manns, Anna Saborowski, Arndt Vogel, Michael 
Saborowski 

Potent antitumor activity of liposomal irinotecan in an organoid- and CRISPR-Cas9-based 

murine model of gallbladder cancer 

Accepted 2019/11 in Cancers 
  

2019/06  
Amrendra Mishra, Fatemeh Emamgholi, Zulrahman Erlangga, Björn Hartleben, Kristian 
Unger, Katharina Wolff, Ulrike Teichmann, Michael Kessel, Norman Woller, Florian 
Kühnel, Lukas E. Dow, Michael P. Manns, Arndt Vogel, Scott W. Lowe, Anna Saborowski 
and Michael Saborowski  

Generation of focal mutations and large genomic deletions in the pancreas using inducible 
in vivo genome editing  

in Carcinogenesis 
 

2019/02 
Anna Saborowski*, Katharina Wolff*, Steffi Spielberg, Benedikt Beer, Björn Hartleben, 

Zulrahman Erlangga, Diana Becker, Lukas E. Dow, Silke Marhenke, Norman Woller, 
Kristian Unger, Peter Schirmacher, Michael P. Manns, Jens U. Marquardt, Arndt Vogel and 
Michael Saborowski 

Murine Liver Organoids as a Genetically flexible System to Study Liver Cancer In Vivo and 
In Vitro  

in Hepatology Communications 
 

2016/09 
Anne Hennig, Robby Markwart, Katharina Wolff, Yan Cui, Ian A. Prior, Manuel A. 

Esparza-Franco, Graham Ladds, Ignacio Rubio 
Sequential engagement of Sos and feedback activation of neurofibromin account for 

transient Ras activation in response to growth factors in Cell Communication and Signaling 
 

2015/01 
Tobias Wagner, Nicole Kiweler, Katharina Wolff, Shirley K. Knauer, André Brandl, Peter 

Hemmerich, Jan-Hermen Dannenberg, Thorsten Heinzel, Günter Schneider and Oliver H. 
Krämer 

Sumoylation of HDAC2 promotes NF-κB-dependent gene expression in Oncotarget 2015 
 

  



Eigenständigkeitserklärung 

 

130 
 

16 Eigenständigkeitserklärung 

Hiermit erkläre ich, dass ich die Dissertation „Establishing murine models of biliary and 

pancreatic cancer fort he rapid functional annotation of cancer genes“ selbstständig verfasst 

habe. Ich habe die Dissertation an dem Institut Gastroenterologie, Hepatologie und 

Endokrinologie, Medizinische Hochschule Hannover unter der Betreuung von Michael 

Saborowski und Florian Kühnel sowie unterstützend Anna Saborowski und Arndt Vogel 

erstellt. 

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten in Anspruch 

genommen. Niemand hat von mir unmittelbar oder mittelbar entgeltliche Leistungen für 

Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.  

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen ähnlichen 

Zweck zur Beurteilung eingereicht. Ich versichere, dass ich die vorstehenden Angaben nach 

bestem Wissen vollständig und der Wahrheit entsprechend gemacht habe.  

  

  

  

  

Ort, Datum         Katharina Wolff      

  



Contribution of the candidate Katharina Wolff and all other authors 

 

131 
 

17 Contribution of the candidate Katharina Wolff and all other authors 

Hepatology Communications, 02/2019 

Murine Liver Organoids as a Genetically Flexible System to Study Liver 

Cancer In Vivo and In Vitro. 

Katharina Wolff, Anna Saborowski mainly did the data collection and data analysis. 

Katharina Wolff, Anna Saborowski, Michael Saborowski mainly did data analysis and 

interpretation. 

Anna Saborowski, Michael Saborowski, Arndt Vogel and Katharina Wolff planed the 

conception and design of the work and draft the article. 

Steffi Spielberg, Benedikt Beer, Zulrahman Erlangga did some data collection and analysis. 

Norman Woller, Lukas E. Dow provided plasmids and advised in data analysis and 

interpretation. Björn Hartleben and Peter Schirmacher evaluated and classified histological 

slides. Kristian Unger and Diana Becker provided gene-expression profiles of human liver 

cancer for unsupervised cluster analyses. Jens Marquardt analyzed the RNA sequencing data. 

Silke Marhenke supervised and helped data collection and analysis. Michael P. Manns provided 

facilities, equipment and financial support. 

 

Carcinogenesis, 06/2019 

Generation of focal mutations and large genomic deletions in the pancreas 

using inducible in vivo genome editing 

Amrendra Mishra mainly collect the data and performed analysis. 

Katharina Wolff designed and cloned Plasmids, supported data collection and analysis and 

mice experiments as well as critical revision of the article. 

Fatemeh Emamgholi, Zulrahman Erlangga performed data collection and analysis. 

Björn Hartleben evaluated and classified histological slides and Kristian Unger analyzed the 

CGH-array. Michael Kessel and Ulrike Teichmann performed the ESC-injection. 

Norman Woller, Lukas E. Dow, Florian Kühnel, Scott W. Lowe and Arnd Vogel advised 

experiment performing and data analysis. Michael P. Manns provided facilities, equipment and 

financial support. 

Amrendra Mishra, Michael Saborowski and Anna Saborowski concepted and designed the 

work as well as draft the article.  

 



Contribution of the candidate Katharina Wolff and all other authors 

 

132 
 

Manuscript submitted in Cancers, 08/2019 

Potent antitumor activity of liposomal irinotecan in an organoid-and 

CRISPR-Cas9-based murine model of gallbladder cancer 

Zulrahman Erlangga mainly collect and analyzed the data.  

Katharina Wolff supported data collection and analysis, cloned Plasmids (LCC sgp53, CR8, 

PP) performed FACS analysis and cell culture based organoid work as well as establishing 

those from mice. Katharina Wolff critically revised the article. 

Tanja Poth classified Histologies, Steffi Spielberg supported data collection and analysis 

especially in western blots.  

Kai Timrott, Norman Woller, Florian Kühnel and Anna Saborowski advised experiment 

performing and data analysis. Michael P. Manns provided facilities, equipment and financial 

support. 

Anna Saborowski supervised the work and critically revised the article.  

Zulrahman Erlangga, Michael Saborowski and Arndt Vogel drafted the article, concepted and 

designed the work and analysed and interpreted the data.  

 


