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1 Abstract 

 
Our understanding of pancreatic cancer has been improved by the studies of genetically 

engineered mouse models (GEMMs). However, our knowledge of the mechanisms of the 

pathogenesis of pancreatic ductal adenocarcinoma (PDAC) is still limited. Multi-omics 

analysis has demonstrated the complex molecular features in pancreatic cancer patients. It is 

essential to identify the correlation between the pathological and molecular features. Here, 

GEMMs of PDAC were characterized and a new mouse model was generated, aiming to 

provide insight into the mechanisms of PDAC progression and maintenance. This study 

revealed the correlation between the survival time and metastasis formation in PDAC mouse 

models. Tumor grade, an important prognostic indicator, was shown to be related to the 

mitotic activity, metastasis, stromal content, and infiltrated immune cells. In addition, tumor 

grade was also demonstrated to be associated with the classical subtype of PDAC. The 

molecular signatures of tumor grade and mitosis were identified, and the transcriptomic 

profiling data corroborated the strong correlation between these two cancer features. Liver 

metastasis was showed to be related to tumor grade and the transcriptomic signatures 

leading to this secondary tumor were identified. This thesis also revealed four immune cell 

subpopulations that have significantly different distributions between low- and high- grade 

tumors, suggesting a potential role of these immune cells in disease progression. To study 

KRAS as a target for PDAC therapy, a new mouse model was generated which allows the 

time specific permanent inactivation of endogenous oncogenic KrasG12D. This facilitates the 

investigation of oncogene dependence in future studies. 
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2 Zusammenfassung 

 

Unser Verständnis von Bauchspeicheldrüsenkrebs wurde durch die Untersuchung 

gentechnisch veränderter Mausmodelle (GEMMs) verbessert. Unser Wissen über die 

Mechanismen der Pathogenese des Pankreas-Duktal-Adenokarzinoms (PDAC) ist jedoch 

noch begrenzt. Die Multi-Omics-Analyse hat die komplexen molekularen Merkmale bei 

Patienten mit Bauchspeicheldrüsenkrebs gezeigt. Es ist wichtig, die Korrelation zwischen 

den pathologischen und molekularen Merkmalen zu identifizieren. Hier wurden GEMMs von 

PDAC charakterisiert und ein neues Mausmodell generiert, um Einblicke in die Mechanismen 

der PDAC-Progression zu erhalten. Diese Studie zeigte die Korrelation zwischen der 

Überlebenszeit und der Metastasenbildung in PDAC-Mausmodellen. Es wurde gezeigt, dass 

der Tumorgrad, ein wichtiger prognostischer Indikator, mit der mitotischen Aktivität, 

Metastasierung, dem Stromagehalt und den infiltrierten Immunzellen zusammenhängt. 

Darüber hinaus wurde gezeigt, dass der Tumorgrad mit dem klassischen Subtyp von PDAC 

assoziiert ist. Die molekularen Signaturen von Tumorgrad und Mitose wurden identifiziert, 

und die transkriptomischen Profildaten bestätigten die starke Korrelation zwischen diesen 

beiden Krebsmerkmalen. Es wurde gezeigt, dass die Lebermetastasierung mit dem 

Tumorgrad zusammenhängt, und die transkriptomischen Signaturen, die zu diesem 

sekundären Tumor führten, wurden identifiziert. Diese Arbeit enthüllte auch vier Immunzell-

Subpopulationen, die signifikant unterschiedliche Verteilungen zwischen niedrig- und 

hochgradigen Tumoren aufweisen, was auf ein Potenzial dieser Immunzellen bei der 

Tumordifferenzierung hinweist. Es wurde ein neues Mausmodell erstellt, das die 

Inaktivierung der endogenen onkogenen Mutation des Kirsten-Ratten-Sarkom-Virus (Kras) 

ermöglicht.  
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3 Introduction 

 

3.1 The progression of pancreatic ductal adenocarcinoma 

Pancreatic neoplasms are classified into a broad range of types, according to their biological 

behavior in benign, pre-malignant or malignant neoplasms and their cellular differentiation 

levels. The majority of all the neoplasms of the pancreas is pancreatic ductal 

adenocarcinoma (PDAC) which accounts for 90 to 95% of all pancreatic neoplasms (Cascinu 

et al., 2010). Pancreatic cancer is one of the most malignant cancers, which has an overall 

five-year survival (OS) rates of 9% in United States of America (Siegel et al., 2020).  

PDAC develops from precursor lesions, including noncystic and cystic lesions. Pancreatic 

intraepithelial neoplasia (PanIN) is defined as noncystic lesion. Cystic lesions comprise 

intraductal papillary mucinous neoplasm (IPMN), intraductal tubulopapillary neoplasm 

(ITPN), and mucinous cystic neoplasm (MCN). These precursors display distinct clinical 

characteristcs and molecular features. Through stepwise tumorigenesis involving the 

accumulation of molecular alterations and phenotype changes, each of these four precursor 

lesions may result in the progression of invasive pancreatic cancer. 

PanIN lesions are the predominant precursors of PDAC (Brat et al., 1998). PanINs are 

defined as microscopic mucinous lesions in the small pancreatic ducts. In PDAC 

progression, PanINs are classified as PanIN-1A, PanIN-1B, PanIN-2 and PanIN-3. 

Furthermore, PanIN-1A and PanIN-1B are defined as low grade. PanIN-2 and PanIN-3 are 

the intermediate and high grade, respectively (Nagtegaal et al., 2020). PanIN-1A comprises 

the early stage of PDAC precursor lesions with columnar cells and supranuclear mucin. The 

cells have small and round to oval shaped nuclei. PanIN-1B is also an epithelial lesion with 

papillary structures. Compared with PanIN-1A and PanIN-1B lesions, a PanIN-2 lesion has 

more complex architecture, composed of a flat or papillary mucinous epithelium. Some 

nuclear abnormalities can be observed in this stage (Hruban et al., 2001). The nuclei of 

PanIN-2 have various sizes, are overcrowded and lose polarity. Hyperchromatism can also 

be found. A PanIN-3 lesion is normally papillary, however rarely flat and is characterized by 

true cribriforming of epithelial cells into luminal necrosis, irregular stratification and mitosis. In 

addition, this lesion also shows a loss of nuclear polarity (Hruban et al., 2001). Acinar-to-

ductal metaplasia (ADM) is identified as the earliest step in PDAC development. Oncogenic 

Kisrten rat sarcoma virus (KRAS) mutations initiate the transdifferentiation of pancreatic 

acinar cells to cells with ductal characteristics. ADM is observed before PanIN formation, 

indicating ADM is an early stage of pancreatic tumorigenesis. ADM has been shown to be a 

critical process in the pathogenesis of pancreatic cancer and chronic pancreatitis (Pinho et 
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al., 2011; Rooman and Real, 2012). Therefore, ADM is considered as an initiating event of 

pancreatic cancer development (Stanger and Hebrok, 2013). Atypical flat lesions (AFLs) are 

considered as a precursor to PDAC via ADM in the studies of genetically engineered mouse 

models (GEMMs) and confirmed to occur also to PDAC patients (Aichler et al., 2012; 

Franklin et al., 2020; Morita et al., 2018). AFLs have tubular structures and are highly 

proliferative. Nuclear abnormalities, including enlarged nuclei and hyperchromatism in ADM 

areas, are the features of AFLs. 

The development of PDAC is a process of accumulating molecular alterations that change 

the phenotypes of cells. These alterations affect the signaling pathways and, as a result, are 

closely correlated with the phenotypes of the stages in the progression from PanINs, the 

most common precursors, to PDAC.  

The genetic changes of PanIN-1 lesions include telomere shortening, KRAS mutations and 

cyclin-dependent kinase (CDK) inhibitor 2A (CDKN2A) loss (Feldmann et al., 2007; Shen et 

al., 2013). A telomere located at the end of a chromosome is a region of repetitive short DNA 

sequences, which prevents a chromosome from deterioration and fusing with neighboring 

chromosomes during cell division. Remarkable telomere shortening has been detected in 

about 91% of PanIN-1 cases compared to the cells in adjacent normal pancreatic tissues 

(van Heek et al., 2002). Therefore, shortening of telomeres is suggested as one of the 

earliest events of the pancreatic cancer progression. As a result of telomere shortening, 

abnormal chromosome end-to-end fusion, dicentric chromosomes, chromosomal instability 

(CIN) and translocation are observed during mitosis. Altoghether, these abnormalities 

eventually promote the progression of PDAC (Koorstra et al., 2008). KRAS belongs to the 

canonical RAS gene family which encodes small GTP-binding proteins and includes HRAS 

and NRAS. KRAS mutation is considered as one of the earliest driving forces of pancreatic 

carcinogenesis, detected in over 90% of pancreatic cancers. A previous study has reported 

that KRAS activation is necessary for the early stages of PDAC lesion formation (Morris et 

al., 2010). KRAS oncogenic mutations are involved in inhibiting tissue repair and regulating 

cell differentiation. Most of the KRAS point mutations occur in codon 2 (Goggins, 2007; 

Jimeno and Hidalgo, 2006; Singh and Maitra, 2007), resulting in the activation of KRAS 

downstream signaling pathways, including the mitogen-activated protein kinase (MAPK) 

pathway and the phosphoinositide 3-kinase (PI3K) pathway(Calhoun et al., 2003; Schneider 

and Schmid, 2003). KRAS mutations are commonly found not only in patients but also in 

healthy individuals, which explains why these mutations are not good biomarkers for 

diagnosis of PDAC (Yan et al., 2005). CDKN2A is among the genes encoding tumor 

suppressors that have been shown to be inactivated in the development of PanINs. More 

than 80% of pancreatic cancers possess loss-of-function CDKN2A mutations (Chang et al., 
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2014; Kleeff et al., 2016). The inactivation mechanisms of CDKN2A are the loss of both 

alleles and intragenic mutation together with hemizygous deletion or hypermethylation in the 

promoter region in the progression of PDAC (Schutte et al., 1997). CDKN2A encodes both 

tumor suppressor proteins, p16INK4a and p14ARF. p16INK4a binds to CDKs, including CDK4 and 

CDK6, and controls the crucial checkpoint of the G1/S transition in the cell cycle, suggesting 

its importance in cellular senescence and division (Collado et al., 2007; Gil and Peters, 2006; 

LaPak and Burd, 2014). p14ARF interacts with murine double minute 2 (MDM2) which is a 

tumor protein p53 (Trp53) positive regulator (Pomerantz et al., 1998).  

As in PanIN-1s, diverse genetic aberrations are identified in PanIN-2 and PanIN-3. Cyclin D1 

(CCND1), TRP53, and mothers against decapentaplegic homolog 4 (SMAD4) mutations are 

detected in the intermediate- and late-stage PanINs. Cyclin D1 encoded by CCND1 gene is a 

subunit CDK4 and CDK6 and interacts with retinoblastoma (Rb) protein, suggesting its 

central role in the cell cycle regulation (Nagata et al., 2007). Over 60% pancreatic cancers 

show the overexpression of CCND1 which exerts an oncogenic effect in carcinogenesis in 

about 30% and 60% of PanIN-2 and PanIN-3 cases respectively (Jares et al., 2007). In the 

last decades, some studies indicate a potential role of CCND1 as a regulator of 

transcriptional activities in in vitro models. These studies found that CCND1 interacts with 

several transcriptional factors, such as the estrogen; and proteins associated with chromatin-

remodeling and histone-modifying (Casimiro et al., 2014; Horstmann et al., 2000; Pestell, 

2013; Reutens et al., 2001). Trp53 codes for a transcriptional factor protein involved in cell 

cycle and shows the tumor suppressive function. In average 62.5% of PDAC patients, the 

TRP53 gene shows loss of function by the combination of hemizygous deletion of a wild type 

allele and intragenic mutation (Redston et al., 1994). The demonstrative evidence has 

revealed that loss-of-function in Trp53 results in genomic instability of PDAC (Hingorani et 

al., 2005). The accumulation of TRP53 gene mutation is detected in advanced PanIN-3 and it 

is considered to be altered in the late stage of PDAC progression. SMAD4 protein belongs to 

the SMAD family which consists of transcription factor proteins, and it functions as a tumor 

suppressor. The combination of intragenic mutation and hemizygous deletion in SMAD4 

locus is observed in over 50% of PDAC (Hahn et al., 1996). The alteration of the SMAD4 

gene is commonly detected in the development of pancreatic cancer, such as in the late 

stage of PanIN and infiltrating adenocarcinomas (Wilentz et al., 2000). SMAD4 protein is 

involved in the transforming growth factor-β (TGF-β) pathway. Previous studies reported that 

the loss of SMAD4 function is related to widespread metastasis and poor prognosis of PDAC 

(Javle et al., 2014; Jiang et al., 2012).  
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3.2 Histology of pancreatic cancer 

Pathological examination is an essential step in the diagnosis of PDAC. Normally, PDAC is 

solid, white-yellowish ill-defined mass. In the majority of cases, PDAC is found in the 

proximal part of pancreas, rarely in the body or tail. This subtype of pancreatic cancer can be 

described histologically as malignant epithelial lesions with differentiated ductal structures. 

The differentiated ductal structures are defined as dilated tubular glands under the light 

microscopy and can be validated by stains for markers of ductal differentiation, such as 

cytokeratin 19 (CK19). PDAC can be divided into the following five groups: tubular 

adenocarcinoma, adenosquamous carcinoma, colloid carcinoma, medullary carcinoma and 

undifferentiated carcinoma (Wilentz et al., 2000). Tubular adenocarcinoma is defined as 

PDAC with well differentiated ductal components and without any predominant components 

of other carcinoma types (Calhoun et al., 2003; Wu et al., 2011a). Adenosquamous 

carcinoma includes the PDAC with dominant compartments of both squamous and ductal 

differentiation (Imaoka et al., 2014). The adenocarcinoma in which more than 80% of the 

components are neoplastic epithelial cells producing mucins and suspended in extracellular 

mucin is defined as colloid carcinoma, also known as mucinous non-cystic carcinoma (Gao 

et al., 2015). Medullary carcinoma is associated with poor differentiation, pushing borders, 

and necrosis (Kondo et al., 2000; Yamamoto et al., 2001). Finally, the undifferentiated 

carcinoma does not show any kind of differentiation. The undifferentiated carcinoma with 

anaplastic giant cells is composed of noncohesive pleomorphic neoplastic mononuclear cells 

mixed with non-neoplastic multinucleated giant cells (Yang et al., 2020).  

PDAC should be histopathologically graded according to World Health Organization (WHO) 

criteria and it is a critical factor for diagnosis, prognosis and treatment (Hartwig et al., 2011). 

The grading criteria includes the architecture of neoplasms, the presence of mucin, nuclear 

morphology and the number of cells undergoing mitosis (Haeberle and Esposito, 2019). 

Based on these features, PDAC is histopathologically subdivided into Grade 1 (G1, well 

differentiated carcinomas); Grade 2 (G2, moderately differentiated carcinomas), Grade 3 

(G3, poorly differentiated ductal adenocarcinomas) and Grade 4 (G4, undifferentiated 

carcinomas) (Kloppel et al., 1985; Luttges et al., 2000). G1 consists of well-defined glands, 

having typical cribriform or tubular patterns. G1 may also have irregular papillary projections 

in large ductal structures. The neoplastic cells with mucin producing are columnar. The nuclei 

are basally oriented, and their shapes are round to oval. Loss of polarity is not commonly 

observed and only a few of cells are undergoing mitosis in G1 grade tumors. G2 shows 

incomplete gland formation. The ductal structures embedded in stroma are of variable 

shapes. Nuclei are moderately polymorphous, and their sizes are various compared with 

those of G1. G2 has larger and more irregular nucleoli.  G3 forms small and densely packed 
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poorly defined glands and solid tumor areas. Typical dilated ductal structures and intraductal 

components of neoplasms are absent.  They show prominent nuclear pleomorphism. The 

nuclei have abnormal shapes, showing pleomorphism, and nucleoli are more irregular. The 

cells of G3 produce less mucin than those better differentiated carcinomas. Mitotic activity is 

common and atypical. G4 shows no specific ductal differentiated structures that indicate the 

origin sites of the lesions. G4 is commonly considered to be very aggressive, presenting 

higher levels of apoptosis and higher probability of metastasis formation. 

3.3 Molecular characteristics of PDAC 

PDAC is a cancer caused by genetic abnormality. The identification of the characteristics of 

genetic alterations in PDAC is critical to understand the biology of its pathogenesis. Large-

scale genomic sequencing technologies are powerful tools to gain insights into genetic 

alteration of pancreatic cancer.  In 2008, the first global genomic sequencing identified 

genetic alterations in pancreatic cancer and these alterations include numerous mutations 

and copy number alterations in somatic cells (Jones et al., 2008). This study revealed that, 

on average, each pancreatic cancer sample contains 63 genetic alterations. Most of these 

alterations are point mutations. All these alterations are associated with the activation of the 

function of key oncogenes and inactivation of the tumor suppressor genes. With the 

development of whole genomic sequencing technologies, these findings have been validated 

by the following whole genome and whole exome sequencing studies. In addition, Witkiewicz 

and colleagues emphasize the heterogeneity of pancreatic cancer (Witkiewicz et al., 2015). 

Genomic instability has been observed in PDAC samples. Germline DNA damage repair 

gene alterations, including breast cancer type 1 susceptibility protein (BRCA1), BRCA2, 

ADP-ribosyltransferase (ART) or partner and localizer of BRCA2 (PALB2) mutations, lead to 

genomic instability and could render pancreatic tumors more sensitive to DNA damage 

response inhibitors and DNA damaging agents (Golan et al., 2014; Roberts et al., 2016; 

Sahin et al., 2016; Tutt et al., 2018). Recent whole genome sequencing studies show that 

complex chromosomal rearrangement is detected in 30% to 60% of PDAC cases, indicating 

the choromosomal rearrangement as a feature of PDAC (Mueller et al., 2018; Notta et al., 

2016). The studies of gene expression have categorized PDAC in several subtypes (Bailey 

et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2011; Moffitt et al., 2015). These 

subtypes have prognostic and biological significance. 

Whole exome sequencing studies have identified significant recurrent mutations in KRAS, 

CDKN2A, SMAD4 and TRP53 (Jones et al., 2008; Numata et al., 2013). Multiple oncogenic 

KRAS mutations, including G12D, G12V and G12R are detected at higher prevalence and 

other mutations at lower prevalence, such as G12S, G12L and Q61L (Bryant et al., 2014; 

Kanda et al., 2012). G12D is the predominant mutation in PDAC patients. Some individual 
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neoplastic cells have multiple KRAS mutations and these mutations are usually on different 

alleles (Cancer Genome Atlas Research Network, 2017). In addition, the mutations in AT-rich 

interactive domain-containing protein 1A (ARID1A), ring finger protein 43 (RNF43), 

polybromo 1 (PBRM1) and guanine nucleotide binding protein alpha stimulating (GNAS) 

have also been observed (Bailey et al., 2016; Biankin et al., 2012; Cancer Genome Atlas 

Research Network, 2017; Jones et al., 2008; Waddell et al., 2015; Witkiewicz et al., 2015). 

The protein encoded by ARID1A is one of DNA-binding subunits of SWI/SNF chromatin-

remodeling complex and one of the most commonly mutated components of the SWI/SNF 

complex (Wang et al., 2019c). A recent study has described that ARID1A, as a tumor 

suppressor gene, restrains IPMN formaton and IPMN-derived PDAC in the presence of 

KRAS mutations (Kimura et al., 2018). ARID1A deletion downregulates SRY-box 

transcription factor 9 (SOX9) expression and induces the dedifferentiation of pancreatic 

cancer cells and the proliferation of the ductal structures. Moreover, ARID1A is critical for 

DNA repair. Cancer cells with loss of function of this gene are highly vulnerable to DNA 

damage (Watanabe et al., 2014). RNF43 mutations are frequently detected in IPMN and 

MCN. RNF43 can reduce membrane expression level of Frizzled receptor (FZD) to restrain 

Wnt/β-catenin signaling pathway, serving as a regulator of a negative feedback mechanism. 

This indicates that FZD antibodies can be used for novel targeted cancer therapies in PDAC 

patients with RNF43 mutations (Jiang et al., 2013; Steinhart et al., 2017). PBRM1 encodes a 

tumor suppressor protein and the upregulated expression of this gene is associated with the 

reduction of the tumor size. The rate of five-year survival of patients with a high expression 

PBRM1 level is higher than that of those with a low expression level (Numata et al., 2013). 

GNAS codes for the α subunit of a stimulatory G-protein. GNAS mutations were detected in 

approximately 66% of IPMNs and identified as one of the recurrent driver alterations of 

PDAC (Wu et al., 2011b). Furthermore, oncogenic mutations of GNAS were detected in the 

precursors of IPMNs, indicating GNAS mutations are the drivers of IPMNs (Matthaei et al., 

2014). A new mouse model with inducible overexpression of the GNASR201C mutation was 

established to uncover the functional impact of this mutation in IPMN pathogenesis. This 

GEMM revealed that coexpression of KRASG12D and GNASR201C accelerates the progression 

of IPMNs compared with the setting of single KRASG12D mutation. Both in vivo and in vitro 

evidence shows coexpression of GNAS and KRAS mutations lead to epithelial differentiation 

and moderately differentiated pancreatic tumor. This combination increases MAPK activities 

and decreases the colony forming ability and the invasive potential. The expression of GNAS 

mutations increases the expression levels of YAP1 suppressors, large tumor suppressor 

kinase 1 (LATS1) and α-E-catenin, indicating their roles in the epithelial differentiation (Ideno 

et al., 2018). The mouse model harboring KRASG12D and GNASR201C recapitulates the 
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progression of IPMNs to pancreatic cancer observed in humans and is a good tool to 

investigate the function of mutant GNAS in the tumorigenesis. Consistent with the previous 

study, another study also demonstrated that, together with KRASG12D, GNASR201C drives the 

initiation and progression of IPMNs to pancreatic neoplasms. GNASR201C drives the 

development of PDAC by inducing protein-kinase-A (PKA)-mediated salt-inducible kinases 

(SIK) suppression and the remodelling of lipid metabolism (Patra et al., 2018). 

About 10% of patients have a family history of pancreatic cancer, and previous studies have 

identified the germline mutations associated with PDAC (Cancer Genome Atlas Research 

Network, 2017; Roberts et al., 2016). The results of germline exome sequencing for 

alterations show mutant BRCA2, PALB2, ataxia telangiectasia mutated (ATM) and serine 

protease 1 (PRSS1) are related to familial pancreatitis and lead to an increased risk of PDAC. 

Single-nucleotide polymorphism (SNP) microarrays and whole exome sequencing revealed 

that more than 30% of pancreatic tumors have aberrations on chromosome arms, such as 

deletions of 8p, 9p, 18p and 18q and amplifications of 1q (Bailey et al., 2016; Cancer 

Genome Atlas Research Network, 2017; Ideno et al., 2018; Waddell et al., 2015). Some 

recurrent events have been identified, including deletions of CDKN2A, SMAD4, ARID1A and 

phosphatase and tensin homolog (PTEN) and amplifications of GATA6, KRAS, and MYC 

(Cancer Genome Atlas Research Network, 2017; Waddell et al., 2015).  

With the development of next-generation sequencing (NGS), a molecular taxonomy helps to 

understand the molecular pathology of pancreatic cancer in details. Different molecular 

characteristics give us an insight into PDAC biology. The classification of these molecular 

features provides some implications for therapeutic development and clinical decisions. The 

classification approaches used for other malignancies based on their transcriptomic data 

were used to identify the subtypes of pancreatic cancer. Previous studies have used mRNA 

profiling to define the subtypes of lymphoma and breast cancer (Alizadeh et al., 2000; Perou 

et al., 2000). Even though clinical features and histopathological classification play an 

important role in clinical decision, they involve specialized subjective interpretation. The 

classification based on transcriptome profiling is unbiased, robust and reproducible. 

Nowadays this strategy has been used to classify many tumor entities, such as colorectal 

cancer (De Sousa et al., 2013; Marisa et al., 2013; Sadanandam et al., 2013). The 

classification has been accepted in clinical practice and provides the basis for subtype-based 

targeted interventions (Guinney et al., 2015). Array-based hybridization was firstly used for 

transcriptomic studies. In the past decade, transcriptomic studies start employing next 

generation RNA sequencing (RNA-seq). Stratification of PDAC based on the analysis of 

transcriptomic profiling has been studied by several research groups. Two major subtypes, 

the classical and the basal-like subtypes, have been identified consistently in these studies. 
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Input materials, the sources of the tumors and the assumption of the analysis may explain 

the major variations and differences of the outcomes among these studies. In 2011, the first 

classification of PDAC subtypes was published by Collisson and colleagues (Collisson et al., 

2011). The mRNA expression data from array-based hybridization was used for the 

classification. The input materials were primary resected PDAC without treatment. Three 

subtypes were defined, including Classical, Quasi-mesenchymal (QM-PDA) and Exocrine-

like (Collisson et al., 2011). Compared to the QM-PDA subtype, the Classical subtype proved 

to be more dependent on oncogenic KRAS mutations and to have a higher expression level 

of GATA6. GATA6 belongs to the family of GATA transcription factors which are used as 

markers for the identification of the subtypes of other cancers and related to tissue specific 

differentiation (Decker et al., 2006; Kouros-Mehr et al., 2006; Kwei et al., 2008; Mehra et al., 

2005). The QM-PDA subtype is associated with high tumour grade and the survival of 

patients with this subtype is poor. In addition, the ones from the QM-PDA subtype were more 

sensitive to gemcitabine, while the cell lines from the classical subtype showed to be more 

sensitive to erlotinib. 

In 2015, Moffitt and colleagues collected untreated, resected primary and metastatic PDAC 

tumors for the classification (Moffitt et al., 2015). Hybridization arrays and RNA-seq were 

performed for the analysis and the validation of their findings respectively. By using non-

negative matrix factorization (NNMF) to virtually microdissect the PDAC tumor samples, they 

successfully defined tumor- and stroma-related subtypes which have the prognosis 

relevance. Two tumor-specific subtypes were defined, including the classical subtype and the 

basal-like subtype, and two stroma-specific subtypes were identified, including the normal 

stromal subtype and the activated stromal subtype.  

In 2016, nontreated resected, primary PDAC samples from 266 patients were collected for 

the study of PDAC subtypes by Bailey and colleagues (Bailey et al., 2016). RNA-seq was 

performed on 96 tumor samples containing a high epithelial percentage ( ≥ 40%). 

Subsequently unsupervised clustering of the sequencing data was used to identify the 

subtypes of PDAC. Samples from different PDAC pathological subtypes were included in this 

study. For example, adenosquamous carcinoma, mucinous non-cystic (colloid), 

undifferentiated (anaplastic) carcinoma, carcinoma associated with IPMN, undifferentiated 

carcinoma with osteoclast-like giant cells and acinar cell carcinoma were taken into 

consideration in this study. Based on the expression levels of transcriptional factors and 

genes associated with lineage specification and cell differentiation in the pancreas 

development, they defined the following four subtypes: (1) squamous; (2) pancreatic 

progenitor; (3) immunogenic; and (4) aberrantly differentiated endocrine exocrine (ADEX). 

These subtypes overlapped with those identified by Collisson and colleagues, except the 
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novel immunogenic subtype. The QM-PDA subtype identified in 2011 was named after 

Squamous, as this subtype has the expression of ΔNp63, a p63 isoform, indicating 

squamous epithelia, and the mRNA profile of this subtype shows a similar pattern to the 

squamous bladder and lung tumours (Hoadley et al., 2014). 

Considering these subtypes show different response to treatments, a clinically relevent 

molecular taxonomy is a helpful tool in clinical practice. Molecular classification of pancreatic 

cancer may improve the strategies of current therapeutic approaches and facilitate the 

development of novel treatments for PDAC patients.  

3.5 Metastasis of PDAC 

Metastasis is the main cause of mortality of pancreatic cancer patients. Liver and lung are 

the most common sites of metastasis in patients. The process of metastasis involves 

angiogenesis/lymphangiogenesis, epithelial–mesenchymal transition (EMT), invasion to 

surrounding tissues and migration, pre-metastatic niche formation and growth at the 

metastatic site (Ren et al., 2018). Anti-immune cells should recognize and deplete cancer 

cells to inhibit metastasis. Unfortunately, PDAC cancer cells can escape from immune 

surveillance and migrate to other organs by interacting with the cells with 

immunosuppressive effects. PDAC cancer cells and the immunosuppressive cells can induce 

angiogenesis facilitating the migration of tumor cells to blood, and metastasis by secreting 

some cytokines and growth factors. Vascular endothelial growth factor (VEGF) is critical for 

PDAC angiogenesis and signal transducer and activator of transcription 3 (STAT3) is related 

to VEGF expression (Wei et al., 2003). Similar to angiogenesis, lymphangiogenesis plays an 

important role in the progression of PDAC and the formation of lymph node metastasis. 

Cancer cells and M2-like macrophages can promote the growth of new lymphatic vessels 

(Kurahara et al., 2013). EMT is a biological process by which epithelial cells lose cell-cell 

adhesion capacity and polarity, break through the basement membrane and therefore 

become mesenchymal cells (Ren et al., 2018). EMT has been shown to be associated with 

portal vein invasion in pancreatic cancer patients and the metastaisis in lymph nodes 

(Yamada et al., 2013). Previous studies show that macrophages and stellate cells can 

facilitate EMT. For example, M2-like macrophages can stimulate EMT by increasing the 

activities of matrix metalloproteinase 2 (MMP2) and matrix metalloproteinase 3 (MMP3) (Liu 

et al., 2013). Invasion and migration are the critical step of PDAC metastasis. Tumor cells 

invade capillaries and enter portal veins for metastasis. The pancreatic cancer 

microenvironment can promote metastasis. For example, macrophage inflammatory protein-

3α (MIP-3α) in the tumor tissues is revealed to be related to pancreatic cancer cell invasion 

(Kleeff et al., 1999). Palladin, an actin-associated protein, expressed by cancer-associated 

fibroblasts (CAFs), facilitates the invasion of PDAC cancer cells by remodeling the 
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extracellular matrix (Goicoechea et al., 2014). The growth of cancer cells at the metastatic 

sites is influenced by the local microenvironment. The supportive microenvironment for tumor 

growth in the secondary organ is termed a pre-metastatic niche. It facilitates PDAC 

metastasis and makes contributions to tumor dormancy for recurrence at the metastatic sites. 

Several molecular and cellular components are involved in the formation of the pre-

metastatic niches for cancer cell colonization in PDAC. For instance, Kupffer cells can take 

up primary tumor derived-exosomes, which regulate fibronectin production in hepatic stellate 

cells, to form a fibrotic microenvironment in the liver (Costa-Silva et al., 2015).  

3.4 Immune landscape of PDAC 

As the immune system plays an important role in several cancers, the understanding of the 

immune landscape in the tumor microenvironment (TME) can provide useful information 

about the tumorigenesis. It can be valuable in clinical practice regarding the use of 

immunomodulatory approaches (Mlecnik et al., 2016).  

There are multiple ways of immune evasion in PDAC patients, including infiltration of 

regulatory immune cells, the secretion of chemokines and the expression of membrane   

proteins, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and programmed 

death-ligand 1 (PD-L1) (Chen and Flies, 2013; Knudsen et al., 2017; Martinez-Bosch et al., 

2018). Since the specific immune compositions of tumor microenvironment (TME) might be 

associated with tumor progression, the knowledge of the interactions between immune cells 

and tumor cells may be helpful to elucidate the mechanisms of tumorigenesis of pancreatic 

cancer.  

As mentioned previously, several studies have classified the subtypes of pancreatic cancer 

based on their genetic and transcriptomic profiles and their microenvironment (Bailey et al., 

2016; Collisson et al., 2011; Connor et al., 2017; Moffitt et al., 2015). It seems that the 

balance of both immune and cancer cell populations can be shifted in the PDAC subgroups, 

indicating that the immune responses of PDAC are quite diverse. The subgroups of PDAC 

represent the diversity of TME and give us clues to study the mechanisms for the evasion of 

the immune responses of the hosts. 

There are three immune related phenotypes in PDAC patients. The immune-escape 

phenotype is detected in the majority of PDAC patients. This phenotype shows 

immunosuppressive features. It is characterized by a high percentage of regulatory T cells 

(Tregs) and a low percentage of T and B cells in TME (Facciabene et al., 2012). The 

immune-escape tumors present an aggressive phenotype which is characterized by high 

activities of epithelial-mesenchymal transition (EMT) factors and poor prognosis. The 

average survival of this phenotype is about 10 months. The patients with an immune-escape 
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phenotype normally bear a high mutational burden of KRAS, phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), TRP53, SMAD4 and CDKN2A.  

The second phenotype is the immune-rich phenotype. More than one third of all PDAC cases 

display this phenotype, being characterized by high T cells and B cells infiltration and low 

Tregs infiltration. More precisely, the immune-rich phenotype shows high infiltration of 

effector CD4+ and CD8+ T cells and M1 macrophages, a high percentage of tertiary lymphoid 

tissue (TLT) and the absence of M2 macrophages. Compared with those of the immune-

escape phenotype, the patients of the immune-rich phenotype have the tumors with low 

grades and prolonged survival of 19 months. It is worth mentioning that this phenotype 

represents the subgroup with the most diverse genetical alterations. However, it displays a 

lower PIK3CA, CDKN2A and SMAD4 mutational burden than the immune-escape phenotype. 

In this group, the mutations of GNAS and isocitrate dehydrogenase 2 (IDH2) genes were 

also observed. The patients with this phenotype also have high mutational frequencies of 

ATM, serine/threonine kinase 11 (STK11) and SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily b, member 1 (SMARCB1) (Tamborero et al., 

2018). In addition, one previous study found that about 44% of the patients with the immune-

rich phenotype showed the most favourable outcome. 

The third subtype is the immune-exhausted group. An average OS of this subtype is 10 

months and only 11% of PDAC patients show this phenotype. The immune-exhausted 

subtype has two subgroups. The first group is featured by a high PIK3CA mutational burden, 

a high expression level of PD-L1 and a high cell ratio of CD8+/ Treg, whilst the second group 

is associated with loss of functions of DNA mismatch repair genes, microsatellite instability 

(MSI) and PD-1/PD-L1 blockade. Besides, this subgroup also displays highest CD8+/ Treg 

cell ratio and high mutational frequencies of PIK3CA and Janus kinase 3 (JAK3) (Wartenberg 

et al., 2015).  

In PDAC, many cell types, including immune cells, pancreatic stellate cells (PSCs), 

endocrine cells and nerve cells, interact with cancer cells, leading to the dynamic PDAC 

microenvironment and the disruption of the architecture of the normal pancreas. A recent 

study suggested that the tissue, other than the pathogen, is important in determining types of 

immune responses, providing a new perspective of immune responses within the tumors 

(Matzinger and Kamala, 2011). Based on the immunology studies of immune-privilege sites 

and oral vaccination, it is well known that the tissue controls the immune response. A better 

understanding of tissue-specific factors associated with the control of immune functions is 

important to elucidate the mechanisms of immune responses for both invading pathogens 

and the development and progression of tumors (Schreiber et al., 2011). The cell types 
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contribute to the immune environment in pancreatic cancer and cellular composition shapes 

the features of the pathogenesis of pancreatic cancer. 

Chemokine (C-C motif) ligand 5 (CCL5) and C-X-C motif chemokine ligand (CXCL) 5 

secreted by cancer cells can recruit immunosuppressive Tregs and neutrophils (Nywening et 

al., 2018). Cancer cells also secret colony-stimulating factor-1 (CSF-1) to lead to the 

expansion of macrophages (Candido et al., 2018). Immature myeloid cells can be attracted 

by tumor-derived exosome (Basso et al., 2017). Alternatively, the exosomes can also lead to 

the infiltration of M1 macrophages and activated M2 macrophages (Penny et al., 2016). In 

addition, cancer cells can secret TGF-β to inhibit the functions of cytotoxic T cells, inducing 

the anergy of cytotoxic T cells (Pu et al., 2018). This creates an immunosuppressive 

microenvironment which further enhances the inhibitory effects on cytotoxicity against 

intrinsic tumor cells. 

One feature of PDAC is the presence of an intense desmoplastic reaction (DR) which is 

defined as the growth of host fibrous or connective tissue to response to the tumor formation 

(Amedei et al., 2014; Clark et al., 2007). It consists of the abnormal accumulation of cancer 

associated fibroblasts (CAFs), endothelial cells, lymphocytes and extracellular matrix (ECM) 

components (Erkan et al., 2012; Nielsen et al., 2016; Patel et al., 2014). The stroma often 

accounts for 50-80% of the volume of PDAC (Chu et al., 2007). The stromal compartment is 

related to tumor growth, invasive behavior and resistance to therapy (Hasebe et al., 1997). 

Previous studies have shown that the strong interactions between CAFs and immune cells 

contribute to the progression of pancreatic cancer. CAFs are derived from PSCs and make 

contributions to an immunosuppressive microenvironment (Nielsen et al., 2016). Activated 

PSCs and CAFs stimulate the secretion of vascular endothelial growth factor (VEGF) and 

take part in neoangiogenesis (Sun et al., 2018). EMT of cancer cells can also be induced by 

CAFs and PSCs, which promotes PDAC invasion and metastasis (Kadaba et al., 2013; 

Kikuta et al., 2010; Rucki et al., 2017). TGF-β secreted by CAFs can induce the proliferation 

of cancer cells and an EMT phenotype simultaneously (Ligorio et al., 2019). A previous study 

has shown that C-X-C motif chemokine 12 (CXCL12) secreted by activated PSCs can recruit 

CD8+ T cells. The C-X-C chemokine receptor 4 (CXCR4) activated by CXCL12 enhances 

angiogenesis and progression of primary tumors, contributing to metastasis formation 

(Dewan et al., 2006; Domanska et al., 2013; Ene-Obong et al., 2013; Luker and Luker, 2006). 

After being triggered by cancer cells, CAFs-secreted chemokines can also result in the 

expansion of myeloid-derived suppressor cells (MDSCs), neutrophils and M2 macrophages 

(Sano et al., 2019). There are three different types of CAFs identified in PDAC. They are 

inflammatory CAFs (iCAFs), antigen-presenting CAFs (apCAFs), and myofibroblastic CAFs 

(myCAFs). The iCAFs secret IL-6 to allow the infiltration of few effector T cells and have a 
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high expression level of PD-L1, therefore stimulating an immunosuppressive environment. 

The secretion of IL-6 also leads to the activation of STAT3, which leads to a more invasive 

PDAC (Mace et al., 2018; Nagathihalli et al., 2016). Consequently, the interleukin-1 (IL-

1)/JAK-STAT3 signaling pathway is activated to promote inflammation (Biffi et al., 2019). 

Macrophage colony stimulated factor (M-CSF) is secreted by iCAFs and induces the M2 

macrophage polarization, promoting the progression and invasiveness of pancreatic tumor 

(Zhang et al., 2017). The apCAFs, as their name indicates, present antigens to T cells. 

However, the presence of apCAFs decreases the ratio of CD8+ T cells to Tregs and therefore 

promotes an immunosuppressive effect in PDAC (Elyada et al., 2019). Similar to iCAF, 

apCAFs are suggested to support tumor progression (Elyada et al., 2019). Finally, myCAFs 

show the expression of the markers, such as α smooth muscle actin (αSMA), and are in the 

regions adjacent to tumor cells. The myCAFs play an essential role in inhibiting tumor growth 

and invasion. The depletion of myCAFs results in the increase of Tregs numbers and the 

enhancement of dedifferentiation and invasion of tumors (Ozdemir et al., 2014). The 

functions of myCAFs appear to conflict with those of iCAFs. Altogether, these findings have 

proved that different types of immune cells and CAF populations have different effects on 

dissemination of pancreatic cancer cells and the formation of secondary tumors in distant 

organs. 

Myeloid-derived suppressor cells (MDSCs) have the immunosuppressive effects in 

pancreatic cancer. They inhibit T cell activities and efficiently promote metastasis (Takeuchi 

et al., 2015; Trovato et al., 2019). Neutrophils appear to exert mostly the function of 

promoting tumor progression as matrix metalloproteinase 9 (MMP9) and elastase derived 

from neutrophils induce EMT and angiogenesis (Bausch et al., 2011; Gaida et al., 2012; 

Grosse-Steffen et al., 2012). The M1 pro-inflammatory and M2 immunosuppressive 

macrophages induce neoangiogenesis and metastasis to promote the tumor progression in 

PDAC (Ozdemir et al., 2014; Penny et al., 2016; Shapouri-Moghaddam et al., 2018; Yin et al., 

2019a). M1 macrophages also promote the formation of ADM (Liou et al., 2015; Liou et al., 

2013).  

Gene alterations were commonly detected in CD14+ monocytes and CD4+ T cells in PDAC. 

261 genes were found altered in CD14+ monocytes. These genes are associated with the 

inflammation, cell cycle, adhesion and development. In CD4+ T cells, the expression levels of 

496 genes were significantly different between the PDAC patients and healthy individuals. 

The genes are mostly associated with cell cycle, DNA damage, apoptosis and inflammation 

(Komura et al., 2015). PDAC patients have a higher number of PD-1+ CD4+ T cells when 

compared with the healthy controls. They also have high rates of PD-1+ and FoxP3+ CD4+ T 

cells infiltration (Komura et al., 2015). It has been reported that both activated CD4+ effector 
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and regulatory T cells take part in EMT through the release of tumor necrosis factor α (TNF-α) 

and IL-6. In this case, CD4+ T cells favor tumor progression. However, one study reported 

the correlation between the high number of infiltrated CD4+ T cells and a better median OS of 

patients with pancreatic cancer (Wang et al., 2016). Several studies have found the 

immunsuppressive function of Tregs (Helm et al., 2014; Lim et al., 2019; Shevchenko et al., 

2013). The numbers of infiltrated Tregs and M2 immunosuppressive macrophages increase 

during PDAC progression, while that of infiltrated CD8+ T cells decreases significantly 

(Bengsch et al., 2017; Wartenberg et al., 2015). One study also reported that Tregs stimulate 

the liver metastasis in PDAC mice (Kenkel et al., 2017). Collectively, it has been proved that 

Tregs exert the tumor promoting role in PDAC, whereas the function of CD4+ T cells is still 

debatable and needs to be investigated further.  

Natural killer (NK) cells and CD8+ T cells are two predominant immune cell populations which 

can suppress the progression of PDAC. Compared with patients with other cancers, PDAC 

patients have a lower level of infiltrated cytotoxic CD8+ T cells (Sakellariou-Thompson et al., 

2017). A lower degree of tumor differentiation (G1 and G2 tumors vs. G3 tumor) was 

paralleled by an increasing infiltration of CD8+ T cells in PDAC patients (Helm et al., 2014). 

Furthermore, the infiltrating number of CD8+ T cells negatively correlated with the size of the 

lesions (Quaranta et al., 2018). It indicates CD8+ T cells either make no contributions to the 

suppression of tumor progression and differentiation or do not exist in the large and 

dedifferentiated PDAC tumors. CD8+ T cells are even not detected in the peripheral blood 

(Basso et al., 2013; Xu et al., 2014). The reduced number of infiltrated CD8+ T cells in the 

primary tumor and blood is correlated with poor prognosis of pancreatic cancer patients (Xu 

et al., 2014).  

Altogether, characterization of the histological and molecular features of pancreatic tumor is 

helpful for us to gain insight into the mechanisms of PDAC progression. The infiltrated 

immune cells and their interactions also play important roles in promoting the development of 

pancreatic cancer. A better understanding of the immune cell networks may contribute to the 

development of novel immune therapies for PDAC patients. 

3.6 Aim of this work  

GEMMs have been used as a powerful tool to improve our knowledge of pancreatic cancer. 

The development of next generation sequencing broadens our understanding of the 

alterations of molecular structures in PDAC tumors and multi-omics analysis has revealed 

the complex molecular features in patients with PDAC. In order to elucidate the mechanisms 

of PDAC pathogenesis, it is essential to find out the correlation between the pathological 

phenotypes and molecular features. This thesis focuses on the pathological features and 

transcriptomic profiling data of PDAC GEMMs and characterizes these mouse models to 
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provide insight into the mechanisms of the progression of pancreatic cancer. This study aims 

to identify the molecular signatures of tumor grade, mitosis, metastasis, and the immune cell 

subpopulations involved in PDAC tumorigenesis. In addition, in order to inactivate the 

endogenous oncogenic Kras mutation, we generated a new mouse model.  

 

 

 



Materials 

18 
 

4 Materials 
 

4.1 Technical equipment 

Table 1. Technical equipment. 

Device Source 

96-well magnetic ring-stand Applied Biosystems, Inc., Carlsbad, CA, USA 

Analytical balance A 120 S Sartorius AG, Göttingen, DE 

Analytical balance BP 610 Sartorius AG, Göttingen, DE 

Autoclave 2540 EL Tuttnauer Europe B.V., Breda, The Netherlands 

AxioCam HRc Carl Zeiss AG, Oberkochen, DE 

AxioCam MRc Carl Zeiss AG, Oberkochen, DE 

Bag sealer Folio FS 3602 Severin Elektrogeräte GmbH, Sundern, DE 

Centrifuge Avanti® J25 Beckman Coulter GmbH, Krefeld, DE 

Centrifuge Rotina 46R Andreas Hettich GmbH & Co. KG, Tuttlingen, DE 

ClarioStar MARS microplate reader BMG Labtech, Ortenberg, DE 

CO2 incubator HERAcell®  Heraeus Holding GmbH, Hanau, DE 

CO2 incubator MCO-5AC 17AI 
Sanyo Sales & Marketing Europe GmbH, 
Munich, DE 

Confocal microscope TCS SP8 Leica Microsystems GmbH, Wetzlar, DE 

Dewar carrying flask, type B KGW-Isotherm, Karlsruhe, DE 

Electrophoresis power supply Power Pac 200 Bio-Rad Laboratories GmbH, Munich, DE 

Electroporation System, Gene Pulser®II Bio-Rad Laboratories GmbH, Munich, DE 

Gel Doc™ XR+ system Bio-Rad Laboratories GmbH, Munich, DE 

Glass ware, Schott Duran® Schott AG, Mainz, DE 

Heated paraffin embedding module EG1150 H Leica Microsystems GmbH, Wetzlar, DE 

HERAsafe® biological safety cabinet 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Hiseq2000 platform Illumina, San Diego, CA, USA 

Hiseq1500 platform Illumina, San Diego, CA, USA 

Homogenizer SilentCrusher M with tool 6F 
Heidolph Instruments GmbH & Co. KG, 
Schwabach, DE 

Horizontal gel electrophoresis system 
Biozym Scientific GmbH, Hessisch Oldenburg, 
DE 

Horizontal shaker Titertek Instruments, Inc., Huntsville, AL, USA 

Incubator shaker Thermoshake  C. Gerhardt GmbH & Co. KG, Königswinter, DE 

Laminar flow HERAsafe Heraeus Holding GmbH, Hanau, DE 

Leica Aperio AT2 scanner Leica Biosystems Imaging, Inc., CA, USA 

Magnetic stirrer, Ikamag® RCT IKA® Werke GmbH & Co. KG, Staufen, DE 

Microcentrifuge 5415 D Eppendorf AG, Hamburg, DE 
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Microcentrifuge 5417 R Eppendorf AG, Hamburg, DE 

Microscope Axio Imager.A1 Carl Zeiss AG, Oberkochen, DE 

Microscope Axiovert 25 Carl Zeiss AG, Oberkochen, DE 

Microscope DM LB Leica Microsystems GmbH, Wetzlar, DE 

Microtome Microm HM355S 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Microwave Siemens AG, Munich, DE 

Mini centrifuge MCF-2360 LMS Consult GmbH & Co. KG, Brigachtal, DE 

Mini-PROTEAN® Tetra Cell Bio-Rad Laboratories GmbH, Munich, DE 

Multipette® stream Eppendorf AG, Hamburg, DE 

Neubauer hemocytometer, improved LO-Laboroptik GmbH, Bad Homburg, DE 

Odyssey® infrared imaging system Li-Cor Biosciences, Lincoln, NE, USA 

Paraffin tissue floating bath Microm SB80 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

pH meter 521 
WTW Wissenschaftlich-Technische Werkstätten 
GmbH, Weilheim, DE 

Pipetus® 
Hirschmann Laborgeräte GmbH & Co. KG, 
Eberstadt, DE 

Power supplies E844, E822, EV243 Peqlab Biotechnologie GmbH, Erlangen, DE 

Qubit® 2.0 Fluorometer Invitrogen GmbH, Karlsruhe, DE 

Spectrophotometer NanoDrop 1000 Peqlab Biotechnologie GmbH, Erlangen, DE 

StepOnePlus™ real time PCR system Applied Biosystems, Inc., Carlsbad, CA, USA 

Stereomicroscope Stemi SV 11 Carl Zeiss AG, Oberkochen, DE 

Surgical instruments 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Thermocycler T1 Biometra GmbH, Göttingen, DE 

Thermocycler Tgradient Biometra GmbH, Göttingen, DE 

Thermocycler Tpersonal Biometra GmbH, Göttingen, DE 

Thermocycler UNO-Thermoblock Biometra GmbH, Göttingen, DE 

Thermomixer compact Eppendorf AG, Hamburg, DE 

Tissue processor ASP300 Leica Microsystems GmbH, Wetzlar, DE 

Tumbling Table WT 17 Biometra GmbH, Göttingen, DE 

Vortex Genius 3 IKA® Werke GmbH & Co. KG, Staufen, DE 

Water bath 1003 
GFL Gesellschaft für Labortechnik mbH, 
Burgwedel, DE 

4.2 Disposables 

Table 2. Disposables. 

Disposable Source 

Cell culture plastics 

Becton Dickinson GmbH, Franklin Lakes, NJ, 
USA; Greiner Bio-One GmbH, Frickenhausen; 
TPP Techno Plastic Products AG, Trasadingen, 
Switzerland 
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Cell scrapers 
TPP Techno Plastic Products AG, Trasadingen, 
Switzerland 

Cell strainer, 100 µm, yellow BD Biosciences, Franklin Lakes, NJ, USA 

Chromatography paper, 3 mm GE Healthcare Europe GmbH, Munich, DE 

Combitips BioPur® Eppendorf AG, Hamburg, DE 

Conical tubes, 15 mL 
TPP Techno Plastic Products AG, Trasadingen, 
Switzerland 

Conical tubes, 50 mL  Sarstedt AG & Co., Nümbrecht, DE 

Cover slips 
Gerhard Menzel, Glasbearbeitungswerk GmbH & 
Co. KG, Braunschweig, DE 

CryoPure tubes Sarstedt AG & Co., Nümbrecht, DE 

Disposable scalpels Feather Safety Razor Co., Ltd., Osaka, Japan 

Gene Pulser®/MicroPulser™ cuvettes, 0.2 cm 
gap 

Bio-Rad Laboratories GmbH, Munich, DE 

Filtropur S 0.2 Sarstedt AG & Co., Nümbrecht, DE 

Filtropur S 0.45 Sarstedt AG & Co., Nümbrecht, DE 

Glass slides Superfrost® Plus 
Gerhard Menzel, Glasbearbeitungswerk GmbH & 
Co. KG, Braunschweig, DE 

MicroAmp® optical 96-well reaction plate  Applied Biosystems, Inc., Carlsbad, CA, USA 

Microtome blades S35 and C35 Feather Safety Razor Co., Ltd., Osaka, Japan 

Mr. FrostyTM freezing container 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Pasteur pipettes 
Hirschmann Laborgeräte GmbH & Co. KG, 
Eberstadt, DE 

PCR reaction tubes 
Brand GmbH + Co. KG, Wertheim; Eppendorf 
AG, Hamburg, DE 

Petri dishes Sarstedt AG & Co., Nümbrecht, DE 

Pipette tips  Sarstedt AG & Co., Nümbrecht, DE 

Reaction tubes, 0.5 mL, 1.5 mL and 2 mL Eppendorf AG, Hamburg, DE 

Precision wipes Kimberly-Clark Worldwide Inc., Irving, TX, USA 

Safe-lock reaction tubes BioPur® Eppendorf AG, Hamburg, DE 

Serological pipettes Sarstedt AG & Co., Nümbrecht, DE 

Single use needles Sterican® 27 gauge B. Braun Melsungen AG, Melsungen, DE 

Single use syringes Omnifix® B. Braun Melsungen AG, Melsungen, DE 

Tissue embedding cassette system Medite GmbH, Burgdorf, DE 

Transfer membrane Immobilon-P Millipore GmbH, Schwalbach am Taunus, DE 

 

4.3 Reagents  

Table 3. Reagents. 

Reagent Source 

1 kb DNA extension ladder Invitrogen GmbH, Karlsruhe, DE 
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1,4-Dithiothreitol (DTT) Carl Roth GmbH + Co. KG, Karlsruhe, DE 

2-Log DNA ladder (0.1–10.0 kb) New England Biolabs GmbH, Frankfurt am Main 

2-Mercaptoethanol, 98% Sigma-Aldrich Chemie GmbH, Munich, DE 

2-Propanol (isopropanol) Carl Roth GmbH + Co. KG, Karlsruhe, DE 

ABsolute qPCR ROX Mix 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Agarose Sigma-Aldrich Chemie GmbH, Munich, DE 

Agencourt AMPure XP Beads Beckman Coulter GmbH, Krefeld, DE 

Ammonium persulfate Sigma-Aldrich Chemie GmbH, Munich, DE 

Ampicillin sodium salt Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Blotting grade blocker non-fat dry milk Bio-Rad Laboratories GmbH, Munich, DE 

Bovine serum albumin, fraction V Sigma-Aldrich Chemie GmbH, Munich, DE 

Bradford reagent Serva Electrophoresis GmbH, Heidelberg, DE 

Chloramphenicol AppliChem GmbH, Darmstadt, DE 

Complete, EDTA-free, protease inhibitor cocktail 
Tablets 

Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, DE 

CreActive TAM400 LASvendi, Soest, DE 

Dimethylsulfoxide (DMSO) Carl Roth GmbH + Co. KG, Karlsruhe, DE 

dNTP mix, 10mM each Fermentas GmbH, St. Leon-Rot, DE 

Dodecylsulfate Na-salt in pellets (SDS) Serva Electrophoresis GmbH, Heidelberg, DE 

Dulbecco's phosphate buffered saline, powder Biochrom AG, Berlin, DE 

Ethanol (100%)  Merck KGaA, Darmstadt, DE 

Ethidium bromide Sigma-Aldrich Chemie GmbH, Munich, DE 

Ethylenediaminetetraacetic acid (EDTA) Invitrogen GmbH, Karlsruhe, DE 

Gel loading dye, blue 
New England Biolabs GmbH, Frankfurt am Main, 
DE 

Gelatine Carl Roth GmbH, Karlsruhe, DE 

GeneRuler™ 100bp DNA ladder Fermentas GmbH, St. Leon-Rot, DE 

Glycerol Sigma-Aldrich Chemie GmbH, Munich, DE 
HotStarTaq DNA polymerase Qiagen GmbH, Hilden, DE 

Hydrochloric acid (HCl) Merck KGaA, Darmstadt, DE 

Isotonic sodium chloride solution Braun Melsungen AG, Melsungen, DE 

Immersion oil Type F Leica Microsystems GmbH, Wetzlar, DE 

LB agar (Luria/Miller) Carl Roth GmbH + Co. KG, Karlsruhe, DE 

LB broth (Luria/Miller) Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Magnesium chloride Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Methanol Merck KGaA, Darmstadt, DE 

N, N-dimethylformamide Sigma-Aldrich Chemie GmbH, Munich, DE 

Orange G Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Peanut oil Sigma-Aldrich Chemie GmbH, Munich, DE 
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Phosphatase inhibitor mix I Serva Electrophoresis GmbH, Heidelberg, DE 

Polyethylene glycol 4000 Merck KGaA, Darmstadt, DE 

Precision Plus Protein™ all blue standard Bio-Rad Laboratories GmbH, Munich, DE 

Proteinase K, recombinant, PCR grade 
Roche Deutschland Holding GmbH, Grenzach-
Wyhlen, DE 

REDTaq® ReadyMix™ PCR reaction mix Sigma-Aldrich Chemie GmbH, Steinheim, DE 

Restriction endonucleases 
New England Biolabs GmbH, Frankfurt am Main, 
DE 

RNase-free DNase set Qiagen GmbH, Hilden, DE 

RnaseA Fermentas GmbH, St. Leon-Rot, DE 

Rotiphorese® gel 30 Carl Roth GmbH + Co. KG, Karlsruhe, DE 

S.O.C. medium Invitrogen GmbH, Karlsruhe, DE 

Sodium acetate buffer solution Sigma-Aldrich Chemie GmbH, Munich, DE 

Sodium chloride (NaCl) Merck KGaA, Darmstadt, DE 

Sodium hydroxide solution (NaOH) Merck KGaA, Darmstadt, DE 

Tamoxifen chow CreActive TAM400 LASvendi, Soest, DE 

TE buffer, pH 8.0 AppliChem GmbH, Darmstadt, DE 

TEMED Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Tissue-Tek® O.C.T.™ compound 
Sakura Finetek Europe B.V, Alphen aan den Rijn, 
Netherlands 

Tris hydrochloride J.T. Baker® Chemicals, Phillipsburg, NJ, USA 

Tris Pufferan® Carl Roth GmbH + Co. KG, Karlsruhe, DE 

Triton® X-100 Merck KGaA, Darmstadt, DE 

Tween® 20  Carl Roth GmbH + Co. KG, Karlsruhe, DE 

 

4.4 Antibodies 

Table 4. Antibodies. 

Antibody Source 

Anti-mouse IgG (H+L) (DyLight® 680 Conjugate), 
#5470, RRID: AB_696895 

Cell Signaling Technology, Inc., Danvers, MA, 
USA 

Anti-rabbit IgG (H+L) (DyLight® 800 Conjugate), 
#5151, RRID: AB_10697505 

Cell Signaling Technology, Inc., Danvers, MA, 
USA 

Cytokeratin 19, P19001, RRID: AB_2133570 
Developmental Studies Hybridoma Bank, Iowa, 
USA 

Cre Recombinase, 15036, RRID: AB_2798694 
Cell Signaling Technology, Inc., Danvers, MA, 
USA 

Estrogen Receptor alpha (D8H8), 8644S, RRID: 
AB_2617128 

Cell Signaling Technology, Inc., Danvers, MA, 
USA 

Hsp90, sc-13119 (H1704), RRID: AB_675659 Santa Cruz Biotechnology, Inc., Dallas, TX, USA 
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4.5 Molecular biology 

Bidistilled H2O is used to prepare the buffers. 

Table 5. Buffers and solutions for molecular biology. 

Buffer Component 

IP buffer, pH 7.9 

50 mM HEPES 

150 mM NaCl 

1 mM EDTA 

0.5% Nonidet P40 

10% Glycerol 

Phosphatase inhibitor (add prior to use) 

Protease inhibitor (add prior to use) 

Stacking gel buffer 0.5 M Tris, adjusted to pH 6.8 with HCl 

Separating gel buffer 1.5 M Tris, adjusted to pH 8.8 with HCl 

Running buffer 

25 mM Tris 

192 mM Glycine 

0.1% SDS 

Transfer buffer, pH 8.3 

25 mM Tris 

192 mM Glycine 

20% Methanol 

5x Protein loading buffer (Laemmli), pH 6.8 

10% SDS 

50% Glycerol 

228 mM Tris hydrochloride 

0.75 mM Bromphenol blue 

5% 2-Mercaptoethanol 

6x Loading buffer orange G 

60% Glycerol 

60 mM EDTA 

0.24% Orange G 

10x Gitschier’s buffer 

670 mM Tris, pH 8.8 

166 mM (NH4)2SO4 

67 mM MgCl2 

Soriano lysis buffer 

0.5% Triton® X-100 

1% 2-Mercaptoethanol 

1x Gitschier’s buffer 

400 μg/mL Proteinase K (add prior to use) 

SucRot solution (for PCR) 

1.5 mg/mL Cresol red 

100 mM Tris, pH 9.0 

30% Saccharose 

50x Tris acetate EDTA (TAE) buffer, pH 8.5 

2 M Tris 

50 mM EDTA 

5.71% Acetic acid 

 

 
Table 6. Kits for molecular biology. 

Kit Source 

EndoFree® plasmid maxi kit Qiagen GmbH, Hilden, DE 
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QIAamp DNA mini kit Qiagen GmbH, Hilden, DE 

QIAfilter plasmid midi kit Qiagen GmbH, Hilden, DE 

QIAprep® spin miniprep kit Qiagen GmbH, Hilden, DE 

QIAshredder Qiagen GmbH, Hilden, DE 

RNeasy mini kit Qiagen GmbH, Hilden, DE 

TruSeq® Stranded mRNA sample preparation kit Illumina, San Diego, CA, USA 

 

Table 7. Competent bacteria. 

Bacterial strain Source 

One Shot® Stbl3™ chemically competent E. coli Invitrogen GmbH, Karlsruhe, DE 

 

Table 8. Plasmids. 

Plasmid Source 

pBluescript II SK (#212205) Addgene, Cambridge, MA, USA 

 

 

4.5.1 Primers 

Primers were purchased and produced by Eurofins MWG GmbH (Ebersberg). The 

concentration of the primers is 10 µM in H2O. 

Table 9. Primers used for genotyping.  

PCR name Primer name Sequence (5´ → 3´) 

Pdx1-Flp 

Pdx1_Flp Forward AGAGAGAAAATTGAAACAAGTGCAGGT 

Pdx1_Flp Reverse CGTTGTAAGGGATGATGGTGAACT 

Control forward AACACACACTGGAGGACTGGCTAGG 

Gabra reverse (Ctrl) CAATGGTAGGCTCACTCTGGGAGATGATA 

FSF-KrasG12D 

FSF-Kras common 

forward 
CACCAGCTTCGGCTTCCTATT 

FSF-Kras WT reverse AGCTAATGGCTCTCAAAGGAATGTA 

FSF-Kras mut reverse GCGAAGAGTTTGTCCTCAACC 

FSF-KrasG12D 

recombination 

FSF-Kras del forward AGAATACCGCAAGGGTAGGTGTTG 

FSF-Kras del reverse TGTAGCAGCTAATGGCTCTCAAA 

CreERT2 

CreERT2 forward 

(Rosa26CAG-CreERT2 line) 
GAATGTGCCTGGCTAGAGATC 

CreERT2 reverse 

(Rosa26CAG-CreERT2 line) 
GCAGATTCATCATGCGGA 

CreERT2 recombined 

reverse  
CGATCCCTGAACATGTCCATC 

Rosa26CAG R26 common forward  AAAGTCGCTCTGAGTTGTTAT 
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R26 WT reverse  GGAGCGGGAGAAATGGATATG 

R26CAG-CreERT2 mut 

reverse  
TCAATGGGCGGGGGTCGTT 

FSF 
FSF forward TGAATAGTTAATTGGAGCGGCCGCAATA 

FSF reverse CAGGGTGTTATAAGCAATCCC 

FSF recombination 
FSF-Cre stop del forward GTTCGGCTTCTGGCGTGT 

FSF-Cre stop del reverse CGATCCCTGAACATGTCCATC 

Pdk1lox 
Pdk1 floxed forward ATCCCAAGTTACTGAGTTGTGTTGGAAG 

Pdk1 floxed reverse TGTGGACAAACAGCAATGAACATACACGC 

Pdk1lox recombination 

Pdk1 recombined forward CTATGCTGTGTTACTTCTTGGAGCACAG 

Pdk1 non-recombined 

forward 
CCCTCTAGCAAATGTTCTGTCTGGAATGTCT 

Pdk1 floxed reverse TGTGGACAAACAGCAATGAACATACACGC 

Pdk1L155E  
Pdk-L155E-P1 GGAACTTACTCTGTAGACCAGGCTG 

Pdk-L155E-P2 GACGTGTCCTAATACTACCACAAGTGGC 

Pdk1L155E 

recombination 

Pdk-L155E-RE-UP1 CTATGCTGTGTTACTTCTTGGAGCACAG 

Pdk-L155E-RE-UP2 CCCTCTAGCAAATGTTCTGTCTGGAATGTCT 

Pdk-L155E-RE-LP TGTGGACAAACAGCAATGAACATACACGC 

Trp53lox 
Trp53 LOX Forward CACAAA AACAGGTTA AACCCAG 

Trp53 LOX Forward AGCACATAGGAGGCAGAGAC 

Trp53frt 
Trp53 FRT Forward CAAGAGAACTGTGCCTAAGAG 

Trp53 FRT Forward CTTTCTAACAGCAAAGGCAAGC 

Trp53frt recombination 
Trp53 FRT Forward CAAGAGAACTGTGCCTAAGAG 

Trp53 recombination ACTCGTGGAACAGAA ACAGGCAGA 

LSL-Trp53R172H 

Trp53R172H forward AGCCTTAGACATAACACACGAACT 

Trp53R172H mut forward GCCACCATGGCTTGAGTAA 

Trp53R172H reverse CTTGGAGACATAGCCACACTG 

Ptf1aCre 

Ptf1a-Cre-GT-LP-URP CCTCGAAGGCGTCGTTGATGGACTGCA 

Ptf1a-Cre-GT-wt-UP CCACGGATCACTCACAAAGCGT 

Ptf1a-Cre-GT-mut-UP-neu GCCACCAGCCAGCTATCAA 

LSL-KrasG12D 

Kras-WT-UP1   CACCAGCTTCGGCTTCCTATT 

Kras-URP-LP1   AGCTAATGGCTCTCAAAGGAATGTA 

KrasG12Dmut_UP   CCATGGCTTGAGTAAGTCTGC 

LSL-Rosa26Snail 
pGL3-UP  TGAATAGTTAATTGGAGCGGCCGCAATA 

Snail Reverse ACCAGGAAGGAGCGCGGCAT 

LSL-Rosa26Snail R26-Tva-GT-UP   AAAGTCGCTCTGAGTTGTTAT 
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recombination Snail Reverse ACCAGGAAGGAGCGCGGCAT 

Cdkn2alox 
INK4A-UP CCAAGTGTGCAAACCCAGGCTCC 

INK4A-LP TTGTTGGCCCAGGATGCCGACATC 

Ink4a* 
VBC-Ink4a-PM-UP GCAGTGTTGCAGTTTGAACCC 

VBC-Ink4a-PM-LP TGTGGCAACTGATTCAGTTGG 

Pdx1-Cre 

Pdx-UP2 GCTCATTGGGAGCGGTTTTG 

V-Cre-LP2 ACATCTTCAGGTTCTGCGGG 

Pdx-LP1 CACGTGGTTTACCCTGGAGC 

LSL-PIK3CAH1047R 
pGL3-UP TGAATAGTTAATTGGAGCGGCCGCAATA 

PI3K-Rev AAATAGCCGCAGGTCACAAAGTCTCCG 

FSF-Kraslox-G12D-lox 
pGL3- UP TGAATAGTTAATTGGAGCGGCCGCAATA 

Kras-URP-LP1   AGCTAATGGCTCTCAAAGGAATGTA 

Tgfβr2lox 
Tgfbr2 Forward TAAACAAGGTCCGGAGCCCA 

Tgfbr2 Reverse ACTTCTGCAAGAGGTCCCCT 

LSL-Rosa26Tgfβ1 

R26-Tva-GT-UP   AAAGTCGCTCTGAGTTGTTAT 

mTGF-b1-LP GCTGATCCCGTTGATTTCC 

pGL3-UP TGAATAGTTAATTGGAGCGGCCGCAATA 

Tncko 
Tnc-Forward AGCCCCTGCCTACCTTTTCCTAATG 

Tnc Reverse CTTCGGGAGTGAGGGCAA ACA 

Hnf4alox 
Hnf4a Forward AGAATGACCCTGAAGCACCAGG 

Hnf4a Reverse GCCAGAGGTCTGTGA AACAAGG 

Rosa26mT-mG 

mTmG-LP1 GTACTTGGCATATGATACACTTGATGTAC 

R26-Tva-GT-UP   AAAGTCGCTCTGAGTTGTTAT 

mTmG-LP2 GGAGCGGGAGAAATGGATATG 

Rosa26mT-mG 

recombination 

mTmG-Re-UP1 GTTCGGCTTCTGGCGTGT 

mTmG-Re-LP1 CCATGTGATCGCGCTTCTCGT 

mTmG-Re-LP2 GCTTGGTGTCCACGTAGTAGTAGC 

 

 
Table 10. Primers for quantitative real time PCR. 

Gene Primer name Sequence (5´ → 3´) Origin 

neo 

neo-TM-UP1 TGGATTGCACGCAGGTTCT 

Mus 

musculus 
neo-TM-LP2 GTGCCCAGTCATAGCCGAAT 

Labelled probe neo CGGCCGCTTGGGTGGAGAGG 

β-actin 
Mbact-DANN-taq-FW TTCAACACCCCAGCCATGTA Mus 

musculus Mbact-DANN-taq-Rev TGTGGTACGACCAGAGGCATA 
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Labeled probe β-actin   TTTGAGACCTTCAACACCCCAGCCAT 

 
Table 11. Primers for embryonic stem cell clone. 

Gene Primer name Sequence (5´ → 3´) Origin 

ES screen 

pGL3-pA-pause-

4645-UP 
TGAATAGTTAATTGGAGCGGCCGCAATA Mus 

musculus 
ESkras-co-LP1 GGCTATAGCCACAGCCCCTCCTTCA 

distal loxP 
lox-bgl-UP1 CAGATGCTGCGATTAAAGATGTAC Mus 

musculus lox-bgl-LP1 CTTCCTGCTAATCTCGGAGGTT 

Positive mice 

PCR1 (Figure 

18Ea) 

Kras-WT-UP1 CACCAGCTTCGGCTTCCTATT 

Mus 

musculus 
Kras-URP-LP1   AGCTAATGGCTCTCAAAGGAATGTA 

FSASFneosc-LP2 ATTGCATCAGCCATGATGGATACTTTCT 

Positive mice 

PCR2 (Figure 

18Eb) 

Lox-For 2 AGTTTAGGCTTTCCAAAAGGC 
Mus 

musculus Lox-Rev2 GTATTGCTAAGAACTTGTTGC 

Positive mice 

PCR3 (Figure 

18Ec) 

pGL3-pA-pause-

4645-UP 
TGAATAGTTAATTGGAGCGGCCGCAATA Mus 

musculus 
lox-bgl-LP1 CTTCCTGCTAATCTCGGAGGTT 

 

4.6 Cell culture 

Table 12. Cell lines. 

Cell line Source 

Gryphon™ Eco retroviral packaging cell line Allele Biotechnology, San Diego, CA, USA 

DF-1 fibroblasts   American Type Culture Collection, Manassas, 
VA, USA 

W4/129S6 embryonic stem ells Taconic Farms, Inc., Hudson, NY, USA 

 

Table 13. Cell culture medium. 

Medium Components 

 

 

MEF medium 

 

D-MEM 

10% FCS (Biochrom AG) 

1% Penicillin-streptomycin 

1% L-Glutamine 

 

 

 

 

Embryonic stem cell medium 

 

D-MEM without glutamine 

15% ES-FCS 

1% Penicillin-streptomycin 

1% L-Glutamine 

1% Sodium pyruvate MEM 

1% MEM non-essential amino acids 

0.1% 0.1 M 2-Mercaptoethanol 

1000 U/mL LIF 

Cancer cell medium 
DMEM 

10% FCS (Biochrom AG) 
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1% Penicillin/Streptomycin 

Gryphon™ Eco medium 

DMEM 

10% FCS (Biochrom AG) 

1% Penicillin/Streptomycin 

1% L-Glutamine 

Freezing medium 

70% DMEM 

20% FCS 

10% DMSO 

 

Table 14. Reagents and kits for cell culture. 

Reagent / Kit Source 

4-hydroxytamoxifen (≥70% Z isomer) Sigma-Aldrich Chemie GmbH, Munich, DE 

Collagenase type 2 Worthington Biochemical Corporation, Lakewood, 
NJ, USA  

Dulbecco's modified eagle medium (DMEM) with 
L-glutamine 

Invitrogen GmbH, Karlsruhe, DE 

Dulbecco's modified eagle medium (DMEM) 
without L-glutamine (for ES cell medium) 

Invitrogen GmbH, Karlsruhe, DE 

Dulbecco's phosphate buffered saline (PBS) Invitrogen GmbH, Karlsruhe, DE 

Effectene® transfection reagent Qiagen GmbH, Hilden, DE 

ESGRO ® (LIF) Millipore GmbH, Schwalbach am Taunus, DE 

Fetal calf serum (FCS) Biochrom AG, Berlin, DE 

Fungizone® antimycotic Invitrogen GmbH, Karlsruhe, DE 

G418, Geneticin® Invitrogen GmbH, Karlsruhe, DE 

Gelatin Sigma-Aldrich Chemie GmbH, Munich, DE 

L-Glutamine 200 mM Invitrogen GmbH, Karlsruhe, DE 

MEM non-essential amino acids Invitrogen GmbH, Karlsruhe, DE 

Penicillin (10000 units/mL) / Streptomycin 
(10000 µg/mL) solution 

Invitrogen GmbH, Karlsruhe, DE 

Puromycin dihydrochloride Sigma-Aldrich Chemie GmbH, Munich, DE 

Sodium pyruvate MEM Invitrogen GmbH, Karlsruhe, DE 

Trypsin, 0.05% with 0.53 mM EDTA 4Na Invitrogen GmbH, Karlsruhe, DE  

Venor® GeM mycoplasma detection kit Minerva Biolabs GmbH, Berlin, DE 

 

4.7 Histology 

Table 15. Reagents and kits for histological analysis. 

Reagent / Kit Source 

Aluminium sulfate 
Honeywell Specialty Chemicals Seelze GmbH, 
Seelze 

Antigen unmasking solution, citric acid based Vector Laboratories, Inc., Burlingame, CA, USA 

Avidin/biotin blocking kit Vector Laboratories, Inc., Burlingame, CA, USA 
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CytosealTM XYL mounting medium 
Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

DAB peroxidase substrate kit, 3,3’-
diaminobenzidine 

Vector Laboratories, Inc., Burlingame, CA, USA 

Donkey serum D9663 Sigma-Aldrich Chemie GmbH, Munich, DE 

Eosine Waldeck GmbH & Co KG, Münster, DE 

Goat serum G9023 Sigma-Aldrich Chemie GmbH, Munich, DE 

Hematoxylin Merck KGaA, Darmstadt, DE 

Hydrogen peroxide 30% Merck KGaA, Darmstadt, DE 

Rabbit serum R9133 Sigma-Aldrich Chemie GmbH, Munich, DE 
Roti® Histofix 4% Carl Roth GmbH + Co. KG, Karlsruhe, DE, DE 

Roti® Histol Carl Roth GmbH + Co. KG, Karlsruhe, DE, DE 

Sucrose (saccharose) Merck KGaA, Darmstadt, DE 

Vectashield® mounting medium with DAPI Vector Laboratories, Inc., Burlingame, CA, USA 

Vectastain® elite ABC kit Vector Laboratories, Inc., Burlingame, CA, USA 

 

 
 
 
Table 16. Secondary antibodies for histological analysis. 

Antibody Source 

Biotinylated anti-rat IgG (H+L), 

BA-4000, RRID:AB_2336206 

Vector Laboratories, Inc., Burlingame, CA, USA 

Goat anti-mouse DyLight800,  

SA5-35521, RRID:AB_2556774 

Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

Goat anti-Rabbit IgG (H+L), Alexa Fluor 700,  

A-21038, RRID:AB_2535709 

Thermo Fisher Scientific, Inc., Waltham, MA, 
USA 

 

4.8 Software 

Table 17. Software.  

Software Source 

AxioVision 4.8, RRID:SCR_002677 Carl Zeiss AG, Oberkochen, DE 

Excel, RRID:SCR_016137 Microsoft Corporation, Redmont, WA, USA 

FlowJo v10, RRID:SCR_008520 FlowJo LLC, Ashland, OR, USA 

ImageScope v12.3, RRID:SCR_020993 Leica Biosystems, Wetzlar, DE 

R v3.1.2, RRID:SCR_001905 R Core Team 

GraphPad Prism 8, RRID:SCR_002798 La Jolla, CA, USA 

Odyssey® v1.2, RRID:SCR_014579 Li-Cor Biosciences, Lincoln, NE, USA 

StepOne™ v2.3, RRID:SCR_014281 Applied Biosystems, Inc., Carlsbad, CA, USA 
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5 Methods 

  

5.1 Mouse experiments 

All animal experiments were performed in accordance with the European guidelines for the 

care and use of laboratory animals and were approved by the reginal authorities. Mice were 

on a mixed C57BL6/J;129/S6 background. 

 

5.1.1 Mouse strains 

This study used the conditional Cre/loxP and Flp/frt mice. These mice have genes with 

loxP/frt flanked or the loxP-stop-loxP (LSL)/frt-stop-frt (FSF) were interbred with the mice 

having the expression of Cre/Flp recombinase controlled by a pancreas-specific promoter to 

conditionally silence the expression of the genes of interest or activate gene expression in 

pancreas. The combination of the Flp/frt recombination system initiating the PDAC 

progression and the Cre/loxP system for the manipulation of the gene of interest allows to 

inactivate the effectors of Ras in PanIN lesions and pancreatic cancer cells. 

  

Ptf1aCre/+ (Nakhai et al., 2007). RRID: BCBC_184. This is a knock-in mouse line kindly 

provided by Dr. Hassan Nakhai (Klinikum rechts der Isar, Technical University Munich, DE). 

The Ptf1a is a component of the pancreas transcription factor 1 and is involved in the 

development of mammalian pancreas. The pancreatic specific Ptf1a promoter controls the 

Cre recombinase expression. 

 

LSL-KrasG12D/+ (Hingorani et al., 2003; Jackson et al., 2001). RRID: IMSR_JAX:008179. This 

is a knock-in mouse line kindly provided by Prof. Tyler Jacks (Massachusetts Institute of 

Technology, Cambridge, MA, USA). The LSL-KrasG12D/+ mouse strain has the G12D mutation 

in the exon 2, which is the most common mutation detected human PDAC. The LSL cassette 

deletion mediated by Cre recombinase results in the constitutive activation of Kras signaling 

pathway. 

 

LSL-PIK3CAH1047R/+ (Eser et al., 2013). RRID: IMSR_JAX:016977. This is a knock-in mouse 

strain developed in the lab of Prof. Dieter Saur. The oncogenic PIK3CAH1047R is a knockin 

cassette at the Rosa26 locus and the LSL is used for the silencing of the expression of this 

mutation.  The mice with the PIK3CAH1047R allele carry a mutation in codon 1047. The Cre 

mediated LSL deletion allows the p110αH1047R expression, activating the PI3K signaling 

way.(Hayhurst et al., 2001) 
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LSL-Rosa26Snail/+. RRID: BCBC_194. This is a knock-in mouse line and was developed in 

the lab of Prof. Dieter Saur. This construct consists of LSL elements and the cDNA of mouse 

Snail gene and was inserted into the Rosa26 locus. The overexpression of Snail is mediated 

by Cre recombinase. This construct is flanked by two frt cassettes, allowing the removal of 

this construct with Flp recombinase. 

Pdk1lox/+ (Lawlor et al., 2002). RRID: MGI:5442314. The exons 3 and 4 of the endogenous 

Pdk1 locus in this mouse strain are flanked by two loxP sites and therefore, crossing with the 

mouse strain with the expression of Cre recombinase leads to the inactivation of Pdk1.  

 

Pdx1-Flp (Schönhuber et al., 2014). RRID: MGI:6154332. This is a transgenic mouse line 

developed in the lab of Prof. Dieter Saur. Pancreas progenitor cells and adult pancreas show 

the expression of Pdx1. The Flp-O recombinase expression is controlled by the Pdx1 

promotor. 

 

Pdx1-Cre (Schönhuber et al., 2014). RRID: IMSR_JAX:034623. This is a transgenic mouse 

line and was kindly provided by Prof. David Tuveson (Cold Spring Harbor Laboratory, 

Princeton, NJ, USA). The progenitor cells of pancreas and adult pancreas express Pdx1. 

This transgenic mouse strain expresses Cre recombinase controlled by Pdx1 promotor.  

 

FSF-KrasG12D/+ (Schönhuber et al., 2014). RRID: IMSR_JAX:008179. This is a knock-in 

mouse line established in the lab of Prof. Dieter Saur. The expression of endogenous 

KrasG12D mutation is silenced by the FSF cassette and Flp recombinase can activate the 

expression of the oncogenic KrasG12D mutation. 

 

FSF-Rosa26CAG-CreERT2/+ (Schönhuber et al., 2014). RRID: MGI:2176738. This is a knock-in 

mouse line developed in the lab of Prof. Dieter Saur. The CreERT2 allele controlled by the 

CAG promoter is silenced by the FSF and CreERT2 can be activated by tamoxifen (TAM). 

FSF-Rosa26CAG-CreERT2/+ is a knock-in construct at the Rosa26 locus. 

 

Trp53frt/+ (Lee et al., 2012). RRID: IMSR_JAX:017767. This mouse line was kindly provided 

by Dr. David Kirsch (Duke University School of Medicine, Durham, NC, USA). The exons 2 to 

6 of the endogenous Trp53 are flanked by two frt cassettes. The expression of the Flp 

recombinase leads to the inactivation of Trp53. 
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Trp53lox/+ (Lee et al., 2012). RRID: IMSR_JAX:008462. The exons 2 to 10 of the endogenous 

Trp53 are flanked by two loxP cassettes. This mouse strain can be interbred with the mouse 

line with the expression of Cre recombinase leading the conditional inactivation of Trp53. 

 

LSL-Trp53R172H/+ (Hingorani et al., 2005; Olive et al., 2004). RRID: IMSR_JAX:002659. This 

is a knock-in mouse line and was kindly provided by Prof. Tyler Jacks (Massachusetts 

Institute of Technology, Cambridge, MA, USA). This Trp53R172H mutation, a missense 

mutation, has been found in the patients with spontaneous tumors.  The LSL-Trp53R172H mice 

have the mutation in the exon 5 at the endogenous Trp53 locus.  The removal of the LSL 

cassette results in the expression of mutated Trp53 (de Vries et al., 2002; Liu et al., 2000). 

 

Ink4a*/+ (Krimpenfort et al., 2001). RRID: IMSR_RBRC09236. This is a knock-out mouse line 

kindly provided by Prof. Anton Berns (The Netherlands Cancer Institute, Amsterdam, The 

Netherlands). This mouse strain habors a nonsense mutation in the codon 101 in the exon 2 

at the Cdkn2a locus. This mutation result in the destabilization of the p16INK4A protein. The 

expression of p19ARF protein is not affected by this mutation. 

 

Cdkn2alox/+ (Aguirre et al., 2003). RRID: MGI:3822321. This mouse line was kindly provided 

by Prof. Nabeel Berdeesy (Harvard Medical School, Boston, MA, USA). In this mouse strain, 

the exons 2 and 3 at the Cdkn2a locus are flanked by two loxP sites. Cre expression leads to 

the deletion of both p16INK4A and p19ARF at the same time. 

 

Tgfβr2lox/+ (Chytil et al., 2002). RRID: MGI:5544817. The exon 2 of the endogenous Tgfβr2 

locus in this mouse strain is flanked by two loxP sites. Interbreeding this mouse strain with 

the mice with Cre expression results in the deletion of Tgfβr2.  

 

LSL-Rosa26Tgfβ1/+. This is a knock-in mouse strain developed in the lab of Prof. Dieter Saur. 

The Tgfβ1 cDNA is silenced by the LSL cassette and can be activated by Cre recombinase. 

LSL-Rosa26Tgfβ1/+ is a knock-in construct at the Rosa26 locus. 

 

Smad4lox/+ (Bardeesy et al., 2006). RRID: IMSR_JAX:017462. The exons 8 and 9 are 

flanked by two loxP sites in the endogenous Smad4 locus. Interbreeding this mouse strain 

with the mouse strain expressing Cre recombinase leads to the deletion of Smad4. 

 

Pdk1L155E/+ (Bayascas et al., 2008). RRID: MGI:5759390. This knock-in mouse line carries a 

missense point mutation L155E introduced in the exon 4 of the endogenous Pdk1 locus. A 
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minigene cassette consists of the exons 3 to 14 of Pdk1 and is inserted in front of exon4, 

which is flanked by two loxP sites. The removal of the minigene by the Cre recombinase 

results in the Pdk1L155E expression. 

 

Tnc-/+ (Forsberg et al., 1996). RRID: MGI:6287937. The exon 2 of Tnc is replaced by the 

neomycin cassette, which leads to the silence of the Tnc gene.  

 

Hnf4αlox/+ (Hayhurst et al., 2001). RRID: MGI:3653182. The exons 4 and 5 of Hnf4α gene are 

flanked by two loxP sites in this mouse strain. Interbreeding this mouse strain with the mouse 

strain expressing Cre recombinase result in the deletion of Hnf4α gene. 

 

 

5.1.2 Mouse nomenclature 

Mouse genotypes were abbreviated as listed in Table 18 to improve readability of this thesis. 

Table 18. Nomenclature of mouse strains.  

Complete genotypes Abbreviation 

Pdx1-Flp;FSF-KrasG12D/+ 

PK Pdx1-Cre;LSL-KrasG12D/+ 

Ptf1acre/+;LSL-KrasG12D/+ 

Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+ 

PKP_HET 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+ 

Ptf1acre/+;LSL-KrasG12D/+;Trp53lox/+ 

Ptf1acre/+;LSL-KrasG12D/+;Trp53R172H/+ 

Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt 

PKP_HOM 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox 

Ptf1acre/+;LSL-KrasG12D/+;Trp53lox/lox 

Ptf1acre/+;LSL-KrasG12D/+; Trp53R172H/R172H 

Ptf1acre/+;LSL-KrasG12D/+;Cdkn2alox/+ PKC_HET 

Ptf1acre/+;LSL-KrasG12D/+;Cdkn2alox/lox PKC_HOM 

Ptf1acre/+;LSL-KrasG12D/+;LSL-ROSA26Snail/+ PKS 

Ptf1acre/+;LSL-KrasG12D/+;LSL-ROSA26Snail/+; 
Cdkn2alox/+ PKS_C _HET 

Ptf1acre/+;LSL-KrasG12D/+;LSL-ROSA26Snail/+; 
Trp53lox/+ 

PKS _P _HET 

Ptf1acre/+;LSL-KrasG12D/+;Tgfβr2lox/+ PKT_HET 

Ptf1acre/+;LSL-KrasG12D/+;Tgfβr2lox/lox PKT_HOM 

Ptf1acre/+;LSL-KrasG12D/+;Tgfβr2lox/lox;Tp53lox/+ PKT_HOM_P_HET 

Pdx1-Flp;FSF-KrasG12D/+; FSF-Rosa26CAG-

CreERT2/+; Ink4α*/+;Smad4lox/lox;Tp53lox/+ 
PKP_HET_C_HET_Smad4_HOM 
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Ptf1acre/+;LSL-KrasG12D/+; Pdk1lox/+; Pdk1L155E/+ PKPdklox/L155E 

Pdx1-Cre;LSL-PIK3CAH1047R/+ 
PPI3K 

Ptf1acre/+;LSL-PIK3CAH1047R/+ 

Ptf1acre/+;LSL-PIK3CAH1047R/+; Trp53lox/+ PPI3KP_HET 

Ptf1acre/+;LSL-PIK3CAH1047R/+; Trp53lox/lox PPI3KP_HOM 

 

5.1.3 Genotyping 

A small piece of the ear, about 1mm, was taken from a 2-3 weeks old mouse. Each mouse 

was numbered by the explicit earmarks. Genomic DNA was isolated as described in 5.4.1.  

 

5.1.4 Mouse dissection  

The mouse was euthanatized by isoflurane inhalation and cervical dislocation before the 

dissection. After fixiation and disinfection, the abdomen of the mouse was cut open and the 

dissection of the mouse was performed in sterile conditions. The tissue samples taken from 

pancreas were homogenized with RLT buffer containing 2-mercaptoethanol (1:100) for RNA 

isolation. IP buffer supplemented with phosphatase inhibitor and proteinase inhibitor was 

used for the isolation of protein. A piece of pancreatic sample was snap-frozen for the 

subsequent isolation of DNA. All these samples were snap-frozen and stored at -80 °C. The 

weight and the size of the pancreas were measured. 4% Roti® Histofix was used to fix the 

organs, including pancreas, liver, lung, spleen and heart, for the subsequent analysis. 

 

5.2 Histopathological analysis 

 

5.2.1 Sections of the paraffin embedded tissues 

The tissue samples were fixed in 4% Roti® Histofix for 24 hours (h). Afterwards, the tissue 

samples were dehydrated in the tissue processor ASP300.  Paraffin was used to embed the 

samples and the tissue blocks were stored at room temperature (RT). For the subsequent 

stainings, the serial sections were cut at a thickness of 2.5-3 µm in the Microm HM355S.  

 
 
5.2.2 Hematoxylin and eosin (H&E) staining of the paraffin sections 

The wax of the tissue sections was dissolved by the incubation of the section two times for 5 

min each time in Roti® Histol. Rehydration was performed by passing through a series of 

ethanol (EtOH) solutions: two times of 99% EtOH for 3 minute (min) each, two times of 96% 

EtOH for 3 min each and two times of 80% EtOH for 3 min each. Afterwards, the slide was 

rinsed in distilled water. Then, the slide was stained in hematoxylin for 5 second (s) for 

nuclear staining and subsequently was blued by being rinsed in tap water for about 5 min. 
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Afterwards, the section was placed in eosin solution for 20 s and rinsed in distilled water. 

Slides then were passed through an ascending series of EtOH solutions (two times of 80% 

EtOH for 3 min each, two times of 96% EtOH for 3 min each and two times of 99% EtOH for 

3 min each) to remove water and were incubated two times for 5 min each in Roti® Histol 

before being covered by CytosealTM XYL mounting medium. 

 

5.2.3 Immunohistochemistry (IHC) of the paraffin sections 

The slides of paraffin-embedded pancreatic tissue went through the paraffin removal and 

rehydration steps as described in 5.2.2. The slides were heated in a citric acid-based antigen 

unmasking solution in a microwave oven at 360 W for 10 min for antigen retrieval. 

Afterwards, the slides were cooled down in the citrate buffer at RT for 20 min and were 

rinsed three times in water. To block the activity of endogenous peroxidase, the slides were 

incubated in 3% H2O2 in the dark for 15 min. Then, the sections were rinsed in PBS. Next, 

they were blocked in 3-5% serum/Avidin/PBS for 1h at RT to prevent nonspecific background 

staining. PBS was used to wash the slides three times before the incubation of the first 

antibody which was diluted in 3-5 % serum/Biotin/PBS and the slides were incubated in the 

first antibody solution overnight at 4 °C. Afterwards, the sections were washed three times in 

PBS and were incubated in the biotinylated secondary antibody diluted 1:500 in 3-5 % 

serum/PBS solution for 1 h at RT. Then, the sections were rinsed three times in PBS. The 

Vectastain® elite ABC kit and the DAB peroxidase substrate kit were used for the detection 

according to the protocol provided by the manufacturer. The slides went through the 

counterstaining with hematoxylin and dehydration and were covered with the mounting 

medium as described in 5.2.2. 

 

5.2.4 Analysis of the histopathological sections 

Sections were scaned using the Leica Aperio AT2 scanner for the documentation. The 

representative images are shown in the results. The pathologist, PD Dr. med. Moritz 

Jesinghaus (Klinikum rechts der Isar, Technical University of Munich, DE), evaluated the 

pathological features of the pancreatic tumor tissues, including the tumor grades, mitosis and 

stromal contents and lymphocytes. Dr. med. vet. Katja Steiger (Klinikum rechts der Isar, 

Technical University of Munich, DE) also gave her advice on the evaluation.  

5.3 Cell culture  

 

5.3.1 Generation and culture of mouse primary cancer cell lines 

The cancer cells from the PDAC mice were isolated in sterile conditions. A piece of the 

pancreatic tumor was taken and washed with sterile PBS. The tumor tissue was minced with 
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a scalpel in a biological safety cabinet and digested by collagenase type 2 in 5 mL cancer 

cell medium at 37 °C for 24-48 h. The tumor cells was spun down at 1200 rpm for 5 min. The 

medium was discarded. Then the cells were suspended in 5 mL cancer cell medium and 

transferred to the culture flask and incubated in the culture condition of 37 °C and 5% CO2. 

To passage the tumor cells, the cancer cell medium was discarded, and the cancer cells 

were rinsed in PBS. The cancer cells were incubated with trypsin/EDTA in the cell culture 

incubator until the cells were detached from the culture flask. Then the culture medium was 

used to stop the trypsinization. Thereafter, the cells were ready for seeding. The number of 

the cells was counted with a hemacytometer.  

The cryopreservation of the primary tumor cells was perfomed as follows. The tumor cells 

were suspended in the fresh cancer cell medium after the trypsinization and spun down at 

1200 revolutions per minute (rpm) for 5 min. The cells were resuspended in the pre-cooled 

freezing medium. The aliquots of cell suspension were dispensed into CryoPure. Then the 

cells were frozen at -80 °C for 24 h. After 24h, the CryoPure tubes were transferred and 

stored in liquid nitrogen. 

 

5.3.2 Treatment of 4-hydroxytamoxifen (4-OHT)  

Primary cancer cells were treated with 600 nM 4-hydroxytamoxifen (4-OHT) for 2, 4, 6 and 8 

days to activate CreERT2 which mediates the deletion of loxP-flanked sequences in the in 

vitro expriments. The EtOH treated cells were considered as the control group. Afterwards, 

cells were harvested or seeded for the further analysis. 

 

5.3.3 Retrovirus production 

The GryphonTM Eco Packaging cell line is the engineered HEK293T cells with the expression 

of gag, pol and envelope proteins which are critical for retrovirus production. The Effectene® 

transfection reagent was used to transfect the GryphonTM Eco cells. 1-5 x 106 GryphonTM Eco 

cells were seeded in a 10-cm dish. When the cells were 60-80% confluent, they were 

transfected with the shRNA vectors. 3 µg of the plasmid was diluted with EC buffer to 300 µL. 

48 µL enhancer then was added.  The solution was vortexed and incubated for 2 min. Then, 

30 µL Effectene® reagent was added to the DNA-enhancer solution and the solution was 

vortexed for 10 s. After 10 min incubation, the formed transfection complexes and the fresh 

medium were mixed, and the mixture was added dropwise onto the cells. 48 h post-

transfection, retrovirus in the medium was harvested and 10 mL fresh medium was added to 

the cells. After 24 h, retrovirus was harvested again. The viral supernatant went through a 

0.45 µm filter and then stored in a storage tube.  
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5.3.4 Retroviral transduction 

1 x 105 of the cancer cells per well were seeded in a 12-well plate. The transduction was 

performed the next day. For retroviral transduction, the fresh medium was added to replace 

the old medium. 8 µg/mL polybrene and 1 mL of the filtrated virus supernatant were added to 

each well. 48 h later, the selection of transduced cells was performed by using appropriate 

antibiotics. 

 

5.3.5 Embryonic stem (ES) cell culture 

Culture and cryopreservation. Mouse embryonic fibroblasts (MEFs) were used for the ES 

cell culture. They are mitotically inactivated by irradiation in 34 gray and G418 resistant. A 10 

cm dish was coated by gelatine. MEFs were seeded in the MEF medium on the dish the day 

before ES cells were seeded. W4/129S6 ES cells were cultured on a monolayer of MEFs in 

the ES cell medium. The passaging of the ES cells was performed regularly to prevent the 

differentiation. For cryopreservation, the ES cells were trypsinized and harvested. 

Afterwards, the cells were spun down at the speed of 1200 rpm for 5 min at RT. Meanwhile, 

ES cell medium containing 10% DMSO as the freezing medium was prepared and stored at 

4 °C. The cells were resuspended in the freezing medium. The aliquots of cell suspension 

were dispensed into CryoPure vials, transferred to a pre-cooled Mr. FrostyTM container 

containing 2-propanol and stored at -80°C for 24 h. The cells were then transferred to liquid 

nitrogen. 

ES cell targeting, selection and screening. 1 x 107 ES cells were suspended in 750 µl ice-

cold PBS and mixed with 25 µg of the linearized targeting construct. The mixture was put into 

a pre-cooled electroporation cuvette. The Gene Pulser® II was used for electroporation in the 

condition of 250 V and 500 µF. Immediately after the electroporation, 50 mL of the 

prewarmed fresh ES cell medium was added to the cells. Then the cells and the medium 

were transferred to the dish with MEFs. The ES cells without electroporation were cultured in 

a 6-well plate with MEFs as control. 20 h later, the selective medium, which contains 

Geneticin® at the concentration of 250 µg/mL, was used to select the ES cell clones with the 

targeted construct which contains the neomycin cassette providing the resistant capability of 

Geneticin®. The selective ES medium was used for 7 days and changed daily. ES clones 

were picked and transferred to the wells in 24-well plates with MEFs for further culturing and 

96-well plates for collecting cells for DNA extraction and identification of the positive clones. 

The procedure of passaging and cryopreservation of the positive ES clones is shown in 

Figure 1.  

PCR Testing for mycoplasma contamination. The targeted ES cells with the targeting 

construct were cultured to 100% confluency in the medium without antibotics for the test of 
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mycoplasma contamination. The PCR test was performed according to the protocol of the 

Venor® GeM kit (Minerva biolabs). 

 

 

Figure 1.  The procedure of passaging and cryopreservation of ES positive clones 

 

5.4 Molecular biology  

 

5.4.1 Genomic DNA isolation 

50-150µL of Soriano lysis buffer was added to a tissue sample or a cell pellet for the isolation 

of genomic DNA. The mixture was incubated for lysis at 55 °C for 1.5 h. Proteinase K was 

inactivated at 95 °C for 15 min. Afterwards, the sample was vortexed and centrifuged to 

separate the supernatant at the speed of 14000 rpm for 10 min at 4 °C. The supernatant was 

stored at -20 °C. 

 

5.4.2 Polymerase chain reaction (PCR) 

PCR. Standard PCR is performed for screening and genotyping (Mullis et al., 1986). Table 

19 shows the PCR reaction setup and condition. The amounts of the primers for each PCR 

reaction were optimized. The products of PCR reactions were stored at -20 °C further 

analysis. 

 

Table 19. Reaction components and conditions for standard PCR. 

Reaction Mix Reaction Conditions 

12.5 μL REDTaq® ReadyMix™ 95 °C 3 min  

0.25–2 μL forward primer (10 μM) 95 °C 45 s 

40x 0.25–2 μL reverse primer (10 μM) 55 °C–72 °C 60 s 

1.5 µL DNA 72 °C 90 s 
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ad 25 µL distilled water 25 °C hold  

 

Genotyping and recombination PCR. The isolated genomic DNA was used for PCR to 

determine the genotype of the animal. For each allele, specific primers were used as shown 

in Table 9. Table 20 indicates the temperatures of annealing and the sizes of PCR products. 

The genomic DNA was used as templates for the recombination PCR reactions to check the 

recombination of the loxP or frt flanked sequences. 

 
Table 20. Annealing temperatures and the sizes of PCR products of genotyping and 
recombination PCRs.  
WT: wild type allele; Mut: mutated allele; rec: mutated allele after the recombination of the two loxP/frt cassettes 

PCR name Annealing temperature PCR products (bp) 

Pdx1-Flp 55 °C 620 (mut) / 300 (internal control) 

Pdx-cre 64°C 674 (mut) / 202 (WT) 

FSF-KrasG12D 55 °C 350 (mut) / 270 (WT) 

FSF-KrasG12D recombination  60 °C 196 (rec) 

FSF 60 °C 600 (mut) 

CreERT2 55 °C 190 (mut) 

R26-CAG 62 °C 450 (mut) / 650 (WT) 

FSF recombination 60 °C 490 (rec) 

Pdk1lox 63 °C 280 (mut) / 200 (WT) 

Pdk1lox recombination 63 °C 250 (rec) / 380 (mut) / 350 (WT) 

Pdk1L155E 63 °C 212 (mut) / 171 (WT) 

Trp53frt 57 °C 292 (mut) / 258 (WT) 

Trp53lox 64 °C 370 (mut) / 288 (WT) 

Ptf1aCre 60 °C 400 (mut) / 600 (WT) 

LSL-KrasG12D 55 °C 170 (mut) / 270 (WT) 

R26-PIK3CAH1047R 62 °C 400 (mut) / 600 (WT) 

PIK3CAH1047R 64 °C 630 (mut) 

LSL-Trp53R172H 60 °C 270 (mut) / 570 (WT) 

Renilla 61 °C 600 bp (mut) 

Rosa26mT-mG 60 °C 450 (mut) / 650(WT) 

Rosa26mT-mG recombination 62 °C 852 (mut) / 1023 (rec) 

 

PCR for screening embryonic stem cell clones. The genomic DNA isolated from the ES 

cells was used for screening PCR to find the clones with the correct homologous 

recombination of the targeting constructs. The ES clones with the targeted construct have a 

PCR product of 3933 bp. The genomic DNA was also used for the PCR to check the 

presence of the distal loxP site. The product of this PCR is 803 bp. The PCR setups and 

conditions of the two PCRs are shown in Tables 21 and 22. 
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Table 21. PCR to identify the positive ES clones.  

Reaction Mix Conditions 

11 μL 5x Q-solution 95 °C 3 min  

2 μL 
Primer: pGL3-pA-pause-
4645-UP (10 μM) 

95 °C 40 s 

40x 2 μL 
Primer: ESkras-co-LP1 (10 
μM) 

63 °C 45 s 

5 µL 10x PCR buffer 65 °C 
4min + 3 sec 
each cycle 

2 µL dNTP mix, 10 mM each 65 °C 10 min  

0.35 µL HotStar Taq polymerase 25°C hold  

2 µl DNA 
 

ad 50 µl distilled water 

 
Table 22. PCR for the distal loxP in ES clones.  

Reaction Mix Conditions 

12.5 μL REDTaq® ReadyMix™ 95 °C 3 min  

1 μL 
Primer: lox-bgl-UP1 (10 
μM) 

95 °C 45 s 

40x 
1 μL Primer: lox-bgl-LP1 (10 μM) 58 °C 60 s 

1.5 µL DNA 72 °C 90 s 

ad 25 µL distilled water 25 °C hold  

 

5.4.3 Agarose gel electrophoresis of PCR products 

1x TAE buffer was used for the preparation of agarose gels and as well as for the 

preparation of the running buffer for the gel electrophoresis. 1%-2% agarose gels were 

prepared depending on the band sizes. The mixture of agarose and 1x TAE buffer was 

boiled, and the ethidium bromide was added to the gel before polymerization. The samples 

with DNA fragments were loaded into the gel wells and the gel was runed at 120 V. DNA 

fragments in the samples were visualized with UV light. 

 

5.4.4 Quantitative real time PCR (qRT-PCR) 

The design of the primers. The primers and the TaqMan probes with dye labels for qRT-

PCR were generated by using the online Primer-Blast (www.ncbi.nlm.nih.gov/tools/primer-

blast) with DNA sequence acquired at www.ensembl.org. The amplicons were about 150bp. 

qRT-PCR. The StepOnePlus™ real time PCR system was used for qRT-PCR reactions. The 

ABsolute qPCR ROX Mix was used in the 25 µL reaction. β-actin was chosen as the internal 

reference. 400 nM of the primers of neo and β-actin was used. 200 nM of the TaqMan 

probes was added to the reaction mixture. 1 μL genomic DNA was added. 2-ΔΔCt method 

was employed for the subsequent analysis. 

http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ensembl.org/
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2-ΔΔCt method. The primers with the 1.8 to 2.2 efficiency were used for the qRT-PCR and  

the 2-ΔΔCt method analysis (Pfaffl, 2001). The 2-ΔΔCt calculation is shown below: 

Ct [gene of interest] − Ct [control] = ΔCt 

ΔCt [treated sample] – ΔCt [reference sample] = ΔΔ Ct 

2-ΔΔCt was used for futher data analysis. 

5.4.8 RNA sequencing 

In collaboration with Prof. Roland Rad’s lab (Klinikum rechts der Isar, Technical University of 

Munich, DE), RNA-Seq of the pancreatic tumor tissues from the tumor mice was performed 

to identify the molecular signatures and important signaling pathways. The tissue samples 

were harvested as described in 5.1.4. RNA isolation was performed by using QIAshredder 

columns and the RNeasy mini kit. The contamination of DNA was eliminated by DNase 

digestion. The concentration of RNA was determined by Qubit® 2.0 Fluorometer and the 

isolated RNA was immediately stored at -80 °C. A 1% agarose gel was used to check the 

quality of the isolated RNA. The samples with intact RNAs show two bands, which are the 

28S and 18S ribosomal RNA (rRNA) respectively. 2 µg of the intact sample was processed 

for Illumina sequencing with the TruSeq® Stranded mRNA Sample Preparation Kit with 

Agencourt AMPure XP Beads and SuperScript II as reverse transcriptase. The strands of 

cDNA were synthesized before adaptor ligation. Afterwards, cDNAs with adaptors were 

enriched by PCR. The cDNA was loaded in a gel to check the integrity. Then the primers for 

the barcodes and the cDNA were put together. qRT-PCR and the Qubit® dsDNA BR Assay 

Kit on a Qubit® 2.0 fluorometer were used for the quantity. The samples with higher quality 

had bands with sizes between 200 to 500 bp and then were pooled in equimolar 

concentrations. Afterwards, the samples were used for sequencing with a single read of 50 

bp on the Illumina HiSeq1500 platform. The bioinformatic analyses were carried out using R 

version 3.1.2 and Bioconductor version 3.0 (Gentleman et al., 2004) by Thomas Engleitner 

and Fabio Boniolo.  

The mouse analogues of the molecular signature of the classical subtype (Moffitt et al., 2015) 

were used for the study of the correlation between the classical subtype and the tumor 

grades. The scores were calculated, ploted and compared in the bloxplot against the tumor 

grades. The DESeq2 package (Love et al., 2014) was applied on the variance stabilized 

transcriptomic profiling data to highlight the possible variation related to different tumor 

grades. For differential expression analysis, log-CPM (log counts per million) values from the 

multidimensional scaling (MDS) plot were used to calculate and visualize the expression 

patterns of the tumor tissue samples.  Log2 fold change >1 or < -1 was used for the cutoff 

value for the differential expression analysis. For gene set enrichment analysis (GSEA), a 
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gene set is significantly enriched when NOM p-value and FDR q-value are less than 0.05. 

The package for immune cell deconvolution (Sturm et al., 2020) was used to deconvolute the 

transcriptomic profiling data after normalization. The cibersort (absolute mode) method was 

employed to retrieve immune scores, which allows the comparison between samples.  

5.5 Protein biochemistry 

 

5.5.1 The extraction of proteins 

The cancer cells were harvested when they were about 80% confluent in a 10 cm dish. The 

cancer cell medium was discarded, and cells were rinsed three times in PBS. 150 µL of pre-

cooled IP lysis buffer containing inhibitors of protease and phosphatase was added to the 10-

cm dish. A cell scraper was used to harvest the cells in a tube and the lysate was snap 

frozen in liquid nitrogen. The tube was transferred and stored at -80 °C. To measure the 

protein concentration, the lysate was spun down at the speed of 13200 rpm for 20 min at 4°C 

and the supernatant was used to determine the protein concentration. 

 

5.5.2 Determination of protein concentration 

The Bradford assay was used to measure the protein concentration (Bradford, 1976). The 

Bradford reagent was diluted 1:5 in water and 300 µL of the diluted reagent was transferred 

to one well in a 96-well plate. Afterwards, 1 µL of the sample was added and mixed with the 

diluted Bradford reagent. The solution was incubated for 10 min at RT and the microplate 

reader ClarioStar MARS was used to measure the absorbance values of the protein 

solutions. The concentration of the proteins in the sample was determined by using serial 

concentrations of BSA solutions as reference. All the samples were performed in triplicates. 

The protein loading buffer and IP buffer were used to adjust the protein concentrations of the 

samples to the same level. Then the laemmli buffer was added to the lysate by 1:5 (Laemmli, 

1970). Proteins were denatured by the incubation of the sample at 95 °C for 5 min and, 

afterwards, stored at -20 °C. 

 

5.5.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

The SDS-PAGE (Laemmli, 1970) was performed to separate proteins based on their 

molecular weight. At first, the 10% or 12% separating gel was prepared by mixing the 

reagents as shown in Table 23. Afterwards, the gel was poured into a gel cassette and 

overlaid with 2-propanol to an additional height of 0.5 cm to prevent the air contact. The gel 

was left at RT for polymerization for 20 min. Afterwards, the stacking gel mixture was 

prepared and poured, and a comb was inserted. After the stacking gel polymerized, the 

comb was removed, and 80-120 µg protein of the samples and the molecular wight marker 
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was loaded in the well of the SDS polyacrylamide gel. First, electrophoresis was performed 

at 80 V for about 45 min in the stacking gel for protein concentration and then the gel was 

run at 120 V for about 1 h to separate the proteins. 

 

5.5.4 Immunoblot 

Following the SDS-PAGE, the proteins were transferred onto the NC blotting membrane. 

Then, the membrane was incubated in the blocking solution (5% BSA) at RT for 1 h to 

prevent unspecific antibody binding. Thereafter, the membrane was incubated in the solution 

containing the primary antibody against the protein of interest at 4 °C over night. The 

concentration of the primary antibody in the solution depends on the binding efficiency. The 

membrane was rinsed three times with the PBS-Tween solution and then incubated with the 

secondary antibody which was diluted in 5% BSA solution for 1 h at RT in the dark. 

Afterwards, the blotted membrane was rinsed three times with the PBS-Tween solution. The 

membrane was scanned at the wavelength of 700 nm or 800 nm in the Odyssey® Fc 

Imaging System from LI-COR Biosciences.  

 
Table 23. Recipe of SDS polyacrylamide gels. 

Compounds 10% separating gel  12% separating gel Stacking gel 

H2O 6150 µL 5100 µL 4500 µL 

Separating gel buffer 3900 µL 3900 µL - 

Stacking gel buffer - - 1950 µL 

Rotiphorese® gel 30 4950 µL 6000 µL 1125 µL 

10% SDS 150 µL 150 µL 75 µL 

10% APS 75 µL 75 µL 37.5 µL 

TEMED 22.5 µL 22.5 µL 15 µL 

 

5.6 Statistical analysis 

 
GraphPad Prism 8 was used for graphical depiction, data correlation and statistical analysis. 

Data was presented as mean values ± standard error of mean (SEM). Kaplan-Meier and Log 

rank test were used for statistical analysis of survival curves. Student's t test was used to 

calculate the statistical difference in the study of immune cell populations and the ADM and 

PanIN-1A lesions. A one-way analysis of variance (ANOVA) test was employed to analyze 

the statistical difference in the analysis of the mitotic activity, stromal content and 

lymphocytes in the tumors with different grades. The p-values are shown in the figures of the 

present study and p < 0.05 was considered to be statistically significant. Bonferroni-adjusted 

significance level was reported if more than one statistical test was performed on a single 
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data set. A nominal p-value was used for the analysis of the statistical significance for RNA 

sequencing analysis. Considering multiple testing affects the statistical significance, the 

probability of a false-positive result was estimated by the FDR. The significance level was set 

as p < 0.05 and FDR q < 0.05. 
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6 Results 

 
Since the generation of KrasG12D mouse model, which allowed the mutant Kras expression 

from the endogenous locus, our group has established a variety of new GEMMs of PDAC by 

taking advantage of the Cre/loxP and Flp/frt systems. To provide basic insights into 

pancreatic cancer, we analyzed the tumor mice harboring modified alleles of genes which 

are associated with PDAC, such as Cdkn2a, Trp53 and Snail. Figure 2 shows the 

representatives of the modified alleles used in this thesis.  

 

 

Figure 2. Modified alleles of the genes in PDAC mouse models.  
(A) Pdx1-Flp;FSF-KrasG12D/+.Pdx1-Flp removes the frt-stop-frt (FSF) cassette and activates the 
expression of KrasG12D.  
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(B) Pdx1-Cre;LSL-KrasG12D/+. Pdx1-Cre leads to the removal of the loxP-stop-loxP (LSL) cassette and 
activation of KrasG12D expression.  
(C) Ptf1aCre/+;LSL-KrasG12D/+. Ptf1a-Cre deletes the LSL and activates the expression of KrasG12D. 
(D) Pdx1-Cre;LSL-Pik3caH1047R/+. Pdx1-Cre results in the removal of the LSL cassette and activates 
the expression of Pik3caH1047R. 
(E) Ptf1aCre/+;LSL-Pik3caH1047R/+. Ptf1a-Cre removes the LSL cassette and activates the expression of 
Pik3caH1047R. 
(F) LSL-Rosa26Snail. The construct consisting of LSL cassette and the cDNA of mouse Snail gene is 
inserted into the Rosa26 locus. The overexpression of Snail is mediated by Cre recombinase.  
(G) Trp53lox. The exons 2 to 10 of the endogenous Trp53 are flanked by two loxP cassettes. The 
conditional inactivation of Trp53 is mediated by Cre recombinase.   
(H) Trp53frt. The exons 2 to 6 of the endogenous Trp53 are flanked by two frt cassettes. The 
expression of the Flp recombinase leads to the inactivation of Trp53.  
(I) LSL-Trp53R172H. LSL-Trp53R172H introduces R127H mutation in the exon 5 at the endogenous Trp53 
locus. The removal of the LSL cassette results in the expression of mutated Trp53.  
(J) Cdkn2alox. The exons 2 and 3 of Cdkn2a gene are flanked by two loxP sites. Cre expression leads 
to the deletion of both p16Ink4a and p19Arf.  
(K) Tgfβr2lox. The exon 2 at the endogenous Tgfβr2 locus is flanked by two loxP sites. Cre expression 
results in the deletion of Tgfβr2.   
(L) LSL-Rosa26Tgfβ1. LSL-Rosa26Tgfβ1/+ is a knock-in construct at the Rosa26 locus. The Tgfβ1 cDNA 
is silenced by the LSL cassette and can be activated by Cre recombinase.   
(M) Smad4lox. The exons 8 and 9 are flanked by two loxP sites in the endogenous Smad4 locus. Cre 
recombinase leads to the deletion of Smad4.  
(N) Pdk1lox. The exons 3 and 4 of the endogenous Pdk1 locus are flanked by two loxP sites. The 
expression of Cre recombinase leads to the inactivation of Pdk1.  
(O) Pdk1L155E. The L155E mutation is introduced in the exon 4 of the endogenous Pdk1 locus. A 
minigene cassette consists of the exons 3 to 14 of Pdk1 and it is in front of exon4, which is flanked by 
two loxP sites. The removal of the minigene by the Cre recombinase results in the Pdk1L155E 
expression. Arrows indicate the annealing sites of the primers for genotyping. All these mouse models 
were generated, bred and analyzed by all the members in the lab of Prof. Dieter Saur. 
 

 

6.1 The genotypes of these mouse models influence the life spans of the mice.  

Trp53 is known as tumor suppressor gene. In PDAC mouse models, the mice with a Trp53 

deletion have significantly shorter survival time compared with those PK mice, including 

Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+ and Ptf1aCre/+;LSL-KrasG12D/+ mice (Figure 

3A). The deletion of both Trp53 alleles shortens the survivial time of the PK dramatically, with 

the median survival time of 67 days (Figure 3A). About 80% to 95% of sporadic PDAC 

patients harbor CDKN2A inactivation (Hustinx et al., 2005; Rozenblum et al., 1997). In 

addition to the Kras mutation, loss of Cdkn2a function leads to shorter life spans of PK mice. 

The survival time of the mice with homozygous deletion of Cdkn2a is significantly reduced 

(61.5 days vs 440 days, Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/lox (PKC_HOM) vs PK, 

****p<0.0001). It has been proved that Snail is a transcription factor involved in EMT and 

metabolic reprogramming (Liu et al., 2019). In PDAC mouse models, Snail overexpression 

accelerates PDAC progression (Figure 3C). Heterozygous Trp53 deletion can shorten the 

survival time of Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+ (PKS) mice (91 days vs 190 days, 

Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+ (PKS_P_HET) vs PKS, ****p<0.0001), 

and loss of Cdkn2a function also makes the life span of PKS mice shorter (123 days vs 190 
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days, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+; Cdkn2alox/+ (PKS_C_HET) vs PKS, 

****p<0.0001) (Figure 3C). The TGF-β signaling pathway is important for PDAC progression. 

TGF-β inactivation occurs to about 55% of PDAC patients and the type II TGF-β receptor 

(TGFβR2) gene has been shown to be altered in a smaller subset of patients. Pancreas-

specific Tgfbr2 knockout mice in the context of mutant KrasG12D expression show shorter 

survival time compared with those only with pancreas-specific KrasG12D mutation (Figure 3D). 

In the context of pancreas specific KrasG12D mutation expression and heterozygous Trp53 

deletion, Snail overexpression and Tgfbr2 deletion result in rapid progression of PDAC with a 

median survival of 3 months and 1.5 months respectively (Figure 3E). A previous study has 

shown that PI3K and 3-phosphoinositide-dependent protein kinase 1 (Pdk1) are key effectors 

of oncogenic Kras in the progression of PDAC and Pdk1 inactivation blocks PanIN formation 

and PDAC initiation (Eser et al., 2013). Pdk1 deletion and Pdk1L155E mutation extend overall 

survival and the median survival of the mouse model is 496 days (Figure 3F). Aberrations in 

PI3K signaling pathway have a critical role in the progression of numerous cancers. PIK3CA 

mutations lead to an active PI3K and are present in about 3% to 5% of pancreatic cancer 

patients (Janku et al., 2013; Weiss et al., 2013). The mouse model with pancreas-specific 

Pik3ca mutation expression has shown the development of pancreatic tumor masses, which 

are often associated with large cystic structures (Payne et al., 2015). In this study, the mice 

with pancreas-specific Pik3ca mutation developed pancreatic tumors and the median survival 

time is 372 days (Figure 3G). Trp53 deletion significantly reduces the survival time of the 

PDAC mice with Pik3ca mutation (Figure 3G). There is no significant difference of the 

survival time between oncogenic Kras and Pik3ca cohorts (Figure 3H).  

6.2 Different mouse models present distinctive metastatic patterns of PDAC.  

 

A high metastatic propensity is one of the challenges that underlie the high mortality of 

PDAC. Over 90% of the PDAC patients have developed metastatic disease (Siegel et al., 

2020). Metastasis is an important parameter of the cancer staging system which is useful for 

prognosis and treatment options in clinical practice. The majority of PDAC metastases are 

detected in the liver, peritoneum, abdominal lymph nodes and lungs. Approximately 76% to 

94% of the PDAC patients have liver metastasis. 41% to 56% of the patients develop 

peritoneum metastasis.  The metastases in abdominal lymph nodes and lungs account for 

about 41% and 45% to 48% of the patients respectively (Haeno et al., 2012; Yachida et al., 

2012). The peritoneal spread of disease of PDAC leads to ascites accumulation and  
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Figure 3. Kaplan-Meier survival analysis of indicated genotypes. 
(A) Kaplan-Meier survival analysis of PK, PKP_HET and PKP_HOM. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-
KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+; 
Trp53R172H/R172H mice.  
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(B) Kaplan-Meier survival analysis of PK, PKC_HET and PKC_HOM. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKC_HET (n=14): Ptf1aCre/+;LSL-
KrasG12D/+;Cdkn2alox/+ mice. PKC_HOM (n=20): Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/lox mice. 
(C) Kaplan-Meier survival analysis of PK, PKS, PKS_C_HET and PKS_P_HET. PK (n=75): Pdx1-
Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKS (n=57): 
Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+ mice. PKS_C_HET (n=30): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Cdkn2alox/+ mice. PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Trp53lox/+ mice. 
(D) Kaplan-Meier survival analysis of PK, PKT_HET, PKT_HOM and PKT_HOM_P_HET. PK (n=75): 
Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKT_HET (n=5): 
Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+ mice. PKT_HOM (n=12): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox mice. 
PKT_HOM_P_HET (n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox; Trp53lox/+ mice. 
(E) Kaplan-Meier survival analysis of PKP_HET, PKS_P_HET, PKT_HOM_P_HET and 
PKP_HET_Smad4_HOM.  PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+ mice. PKT_HOM_P_HET 
(n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox; Trp53lox/+ mice. PKP_HET_Smad4_HOM (n=3): Pdx1-
Flp;FSF-KrasG12D/+; FSF-Rosa26CAG-CreERT2/+;Ink4α*/+;Smad4lox/lox;Trp53lox/+ mice.  
(F) Kaplan-Meier survival analysis of PK and PKPdk1lox/L155E. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, 
Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKPdk1lox/L155E (n=3): Ptf1aCre/+;LSL-
KrasG12D/+; Pdk1lox/+; Pdk1L155E/+ mice. 
(G) Kaplan-Meier survival analysis of PPI3K, PPI3KP_HET and PPI3KP_HOM. PPI3K (n=9):  Pdx1-
Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice.  
(H) Kaplan-Meier survival analysis of PK, PKP_HET, PKP_HOM, PPI3K, PPI3KP_HET and 
PPI3KP_HOM. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-
KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/R172H mice. PPI3K (n=9): Pdx1-
Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice. 
****p<0.0001, log-rank test. All these mouse models were generated, bred and analyzed by all the 
members in the lab of Prof. Dieter Saur. 

 

 

 

 
approximately 50% of patients have acites accumulation (Adam and Adam, 2004; Hicks et 

al., 2016).  

The mice with Trp53 deletion show a similar rate of overt macroscopic metastasis as the PK 

cohort (Figure 4A). The mice with loss of Cdkn2a function tend to have higher risk of 

metastasis formation. The PK mice with heterozygous and homozygous Cdkn2a show 

significantly higher percentages of metastasis than PK mice, 64.3% and 80% respectively 

(Figure 4B). It is worth mentioning that, compared with PK mice, the metastasis rate rises 

sharply, from 55% to 80%  
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Figure 4. The percentage of macroscopic metastases in the PDAC mouse models.  
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(A) The percentages of macroscopic metastases of PK, PKP_HET and PKP_HOM. PK (n=75): Pdx1-
Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKP_HET (n=120): Pdx1-
Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+; 
Trp53R172H/R172H mice.  
(B) The percentages of macroscopic metastases of PK, PKC_HET and PKC_HOM. PK (n=75): Pdx1-
Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKC_HET (n=14): 
Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/+ mice. PKC_HOM (n=20): Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/lox 
mice.  
(C) The percentages of macroscopic metastases of PK, PKS, PKS_C_HET and PKS_P_HET. PK 
(n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKS 
(n=57): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+ mice. PKS_C_HET (n=30): Ptf1aCre/+;LSL-
KrasG12D/+;LSL-Rosa26Snail/+;Cdkn2alox/+ mice. PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Trp53lox/+ mice. 
(D) The percentages of macroscopic metastases of PK, PKT_HET, PKT_HOM and 
PKT_HOM_P_HET. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-
KrasG12D/+ mice. PKT_HET (n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+ mice. PKT_HOM (n=12): 
Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox mice. PKT_HOM_P_HET (n=5): Ptf1aCre/+;LSL-
KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+ mice. 
(E) The percentages of macroscopic metastases of PKP_HET, PKS_P_HET, PKT_HOM_P_HET and 
PKP_HET_Smad4_HOM.  PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+ mice. PKT_HOM_P_HET 
(n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+ mice. PKP_HET_Smad4_HOM (n=3): Pdx1-
Flp;FSF-KrasG12D/+;FSF-Rosa26CAG-CreERT2/+; Ink4α*/+;Smad4lox/lox;Trp53lox/+ mice. 
(F) The percentages of macroscopic metastases of PK and PKPdk1lox/L155E. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKPdk1lox/L155E (n=3): 
Ptf1aCre/+;LSL-KrasG12D/+;Pdk1lox/+;Pdk1L155E/+ mice. 
(G) The percentages of macroscopic metastases of PPI3K, PPI3KP_HET and PPI3KP_HOM. PPI3K 
(n=9):  Pdx1-Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): 
Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/lox mice. 
(H) The percentages of macroscopic metastases of PK, PKP_HET, PKP_HOM, PPI3K, PPI3KP_HET 
and PPI3KP_HOM. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-
KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+; Trp53R172H/R172H mice. PPI3K (n=9): 
Pdx1-Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice. 
The percentage is calculated as follows: the number of mice with metastasis is divided by the total 
mouse number in the indicated cohort and multiplied by 100%. *p<0.05, *p<0.01, ****p<0.0001, 
Fisher’s exact test. All these mouse models were generated, bred and analyzed by all the members in 
the lab of Prof. Dieter Saur. 
 

 

when both alleles of Cdkn2a are deleted, while the mice with the deletion of a single allele 

show a mild increase of the percentage of metastasis from 55% to 64.3% (Figure 4B). The 

metastasis rates of the PK and PKS mouse models are comparable (Figure 4C). PKS mice 

with one single allele Cdkn2a deletion have a slightly higher metastasis rate, compared with 

PKS, while deletion of one allele of Trp53 significantly increases the rate (p<0.01) (Figure 

4C). The metastasis rate gradually decreases when one or two alleles of Tgfβr2 are deleted, 

but there is no sifinicant difference of the rate of overt macroscopic metastasis between the 

PK cohort and the PK mice with Tgfβr2 deletion (Figure 4D). In the context of pancreas-
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specific KrasG12D expression and homozygous Tgfβr2 deletion, heterozygous Trp53 deletion 

leads to a significant decrease of the metastatic rate (p<0.05) (Figure 4D). In the context of 

pancreas-specific KrasG12D expression and heterozygous Trp53 deletion, the mice with Snail 

overexpression show a significantly higher metastatic rate (p<0.01), while heterozygous 

Tgfβr2 knockout drastically decreases the metastasis rate (p<0.0001) (Figure 4E).  In 

addition to the deletion of one allele of Trp53, the mice with both Cdkn2a and Smad4 

deletion have a slightly higher metastasis rate (66.7%) compared with Pdx1-Flp;FSF-

KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+  

and Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ (PKP_HET) mice (65.1%) (Figure 4E). Pdk1 

deletion and Pdk1L155E mutation result in a lower rate of metastasis (p<0.05) (Figure 4F). In 

the context of the PDAC mice driven by Pik3caH1047R mutation, the mice with Trp53 deletion 

show a lower metastasis rate and the mice with the homozygous deletion of Trp53 exhibit a 

higher metastasis rate compared with those with deletion of a single allele of Trp53 

(p<0.0001) (Figure 4G). The metastasis rate of the tumor mice with Pik3caH1047R is higher 

than that of those driven by KrasG12D mutation (Figure 4H). The deletion of one allele of 

Trp53 leads to a significantly higher metastasis rate in mice with KrasG12D mutation than 

those with Pik3caH1047R mutation (p<0.01), while, in the context of the deletion of both Trp53 

alleles, the mice with Pik3caH1047R mutation exhibit a significantly higher metastasis rate than 

those with KrasG12D mutation (p<0.0001) (Figure 4H). 

The metastatic sites are also analyzed in these mouse models. The majority of the 

PKP_HET mice have ascites (Figure 5A). PK mice have the highest rates of liver and lung 

metastases, when compared with the mice with the heterozygous and homozygous deletions 

of Trp53 (Figure 5A). In the context of pancreas-specific KrasG12D mutation expression, 

complete loss of Cdkn2a function dramatically reduces the rate of the liver metastasis and 

these mice do not present peritoneal metastasis (Figure 5B). The rate of lung metastasis 

decreases sharply when one allele of Cdkn2a is deleted and further no lung metastasis is 

observed in the mice with homozygous deletion of Cdkn2a (Figure 5B). Ascites is 

predominant in PKS mice, while liver is the main metastastic site in PK mice (Figure 5C). The 

rates of liver, lymph nodes and lung in the PKS cohort are much lower than those of the PK 

cohort (Figure 5C). In the context of KrasG12D mutation expression and Snail overexpression, 

Cdkn2a deletion leads to an increase of the metastatic rates in all these five secondary 

organs (Figure 5C). Moreover, loss of Trp53 function causes a higher rate of ascites (Figure 

5C). Tgfβr2 deletion results in a higher percentage of ascites, while the percentage of ascites 

slightly decreases when the mice have both the homozygous Tgfβr2 deletion and the 

deletion of a single allele of Trp53 (Figure 5D). Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+ 
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(PKT_HET) and Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox (PKT_HOM) mice show lower  
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Figure 5. The analysis of metastatic sites in the PDAC mouse models.  
(A) The analysis of metastatic sites in PK, PKP_HET and PKP_HOM mice. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-
KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+; 
Trp53R172H/R172H mice.  
(B) The analysis of metastatic sites in PK, PKC_HET and PKC_HOM mice. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKC_HET (n=14): Ptf1aCre/+;LSL-
KrasG12D/+;Cdkn2alox/+ mice. PKC_HOM (n=20): Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/lox mice.  
(C) The analysis of metastatic sites in PK, PKS, PKS_C_HET and PKS_P_HET mice. PK (n=75): 
Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKS (n=57): 
Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+ mice. PKS_C_HET (n=30): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Cdkn2alox/+ mice. PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Trp53lox/+ mice. 
(D) The analysis of metastatic sites in PK, PKT_HET, PKT_HOM and PKT_HOM_P_HET mice. PK 
(n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKT_HET 
(n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+ mice. PKT_HOM (n=12): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox 
mice. PKT_HOM_P_HET (n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+ mice. 
(E) The analysis of metastatic sites in PKP_HET, PKS_P_HET, PKT_HOM_P_HET and 
PKP_HET_Smad4_HOM mice.  PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+ mice. PKT_HOM_P_HET 
(n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox; Trp53lox/+ mice. PKP_HET_Smad4_HOM (n=3): Pdx1-
Flp;FSF-KrasG12D/+; FSF-Rosa26CAG-CreERT2/+; Ink4α*/+;Smad4lox/lox;Trp53lox/+ mice. 
(F) The analysis of metastatic sites in PK and PKPdk1lox/L155E mice. PK (n=75): Pdx1-Flp;FSF-
KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKPdk1lox/L155E (n=3): 
Ptf1aCre/+;LSL-KrasG12D/+;Pdk1lox/+;Pdk1L155E/+ mice. 
(G) The analysis of metastatic sites in PPI3K, PPI3KP_HET and PPI3KP_HOM mice. PPI3K (n=9):  
Pdx1-Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice. 
(H) The analysis of metastatic sites in PK, PKP_HET, PKP_HOM, PPI3K, PPI3KP_HET and 
PPI3KP_HOM mice. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-
KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/R172H mice. PPI3K (n=9): Pdx1-
Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice. 
The percentage is calculated as follows: the number of mice with the corresponding metastatic site is 
divided by the total mouse number in the indicated cohort and multiplied by 100%. All these mouse 
models were generated, bred and analyzed by all the members in the lab of Prof. Dieter Saur. 

 
 

percentages of liver metastasis, 20% and 8.3%, respectively, compared with the PK cohort 

(28%) (Figure 5D). In the context of pancreas-specific KrasG12D mutation expression and 

heterozygous Trp53 deletion, Snail overexpression results in a higher percentage of ascites 

and a comparable rate of lung and peritoneal metastases, while the mice with Tgfβr2 deletion 

present a lower percentage of ascites without any other metastatic sites (Figure 5E). The 

mice with Cdkn2a and Smad4 deletions present higher percentages of liver and peritoneal 

metastases (Figure 5E). Pdk1 deletion and Pdk1L155E mutation lead to a higher percentage of 

liver metastasis (Figure 5F). The vast majority of the PDAC mice driven by Pik3caH1047R 

mutation have ascites and the mice with liver and lung metastases account for the 22.2% 
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and 11.1% of this cohort, respectively (Figure 5G). The mice with deletion of Trp53 gene 

show a higher percentage of lymph node metastasis, but a lower percentage of liver 

metastasis compared with Pdx1-Cre;LSL-Pik3caH1047R/+ and Ptf1aCre/+;LSL-Pik3caH1047R/+ 

(PPI3K) mice (Figure 5G). PK mice have higher percentages of liver, lymph node, lung, and 

peritoneal metastases, but a lower percentage of ascites compared to the PPI3K cohort 

(Figure 5H). When one allele of Trp53 is deleted, the PDAC mice driven by KrasG12D mutation 

have higher rates of metastases formation in all the metastatic sites than the mice driven by 

Pik3caH1047R (Figure 5H). 

21.3% of the PK mice with metastasis have 1 metastatic site (Figure 6A). The percentage of 

the mice with 1 metastatic site increases as the number of the deleted allele of Trp53 

increases (Figure 6A). The mice with heterozygous and homozygous Trp53 deletions have 

lower percentages of 2 metastatic sites than the PK cohort (Figure 6A). 1.3% of the PK mice 

have 5 metastatic sites while the number of the metastatic sites of the mice with Trp53 

deletions is no more than 4 (Figure 6A). Most of the mice with heterozygous and 

homozygous deletion of Cdkn2a have 1 metastatic site, 50% and 65% respectively, which 

are drastically higher than that of the PK cohort (21.3%) (Figure 6B). Compared with PK 

mice, the PKS cohort has a higher percentage of metastasis in 1 metastatic site, but lower 

percentages of 2 and 3 sites (Figure 6C). In the context of KrasG12D mutation and Snail 

overexpression, the mice with the deletion of one allele Cdkn2a have a lower percentage of 1 

metastatic site, but a higher percentage of 2 metastatic sites, than those with heterozygous 

Trp53 deletion (Figure 6C). The mice with heterozygous Tgfβr2 deletion have a higher 

percentage of 3 metastatic sites than PK mice (Figure 6D). In the context of KrasG12D 

mutation and homozygous Tgfβr2 deletion, Trp53 deletion leads to no more than 1 

metastatic site (Figure 6D). When compared with PKP_HET cohort, Snail overexpression 

results in higher percentages of 1 and 2 metastatic sites in the context of KrasG12D mutation 

and heterozygous Trp53 deletion (Figure 6E). In the same context, heterozygous Cdkn2a 

and homozygous Smad4 deletion also result in a higher percentage of 1 metastatic site 

(Figure 6E). The mice with heterozygous Trp53 deletion and heterozygous Cdkn2a and 

homozygous Smad4 deletion do not present more than 1 metastatic site (Figure 6E). The 

mice with Pdk1 deletion and Pdk1L155E mutation only have 1 metastatic site (Figure 6F). Most 

of the mice driven by Pik3caH1047R have 1 metastatic site (Figure 6G). Ptf1aCre/+;LSL-

Pik3caH1047R/+;Trp53lox/+ (PPI3KP_HET) mice have a lower percentage of 1 metastatic site 

than PPI3K mice (Figure 6G). Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox (PPI3KP_HOM) mice 

have a higher percentage of 2 metastatic sites than PPI3K cohort (Figure 6G). The mice 

driven by Pik3caH1047R have no more than 3 metastatic sites while the mice driven by KrasG12D 

mutation can have up to 5 metastatic sites (Figure 6H). Heterozygous Trp53 deletion leads to  
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Figure 6.  The analysis of the number of metastatic sites in PDAC mouse models.  
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(A) The analysis of the number of metastatic sites in PK, PKP_HET and PKP_HOM mice. PK (n=75): 
Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKP_HET (n=120): 
Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. PKP_HOM (n=27): Pdx1-Flp;FSF-
KrasG12D/+;Trp53frt/frt, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/R172H mice.  
(B) The analysis of the number of metastatic sites in PK, PKC_HET and PKC_HOM mice. PK (n=75): 
Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1acre/+;LSL-KrasG12D/+ mice. PKC_HET (n=14): 
Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/+ mice. PKC_HOM (n=20): Ptf1Cre/+;LSL-KrasG12D/+;Cdkn2alox/lox 
mice.  
(C) The analysis of the number of metastatic sites in PK, PKS, PKS_C_HET and PKS_P_HET mice. 
PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKS 
(n=57): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+ mice. PKS_C_HET (n=30): Ptf1aCre/+;LSL-
KrasG12D/+;LSL-Rosa26Snail/+;Cdkn2alox/+ mice. PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Rosa26Snail/+;Trp53lox/+ mice. 
(D) The analysis of the number of metastatic sites in PK, PKT_HET, PKT_HOM and 
PKT_HOM_P_HET mice. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, 
Ptf1aCre/+;LSL-KrasG12D/+ mice. PKT_HET (n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+ mice. PKT_HOM 
(n=12): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox mice. PKT_HOM_P_HET (n=5): Ptf1aCre/+;LSL-
KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+ mice. 
(E) The analysis of the number of metastatic sites in PKP_HET, PKS_P_HET, PKT_HOM_P_HET and 
PKP_HET_Smad4_HOM mice.  PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKS_P_HET (n=15): Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+ mice. PKT_HOM_P_HET 
(n=5): Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+ mice. PKP_HET_Smad4_HOM (n=3): Pdx1-
Flp;FSF-KrasG12D/+;FSF-Rosa26CAG-CreERT2/+;Ink4α*/+;Smad4lox/lox;Trp53lox/+ mice. 
(F) The analysis of the number of metastatic sites in PK and PKPdk1lox/L155E mice. PK (n=75): Pdx1-
Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-KrasG12D/+ mice. PKPdk1lox/L155E (n=3): 
Ptf1aCre/+;LSL-KrasG12D/+;Pdk1lox/+;Pdk1L155E/+ mice. 
(G) The analysis of the number of metastatic sites in PPI3K, PPI3KP_HET and PPI3KP_HOM mice. 
PPI3K (n=9):  Pdx1-Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): 
Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/lox mice. 
(H) The analysis of the number of metastatic sites in PK, PKP_HET, PKP_HOM, PPI3K, PPI3KP_HET 
and PPI3KP_HOM mice. PK (n=75): Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, 
Ptf1aCre/+;LSL-KrasG12D/+ mice. PKP_HET (n=120): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/+ mice. 
PKP_HOM (n=27): Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53R172H/R172H mice. PPI3K (n=9): Pdx1-
Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+ mice. PPI3KP_HET (n=13): Ptf1aCre/+;LSL-
Pik3caH1047R/+;Trp53lox/+ mice. PPI3KP_HOM (n=3): Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox mice. 
The percentage is calculated as follows: the number of mice with the corresponding metastatic site is 
divided by the total mouse number in the indicated cohort and multiplied by 100%. All these mouse 
models were generated, bred and analyzed by all the members in the lab of Prof. Dieter Saur. 
 

lower percentages of 2 metastatic sites in both oncogenic Kras and Pik3ca cohorts (Figure 

6H). 

 

6.3 Histological characterization of PDAC mouse models. 

Tumor grade is used to describe how abnormal cells are under a microscope when 

compared to normal cells. In PDAC mouse models, Grade 1 (G1) is defined as well 

differentiated ductal carcinomas, G2 moderately differentiated, G3 as poorly differentiated 
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and G4 as undifferentiated. Figure 7 shows the hematoxylin and eosin (H&E) staining 

 

 

Figure 7.  The representative images of tumors in different grades with hematoxylin and eosin 
(H&E) staining and cytokeratin 19 (CK19) immunohistochemistry staining. G1: Grade 1 tumors. 
G2: Grade 2 tumors. G3: Grade 3 tumors. G4: Grade 4 tumors. Scale bars indicate 50 µm. 

 

 

 

images of these four grades, as well as the immunohistochemistry (IHC) staining for 

cytokeratin 19 (CK19), an epithelium marker used to detect the ductal structures of tumors.  

Cell proliferation plays a critical role in cancer progression. The mitotic counts are positively 

related to the grading levels of the tumor. Figure 8A shows the mitotic activity on the H&E 

staining images of the four grades of PDAC tumors. As the grades increase, there is also an 

increase in the mitotic counts (Figure 8B).  

 

 

 

 

Figure 8.  The mitotic counts correlate with tumor grades.  
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(A) The representative images of hematoxylin and eosin (H&E) staining of tumors with mitosis in 
different grades. The arrows indicate the cells undergoing mitosis. Scale bars indicate 50 µm. 
(B) The mitotic counts in tumors in different grades. G1: n=33. G2: n=142. G3: n=229. G4: n=143. p 
values are indicated in the graph, one-way ANOVA. Pathologist PD Dr. med. Moritz Jesinghaus 
analyzed the slides. 
G1: Grade 1 tumors. G2: Grade 2 tumors. G3: Grade 3 tumors. G4: Grade 4 tumors. All these mouse 
models were generated, bred and analyzed by all the members in the lab of Prof. Dieter Saur. 

 
Most pancreatic cancer patients succumb from the illnesses caused by tumor cell spread and 

organ dysfunction. Metastasis is an important clinical parameter for diagnosis and prognosis. 

Figure 9A shows the typical H&E staining images of liver metastasis (Figure 9A.a), lung 

metastasis (Figure 9A.b), lymph nodes metastasis (Figure 9A.c) and the image of cancer 

cells isolated from ascites (Figure 9A.d) in PDAC mouse models. The correlation between 

the grades of the primary tumors and the metastatic patterns in the PDAC mouse models 

has also been investigated. The result shows that tumors with higher grades tend to have a 

higher percentage of metastasis (Figure 9B). As the grade goes from G1 to G3, the 

percentage of metastasis drastically increases from 38.2% to 67.9% (p<0.0001) (Figure 9B). 

The metastatic percentage of G4 cohort is 60.3%, higher than G1 and G2 mice (38.2% and 

51.7% respectively) (Figure 9B). The mice with higher grades have a higher percentage of 

liver  

 

Figure 9.  Metastasis is associated with tumor grades.  
(A) The representative images of liver metastasis(a), lung metastasis(b), lymph nodes metastasis(c) 
and tumor cells isolated from ascites(d). Scale bars indicate 50 µm. 
(B) The percentage of metastasis in different tumor grades. *p<0.05, ****p<0.0001, Fisher’s exact test. 
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(C) The percentage of the metastatic sites in different tumor grades. The percentage is calculated as 
follows: the number of mice with the corresponding metastatic site is divided by the total mouse 
number in the indicated cohort and multiplied by 100%. 
(D) The number of the metastatic sites in different tumor grades. The percentage is calculated as 
follows: the number of mice with the corresponding number of the metastatic sites is divided by the 
total mouse number in the indicated cohort and multiplied by 100%.  
G1: n=33. G2: n=142. G3: n=229. G4: n=143. All these mouse models were generated, bred and 
analyzed by all the members in the lab of Prof. Dieter Saur. 
 
 

metastasis (Figure 9C). Most of the mice in these four grades have 1 metastatic site (Figure 

9D). The mice of G1 and G2 have no more than 3 metastatic sites, while the mice from G3 

and G4 cohorts have at least 4 metastatic sites (Figure 9D). In G4 mice, metastases have 

been observed in 5 distinct metastatic sites, thought the percentage is low (Figure 9D). 

One of the features of PDAC is the presence of a dense stroma. Stromal compartment 

consists of ECM proteins, fibroblasts, tumor vasculature and immune cells. Stroma has been 

proved to be a barrier to drug delivery and can increase intratumoral pressure (Provenzano 

et al., 2012). The infiltration of immune cells is involved in pancreatic tumor and previous 

studies demonstrated that these cells can be promising therapeutic targets (Ansell et al., 

2015; Fan et al., 2020; Tsirigotis et al., 2016; Watt and Kocher, 2013). In the present study, 

pathologist PD Dr. med. Moritz Jesinghaus evaluated the percentages of the stromal 

compartment and lymphocytes of the tumors. Figure 10A shows the images of tumor grades 

with stroma. There is a significant difference in the percentage of stromal compartment 

between G1 and G4 cohorts (38.4% vs 18.0%, G1 vs G4) (Figure 10B). The percentage of 

stroma in G4 decreases sharply when compared to that of G1(Figure 10B). However, the 

percentage of stroma does not show significant difference between G1, G2 and G3 (Figure 

10B). The image examples of tumor grades with lymphocytes are shown in Figure 10C. The 

percentage of lymphocytes in G4 decreases significantly compared with that of G1 (Figure 

10D). The percentage of lymphocytes are comparable between G1 and G2 (Figure 10D). 

There is no significant difference in the percentage of lymphocytes between G1 and G3 

(Figure 10D).  

 

 

 

6.4 Transcriptional profiling and the link to histopathological features. 

 
Pancreatic cancer is a molecularly heterogeneous disease. Its molecular features modulate 

PDAC progression, overall survival time and sensitivity to treatments. Understanding the 

molecular features has become a hallmark in the study of cancer entities (McGranahan and 

Swanton, 2017). Transcriptional profiling has been employed to identify cancer related 
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biomarkers, which can be used for diagnosis, treatment and prognosis of cancer patients 

(Amundson and Smilenov, 2010; Peng et al., 2007; Turashvili et al., 2011; Yousef et al., 

2005). It has been widely acknowledged that a gene set can have more biological and 

clinical relevance than individual genes considering the need of genetic interactions for 

biological activities (Huang da et al., 2009a; Subramanian et al., 2005). Since cancer is a 

 

 

Figure 10.  The percentages of stroma and lymphocytes in different tumor grades.  
(A) The representative images of hematoxylin and eosin (H&E) staining of tumor grades with stroma. 
Arrows indicate stromal compartments. Scale bars indicate 50 µm. 
(B) The percentage of stroma in tumor grades. **p<0.01, one-way ANOVA. 
(C) The representative images of of hematoxylin and eosin (H&E) staining of tumor grades with 
lymphocytes. Arrows indicate lymphocytes. Scale bars indicate 50 µm. 
(D) The percentage of lymphocytes in tumor grades. **p<0.01, one-way ANOVA. 
G1: n=33. G2: n=142. G3: n=229. G4: n=143. Pathologist PD Dr. med. Moritz Jesinghaus analyzed 
the slides. All these mouse models were generated, bred and analyzed by all the members in the lab 
of Prof. Dieter Saur. 
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system biology disease, identification of tumor related molecular signatures could provide 

insights into the cancer biology (Hornberg et al., 2006; Huang da et al., 2009b; Wang et al., 

2007). The molecular subtypes of PDAC have been identified based on the transcriptional 

profiles of PDAC patients (Bailey et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et al., 

2011; Moffitt et al., 2015). In this study, 547 PDAC mice are analyzed and the histopathology 

dataset is established on the basis of histopathology image analysis by pathologists. The 

transcriptional dataset is derived from the RNA-Seq profiles of the primary tumor samples 

from 267 mice out of the 547 PDAC mice. In combination with histopathological features of 

these mice, the transcriptional profiles are analyzed to investigate the correlation of 

molecular landscapes with histopathology phenotypes. The workflow is shown in Figure 11. 

 

 

 

 

Figure 11.  The workflow to investigate the correlation of transcriptional profiling data with 
histopathological features.  

 

 

 

 

6.4.1 Identification of the molecular signature related to tumor grades. 
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Figure 12.  Correlation between tumor grades and transcriptional profiling data in mouse PDAC 
tumors.  
(A) The correlation between the classical subtype of pancreatic ductal adenocarcinoma (PDAC) and 
tumor grades.  
(B) Principal component analysis (PCA) of the RNA-Seq dataset based on tumor grades. 
(C) The volcano plot of differential gene expression analysis between G1 and G4 cohorts (Log2 fold 
change >1 or < -1 and -Log10 adjusted p value > 1.5). 
(D) Heatmap of differential gene expression analysis between G1 and G4 cohorts.  
(E) Signaling pathway enrichment based on the differential gene expression analysis 
 of G1 and G4 cohorts. 
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G1: n=18. G2: n=80. G3: n=104. G4: n=62. Bioinformatician Fabio Boniolo performed the analysis for 
the correlation between tumor grades and the classical subtype (Figure 12A), the principal component 
analysis (PCA) (Figure 12B), the differential expression analysis (Figure 12C and 12D) and the 
enrichment of sigaling pathways (Figure 12E). All these mouse models were generated, bred and 
analysed by all the members in Prof. Dieter Saur. Mouse dissection, RNA preparation and RNA-seq 
were performed by all the members in the lab of Prof. Dieter Saur. 

 

Previous studies have defined several transcriptomic subtypes which have shown the clinical 

relevance (Bailey et al., 2016; Chan-Seng-Yue et al., 2020; Collisson et al., 2011; Moffitt et 

al., 2015). In 2019, a study has demonstrated that morphological classification of PDAC can 

be used to predict molecular subtypes and these morphological patterns correlates with 

clinical outcomes (Kalimuthu et al., 2020). The present study finds the correlation between 

the classical subtype of PDAC and the tumor grades in mouse models, which provides the 

evidence to link the histopathological features to PDAC transcriptomic subtypes. Figure 12A 

shows the low grades (G1 and G2) are positively related to the classical subtype while the 

correlation between G4 and the classical subtype is negative. This finding is consistent and 

corroborates with previous study based on clinical data (Kalimuthu et al., 2020). The present 

study identifies the link between the histopathological characteristics and molecular subtypes 

in mouse models.  

The principal component analysis (PCA) of the RNA-Seq dataset was performed by 

bioinformatician Fabio Boniolo. The analysis hows G2 and G3 are mixed, indicating the 

transcriptional profiles of the samples in these two groups are quite similar (Figure 12B.a). In 

contrast, G1 and G4 are separated in the PCA plot (Figure 12B.a and 12B.b). Most of G4 

samples are clustered on the left side while the G1 samples are on the right side (Figure 

12B.a and 12B.b). This indicates G1 and G4 mice have distinct gene expression patterns. 

The differential gene expression analysis shows that the expression of 74 genes is 

significantly downregulated and that of 83 genes is significantly upregulated in the G4 cohort, 

when compared to the G1 cohort (Figure 12C).  

There are three clusters that can be defined in the heatmap of gene expression analysis 

(Figure 12D). The first cluster (on the left side of the heatmap) includes all the samples from 

G4 cohort while most of G1 samples are in the third cluster (on the right side of the heatmap) 

(Figure 12D). This study identifies a list of genes differently expressed between G1 and G4 

tumors (Figure 12D). Small proline-rich protein 2A3 (Sprr2a3) is an epithelial cell-specific 

gene and highly expressed in patients with bladder cancer (Haocheng et al., 2020). In this 

study, we find that Sprr2a is highly expressed in G1 mice, while its expression level is 

downregulated in G4 mice (Figure 12D). Presence of well-formed gland structures is the 

feature of G1 tumors and these gland structures are lined by pancreaticobiliary-type 

epithelium (Kalimuthu et al., 2020). This study shows the high expression level of Sprr2a is 

an indicator of the well-differentiated tumors. However, one previous study shows Sprr2a 
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induces EMT and promotes the local invasiveness in cholangiocarcinomas (Mizuguchi et al., 

2014). These findings indicate the function of Sprr2a is dependent on tumor contexts. Serine 

peptidase inhibitor Kazal type 4 (Spink4) is a gastrointestinal peptide and highly expressed in 

human goblet cells. This study shows Spink4 expression is downregulated in G4 tumors. In 

addition, it has been reported that poor prognosis of colorectal cancer patients is related to 

downregulated Spink4 expression at both mRNA and protein levels (Wang et al., 2019d). 

High grade tumors  

 

 

Figure 13. Kaplan-Meier survival analysis of tumor mice with different grades. 
(A) Kaplan-Meier survival analysis of G1, G2, G3 and G4 mice. G1: n=33. G2: n=142. G3: n=229. G4: 
n=143.  
(B) Kaplan-Meier survival analysis of low grades (G1 and G2) cohort and high grades (G3 and G4) 
cohort. G2, G3 and G4 mice. G1 and G2: n=175. G3 and G4: n=372. 
The genotypes of the tumor mice Pdx1-Flp;FSF-KrasG12D/+, Pdx1-Cre;LSL-KrasG12D/+, Ptf1aCre/+;LSL-
KrasG12D/+, Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/+, Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL 
KrasG12D/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Trp53R172H/+, Pdx1-Flp;FSF-KrasG12D/+;Trp53frt/frt, 
Pdx1-Cre;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Trp53lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;LSL- 
Trp53R172H/R172H, Ptf1aCre/+;LSL-KrasG12D/+;Cdkn2alox/+, Ptf1acre/+;LSL-KrasG12D/+;Cdkn2alox/lox, 
Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Cdkn2alox/+, 
Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/+, Ptf1aCre/+;LSL-
KrasG12D/+;Tgfβr2lox/lox, Ptf1aCre/+;LSL-KrasG12D/+;Tgfβr2lox/lox;Trp53lox/+, Pdx1-Flp;FSF-KrasG12D/+;FSF-
Rosa26CAG-CreERT2/+;Ink4α*/+;Smad4lox/lox;Trp53lox/+, Ptf1aCre/+;LSL-KrasG12D/+;Pdk1lox/+;Pdk1L155E/+, Pdx1-
Cre;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+, Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/+, 
Ptf1aCre/+;LSL-Pik3caH1047R/+;Trp53lox/lox, Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/-, Ptf1aCre/+,LSL-KrasG12D/+; 
Hnf4αlox/lox, Ptf1aCre/+;LSL-Pik3caH1047R/+;Map2k1lox/+, Ptf1aCre/+;LSL-Pik3caH1047R/+;Map2k1lox/lox, 
Ptf1aCre/+;LSL-Pik3caH1047R/+;Ptenlox/+,  Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Tnc-/-,  Ptf1aCre/+;LSL-
KrasG12D/+;LSL-Rosa26Snail/+;Hnf4alox/+, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/+;Hnf4alox/lox,  Pdx1-
Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Cdh1lox/+, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-

CreERT2/+;Cdh1lox/lox,  Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Cdh1lox/lox;LSL-Trp53R172H/+, Pdx1-
Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Cdh1lox/+;LSL-Trp53R172H/+, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-

CreERT2/+;Cdh1lox/+;LSL-Trp53R172H/R172H, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Cdh1lox/lox;LSL-
Trp53R172H/R172H, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Cdh1lox/lox;LSL-Trp53R172H/R172H, 
Ptf1aCre/+;LSL-Pik3caH1047R/+;Erk1lox/+, Ptf1aCre/+;LSL-Pik3caH1047R/+;Erk1lox/lox, Ptf1aCre/+;LSL-
KrasG12D/+;Erk1lox/lox, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Map2k1lox/+;Map2k2lox/+, Pdx1-
Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;Map2k1lox/lox;Map2k2lox/+, Pdx1-Cre;LSL-KrasG12D/+;LSL-
Trp53R172H/+;Raf1lox/+, Ptf1aCre/+;LSL-KrasG12D/+;LSL-PcnaATG-fLucl/+, Ptf1aCre/+;LSL-
KrasG12D/+;Trp53lox/lox;LSL-PcnaATG-fLucl/+, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Trp53R172H/+;LSL-PcnaATG-fLucl/+, 
Pdx1-Flp;FSF-KrasG12D/+;Fgfrfrt/frt;Trp53frt/frt, Pdx1-Flp;FSF-KrasG12D/+;Fgfrfrt/+;Trp53frt/+, Ptf1aCre/+;LSL-
KrasG12D/+;Snaillox/lox, Ptf1aCre/+;LSL-KrasG12D/+;LSL-Rosa26Snail/Snail, Ptf1aCre/+;LSL-KrasG12D/+;LSL-
Trp53R172H/+;LSL-Rosa26Snail/+, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;LSL-Trp53wt/+, Pdx1-
Flp;FSF-KrasG12D/+;Rosa26CAG-CreERT2/+;LSL-Trp53wt/wt, Pdx1-Flp;FSF-KrasG12D/+;Rosa26CAG-

CreERT2/+;Pdk1lox/+, Pdx1-Cre;LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdk1lox/+;Raf1lox/lox, Pdx1-Flp;FSF-
KrasG12D/+;Trp53frt/+;Rosa26CAG-CreERT2/+;Pdklox/lox. Pathologist PD Dr. med. Moritz Jesinghaus analyzed 
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the slides. All these mouse models were generated, bred and analyzed by all the members in the lab 
of Prof. Dieter Saur.  
 

 

 

 

are associated with poor differentiaton, high levels of invasiveness and poor overall survival 

(Figure 13A and 13B). This study indicates Spink4 tends to be associated with poor 

prognosis in PDAC as it is observed in colorectal cancer. Gsta1 gene encodes glutathione S-

transferase A1, which adds glutathione to target electrophilic compounds and plays an 

important role in the detoxification of therapeutic drugs, carcinogenes and toxins. Down-

regulated GSTA1 expression inhibits cell survival and promotes apoptosis in human non-

small lung cancer cell lines (Kumar et al., 2020). In the present study, we find that G1 tumors 

have a higher expression level of Gsta1 than the G4 cohort (Figure 12D).  Proline-, histidine-, 

glycine-rich 1 is encoded by Phgr1 gene. Phgr1 is specific expressed in epithelial cells of 

intestinal mucosa and is highly expressed in the most differentiated cells in colorectal cancer 

(Oltedal et al., 2018). It is observed that Phgr1 is highly expressed in the well-differentiated 

form of PDAC (G1 tumors) in the present study (Figure 12D). Clca1 gene encodes calcium-

activated chloride channel regulator 1 and has been shown to participate in the progression 

of colorectal, pancreatic and ovarian cancers (Hu et al., 2018; Li et al., 2017). One study 

shows the pancreatic cancer patients with upregulated CLCA1 expression have longer 

survival, indicating CLCA1 is a promising biomarker candidate for PDAC prognosis (Hu et al., 

2018). In clinical practice, patients with G1 have better survival time than those with G4. 

Figure 12D shows the G1 mice have higher expression level of Clca1 than the G4 cohort. 

This result is consistent with the findings observed in the patients. Ly6/Plaur domain-

containing 8 (Lypd8) is a glycosylated glycosylphosphatidylinositol-anchored protein. It has 

been reported that Lypd8 plays a critical role in preserving intestinal homeostasis by taking 

part in the segregation of intestinal bacteria and epithelia in the colon (Okumura et al., 2016). 

In colorectal cancer, overexpression of Lypd8 inhibits the secretion TNF-α and IL-6 and has 

an inhibiting effect on cancer cell proliferation and migration (Xu et al., 2019). The present 

study shows Lypd8 has a higher expression level in G1 tumors than G4 tumors (Figure 12D). 

E2f transcriptional factor 8 (E2f8) is one member of E2f family which binds to the promoters 

of target genes and regulate their transcriptional activities. Previous studies reported that, 

together with E2f7, E2f8 is important for mouse embryonic development and angiogenesis 

(Weijts et al., 2012). Upregulated E2f8 expression promotes the progression and proliferation 

of prostate, breast and hepatocellular cancers (Deng et al., 2010; Lee et al., 2016; Ye et al., 

2016). Moreover, E2f8 overexpression is related to more aggressive features of papillary 

thyroid cancer (Sun et al., 2017). E2f8 also plays an important role in regulating the tumor 
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growth and invasion via EMT in cervical cancer (Kim et al., 2020). The present study shows 

a higher expression level of E2f8 is associated with more aggressive PDAC (Figure 12D). 

The epithelial membrane protein 3 (Emp3) is one member of the peripheral myelin protein 

gene family. Non-small cell lung tumors have a lower expression level of Emp3 than healthy 

lung tissue (Xue et al., 2013). It is also highly associated with the TNM staging system of 

lung cancer in the terms of tumor size, reginal lymph nodes and distant metastasis. In 

contrast to lung cancer, in hepatocellular carcinoma, the expression of Emp3 gene is 

considerably higher in the tumor tissue than in the healthy liver tissue and is negatively 

correlated with the differentiation of tumors (Hsieh et al., 2015). The present study shows 

that Emp3 is upregulated in G4 tumors, which are more invasive than G1 tumors, and is 

negatively correlated with the differentiation of pancreatic tumors (Figure 12D). The similar 

expression pattern of Emp3 is observed in hepatocellular carcinoma. Vimentin, encoded by 

Vim, is an EMT marker and associated with cell migration and motility. Previous studies 

show that Vim expression is associated with the increased risk of metastasis in numerous 

tumor entities (Dauphin et al., 2013; Tian et al., 2013). Loss of Vim function results in primary 

tumors with lower grade and Vim is required for cancer invasion and metastasis via the 

interactions between cancer cells and CAFs in lung adenocarcinoma (Richardson et al., 

2018). In this study, downregulated Vim expression is found in low grade (G1) tumors when 

compared with G4 tumors (Figure 12D). Upregulation of Vim expression is related to the G4 

tumors which have a high metastatic potential in PDAC (Figure 9B and 12D). S100a4 

belongs to the S100 calcium binding protein family. It has been observed that the S100a4 

expression level is associated with invasion and metastasis of numerous human malignant 

cancers (de Silva Rudland et al., 2006; Ikenaga et al., 2009; Ling and Li, 2014; Sagara et al., 

2010; Tsuna et al., 2009). S100a4 promotes the migratory phenotype of cancer cells and 

downregulated S100a4 expression reduces the migrating activity of tumor cells as well as 

inhibits EMT in colon cancer (Stein et al., 2006). S100a4 overexpression is significantly 

related to high histological grade and promotes tumor metastasis in breast cancer (Bresnick 

et al., 2015; Pedersen et al., 2002). The present study also shows upregulated S100a4 

expression is associated with the high grade PDAC primary tumors, which is an aggressive 

phenotype of PDAC (Figure 12D). Gremlin 1 protein, encoded by Grem1, is a glycoprotein 

and is an antagonist of secreted bone morphogenetic proteins (BMPs) (Nolan et al., 2014). 

BMPs belong to Tgfβ family and are involved in the initiation and progression of breast 

cancer by triggering the phosphorylation of Smad proteins (Heldin et al., 1997). One recent 

study revealed that high expression of GREM1 is associated with metastasis in breast 

cancer and correlates with the poor prognosis of patients who are estrogen receptor (ER) 

negative (Neckmann et al., 2019). Figure 12D shows that upregulated Grem1 expression is 
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related to invasive and more malignant phenotype of PDAC. Fbln2 encodes fibulin 2 protein, 

a secreted ECM component. Fibulin 2 is abundant in the ECM of lung cancer and lung tumor 

cells derived from mouse models with metastasis (Argraves et al., 2003; Timpl et al., 2003). 

Loss of Fbln2 impairs the migrating and invading ability of lung tumor cells, indicating the 

critical role of this gene in driving the malignant progression of lung cancer (Baird et al., 

2013). In the present study, the expression of Fbln2 is upregulated in the invasive PDAC, 

while it has lower expression level in the low grade primary tumors (Figure 12D). Fos related 

antigen 1 (Fra1), encoded by Fosl, is a leucine zipper protein and, in combination with Jun 

family, forms the transcription factor complex AP1. One study unveiled that high expression 

of Fosl1 promotes the progression and metastasis of prostate cancer (Luo et al., 2018). In 

lung and pancreatic cancers, a high Fosl1 expression level is associated with the poor 

prognosis of the patients with Kras mutation (Vallejo et al., 2017). In PDAC mouse models, 

G4 tumors show a higher Fosl1 expression than the G1 cohort (Figure 12D). 

Signaling pathway enrichment analysis gives us an insight into the mechanistic interactions 

of the gene set generated from the RNA-Seq results. Gene Ontology (GO) pathway 

database is used for the pathway enrichment analysis in this study. Figure 12E illustrates the 

result of this analysis. Actin is a conserved critical component of the cytoskeleton. Over 100 

actin-binding proteins consistently remodel the cytoskeleton, which is subverted in tumor 

cells, and make contribution to the alteration of cell growth, migration and invasiveness 

(Stevenson et al., 2012). Actin binding proteins facilitate metastatic cancer cells to break 

down the cell-to-cell juctions in primary tumors and invade other tissues. This study identifies 

the interactions of actin binding proteins in high grade tumors (Figure 12E). Growth factors 

are polypeptides which bind to transmembrane receptors to stimulate the intracellular 

signaling pathways, including the PI3K, the mitogen-activated protein kinase (MAPK) and 

Smad proteins. The interactions and stimulations caused by growth factors promote tumor 

progression. It has been observed that growth factors induce basement membrane disruption, 

cancer cells penetration into other tissues, the departure of tumor cells from the 

bloodstream/lymphatic stream and subsequent colonization of distant niches (Yilmaz and 

Christofori, 2009). In this study, growth factor binding and activity are highlighted in the more 

malignant and invasive PDAC (Figure 12E).  

 

 

6.4.2 Molecular signature of mitosis and its high correlation with tumor grades. 

Abnormal proliferation is one of the most prominent features of tumors. Normal cells have a 

stringent control of cell division through a tight regulation of the production of factors that 

promote or inhibit cell proliferation. Continuous autostimulation of the mitotic activities caused 
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by abnormal production of cell cycle factors leads to uncontrolled proliferation of tumor cells. 

Reduced growth factor requirement of cancer cells is another reason of abnormal 

proliferation. Several genes and signaling pathways have been proved to be related to the 

proliferation of pancreatic tumor cells. Oncogenic Kras mutation supports PDAC proliferation 

by changing the metabolic signaling pathways (Ying et al., 2012). It has been reported that 

miR-21 promotes epidermal growth factor (EGF) induced proliferation by targeting Mapk/Erk 

and Pi3k/Akt pathways (Zhao et al., 2018). Recent studies reveal that tumor microenviroment 

also plays a critical role in the proliferation of tumors (Beatty and Gladney, 2015; Carr and 

Fernandez-Zapico, 2016; Martinez-Bosch et al., 2018). These studies indicate that 

upregulated proliferation of cancer cells in PDAC is the result of the interactions of multiple 

factors. Bulk tumor RNA-Seq provides a good tool to investigate the genes promoting the 

proliferation of PDAC and their interactions. This study analyzes the murine PDAC tumor 

samples and, based on the mitotic counts of their histopathology images, divides these 

samples into two groups, the high mitotic count group which has ≥5/10 high power fields 

(HPF) and the group with low mitotic count (<5/10 HPF). In order to define the molecular 

signature which influences the mitosis, differential gene expression analysis is performed in 

the RNA-Seq datasets of these two groups. 

The differential gene expression analysis shows the expression of 19 genes is upregulated 

and 16 genes present downregulated expression in the group with high mitotic counts, 

compared with the tumors with low mitotic counts (Figure 14A). Three clusters can be 

identified in the heatmap of the differential gene expression analysis (Figure 14B). Most of 

the mouse PDAC tumors in the first cluster (on the left side of the heatmap) have high mitotic 

counts, while the third cluster (on the right side of the heatmap) consists of the mice with low 

mitotic counts and only two tumors with high mitotic counts (Figure 14B). Cellular retinoic 

acid bing protein 1, encoded by Crabp1, binds to retinoid acid (RA) and is related to the 

transportation of RA. In breast cancer, the significantly upregulated CRABP1 level is 

associated with poor prognosis of patients, high Ki67 expression as well as high tumor grade 

(Liu et al., 2015). Crabp1 can attenuate cell growth arrest induced by RA (Liu et al., 2015). 

Figure 14B shows that the elevated expression of Crabp1 gene correlates with the high 

mitotic activity and high tumor grade in PDAC. As metioned before, S1004a is related to 

invasion and metastasis of several cancers (de Silva Rudland et al., 2006; Ikenaga et al., 

2009; Ling and Li, 2014; Sagara et al., 2010; Tsuna et al., 2009). S1004a also plays an 

important role in the proliferation of several cancers. Upregulated S100a4 expression is 

associated with the higher proliferation activity and tumor grade in glioma (Jin et al., 2015). 

Downregulation of S100a4 leads to the inhibition of cell growth and causes apoptosis in  
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Figure 14.  Transcriptional features of mitosis in mouse PDAC tumors.  
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(A) The volcano plot of differential gene expression analysis between the groups with high (≥5/10 
high-power fields, HPF) and low (<5/10 HPF) mitotic counts (Log2 fold change >1 or < -1 and -Log10 
adjusted p value > 1.25). G1: n=18. G4: n=62. HPF: high power fields. 
(B) Heatmap of differential gene expression analysis between the groups with high and low mitotic 
counts. G1: n=18. G4: n=62. 
(C) The Venn diagram between the gene sets from differential gene expression analysis of G1/G4 and 
two mitotic count groups. 
(D) Interaction network of the genes from differential gene expression analysis between the groups 
with high and low mitotic counts. Red dots indicate upregulated genes and blue dots indicate 
downregulated genes in tumors with high mitotic counts. The genes highlighted in green belong to the 
intersection part in Figure 14C.  
(E) Signaling pathway enrichment based on the differential gene expression analysis between the 
groups with high and low mitotic counts.  
Bioinformatician Fabio Boniolo did the differential expression analysis (Figure 14A and 14C) and the 
enrichment of signaling pathways (Figure 14E). All these mouse models were generated, bred and 
analyzed by all the members in the lab of Prof. Dieter Saur. Mouse dissection, RNA preparation and 
RNA-seq were performed by all the members in the lab of Prof. Dieter Saur. 

 

 

thyroid cancer cells (Jia et al., 2013). The present study reveals that upregulated S1004a 

expression is related to highly active mitosis as well as high tumor grade in pancreatic cancer 

(Figure 14B). Nr2f1 encodes nuclear receptor subfamily 2 group F member 1 protein. A 

recent study demonstrates that Nr2f1 promotes cancer cell proliferation and invasion by 

activating Cxcl12/Cxcr4 signaling pathway in salivary adenoid cystic carcinoma (SACC) (Gao 

et al., 2019). The heatmap of the differential gene expression indicates upregulated Nr2f1 

expression is positively related to mitosis and high tumor grade in the mouse pancreatic 

tumors (Figure 14B). The high mobility group A2 protein, encoded by Hmga2 gene is a 

transcription factor which binds to AT-rich sites in the minor groove of DNA to control 

transcription activity of numerous genes and influences the structures of chromatins. It has 

been observed that the Hmga2 transcription is induced by Tgf-β which in turn activates EMT 

(Thuault et al., 2006). The Hmga2 overexpression caused by non-random chromosomal 

translocations has been found in many mesenchymal tumors (Dreux et al., 2010; 

Schoenmakers et al., 1995). It is suggested that Hmga2 influences the cell cycle of cancer 

cells. Ovarian cancer cells are arrested in G1 phase when the expression of Hmga2 is 

downregulated (Malek et al., 2008). In addition, decreased Hmga2 expression results in 

G2/M arrest through Pi3k/Akt/mTor pathway in acute myeloid leukemia (AML) cells (Tan et 

al., 2016). Moreover, it is reported that Hmga2 interacts directly with the E2f-responsive DNA 

elements and promotes the E2f1 activation, thereby leading to the progression of cell cycle in 

pituitary adenomas (Seville et al., 2005). In the present study, it is observed Hmga2 

expression is also upregulated in the tumors with high mitotic counts in PDAC (Figure 14B), 

indicating increased Hmga2 expression also promotes the proliferation of cancer cells in 

pancreatic cancer. A recent study reveals that increased Grem1 expression promotes 

proliferation and colony formation of gastric cancer (GC) cells in vitro (Sun et al., 2020). The 
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elevated Grem1 expression is observed in mouse pancreatic tumors with a high mitotic 

activity (Figure 14B). This provides evidence that Grem1 promotes the proliferation of cancer 

cells in PDAC. Multiple EGF-like domains 10 (Megf10) belongs to the multiple EGF-like 

domains protein family which is responsible for cell proliferation, adhesion and motility. High 

Megf10 expression is associated with the active proliferation of glioma cells (Li et al., 2018). 

The finding of the present study suggests Megf10 expression is upregulated in the PDAC 

tumors with high mitotic counts (Figure 14B). It is well-known that Twist1 is one of the key 

inducers of EMT. It also influences the proliferation of numerous cancers. A previous study 

demonstrated that Twist1 overexpression induces cell cycle progression through binding to 

the promoter of Foxm1, leading to the upregulation of Foxm1 expression in GC (Qian et al., 

2013). As a key downstream effector of p62, the presence of both Twist1 and p62 increases 

tumor growth (Qiang et al., 2014). In the present study, it is observed that the mitotic activity 

in PDAC samples is positively related to the expression level of Twist1.  

Intriguingly, the differential gene expression analysis reveals that mitosis activity and tumor 

grades are closely correlated in the gene expression level. The gene sets identified by the 

differential gene expression analysis between tumors with a high and low mitotic activity also 

define the transcriptional signatures of G1 or G4 tumors in PDAC mouse models (Figure 

14B). This study already shows that there is a strong correlation between tumor grades and 

mitotic counts based on the histopathology image analysis (Figure 8B). The close 

relationship between mitosis and tumor grades in the levels of both histopathology image 

analysis and transcriptional profiles suggests that the mitotic activity is one of the most 

important factors influencing the progression and malignancy of PDAC in mouse models. 

The gene set to identify G1 and G4 tumors has been defined (Figure 14C and 14D). This 

study finds the expression of 20 genes which can influence tumor grades and mitosis (Figure 

14C). These genes are Gkn1, Gkn2, Wfdc18, 2210407C18Ri, Nptx1, Bmp2, Grem1, Lypd8, 

Sult1c2, S100a4, Fosl1, Tnnt2, 1700012B09Rik, Spink4, Stmn2, Sptssb, Clca1, Prkg2, 

Phgr1 and Muc5ac. These genes have been proved to be associated with cancer cell 

proliferation and prognosis of cancer patients. For example, patients with advanced GC show 

lower Gkn1 expression than those in the early stage (Yoon et al., 2019), indicating low Gkn1 

expression leads to poor prognosis. In line with the previous study, the present study 

inidicates downregulated Gkn1 expression is associated with the higher tumor grade. 

Gastrokine 2, encoded by Gkn2 shows a decreased expression level in GC (Dai et al., 2014). 

Gkn2 overexpression results in cell cycle arrest in G1/S transition phase and therefore 

inhibits proliferation of gastric cancer cells (Dai et al., 2014). Decreased GKN2 expression is 

associated with metastasis and poor patient prognosis (Dai et al., 2014; Moss et al., 2008). 

The differential gene expression analysis of this study shows that downregulated Gkn2 
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expression correlates with high mitotic counts and higher tumor grade in the mouse PDAC 

models. Neuronal pentraxin 1 (Nptx1) belongs to the long pentraxin protein family. High 

NPTX1 expression has been shown to be associated with poor patient prognosis and tumor 

growth in hepatocellular carcinoma (Zhao et al., 2019). This study reveals upregulated Nptx1 

expression is associated with a high mitotic activity and a more malignant phenotype in 

mouse pancreatic tumors (Figure 14B). In line with previous studies, the present study 

demonstrates that downregulated expression of Clca1 and upregulated expression of a 

Grem1, S100a4 and Fosl1 promote cancer cell proliferation and lead to higher tumor grade 

in PDAC (Figure 14B).  

The interaction of these genes is investigated. This study employs the online database, 

STRING (https://string-db.org), to study the interaction network of the mentioned genes. 

Figure 14D shows the result of the analysis. The proteins which show upregulated 

expression are indicated with red dots and are at the top of the interaction network graph 

(Figure 14D). At the bottom, it shows the downregulated proteins which are indicated with 

blue dots (Figure 14D). Foxg1, Ibsp, Bdnf and Muc5ac play the essential roles in this network. 

Foxg1, Ibsp and Bdnf promote mitosis and progression of PDAC in this study. 

Overexpression of Foxg1 facilitates the tumor proliferation in glioblastoma and mediates 

metastasis of the cancer cells through Wnt/β-catenin pathway in hepatolcellular carcinoma 

(Wang et al., 2018; Zheng et al., 2019). Increased Ibsp expression is associated with poor 

prognosis of esophageal squamous cell carcinoma (Wang et al., 2019a). High BDNF 

expression is correlated with shorter malignant pleural mesothelioma (MPM) patient survival 

(Smeele et al., 2018) and downregulated expression of this gene suppress proliferation of 

the cancer cells of lung squamous cell carcinoma (Ozono et al., 2017). Decreased Muc5ac 

expression is associated with more proliferative activities and a more malignant phenotype in 

mouse PDAC models (Figure 14B). In line with the present study, one previous study shows 

that high MUC5AC expression improves the prognosis of the advanced-stage PDAC patients 

(Higashi et al., 2015). 

Furthermore, the signaling pathway enrichment analysis is performed to investigate the 

interactions of the gene set generated from differential gene expression analysis. Receptor 

ligand activity is highlighted in the analysis (Figure 14E). There are various predictive and 

confirmative receptor-ligand interactions within the genes with significantly different 

expression and between them and other genes. In GC, Bmp2 encodes a secreted ligand 

which binds to Tgf-β receptors proteins and modulates cancer cell proliferation (Wen et al., 

2004). The interactions between estrogen receptor‐α and its ligands have been proved to 

make contribution to the induction of breast cancer cell proliferation (Nwachukwu et al., 

2016). DNA-binding transcription activator activity also plays an important role in the 

https://string-db.org/
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proliferation of PDAC (Figure 14E). For example, Fosl1 is a transcriptional factor and 

mediates the proliferation of cancer cells in pancreatic cancer  (Yang et al., 2019). 

The present study has identified the molecular signature influencing the mitosis of cancer 

cells in PDAC. Interestingly, the strong correlation between mitosis and tumor grades in both 

histopathology and transcriptional levels has been observed.  

 

  

 

 

6.4.3 Molecular signature of liver metastasis and its high correlation with tumor 

grades. 

A high metastatic propensity is one of the causes of PDAC lethality. More than 90% 

pancreatic cancer patients develop metastatic diseases. After surgical resection, recurrences 

are still developed in the majority of the PDAC patients (Conroy et al., 2018; Oettle et al., 

2007; Sinn et al., 2017). Liver is the dominant metastatic site in the patients with advanced 

stages (Ryan et al., 2014). As little evidence has supported that liver metastasis resection 

can improve the prognosis of the patients, resection of liver metastasis in PDAC patients is 

not recommended in clinical practice (Tempero et al., 2017). The molecular mechanism of 

the liver metastasis in colorectal cancer has been investigated and the studies identify the 

potential therapeutic targets, such as Cxcr4, Cxcr6 and Ccl2 (Kawada et al., 2011). As 

opposed to liver metastasis of colorectal cancer, our understanding of this metastasis in 

PDAC is poor. The present study aims to identify the transcriptional features related to liver 

metastasis to provide the insight into metastasis in PDAC.   

The differential gene expression analysis has been performed between the primary tumors 

from PDAC mice with or without liver metastasis. The expression of 3  

genes is upregulated and the expression of 10 genes is downregulated in the cohort with 

liver metastasis (Figure 15A). Most of the tumor samples with liver metastasis are clustered 

on the right side of the heatmap of the differential gene expression analysis (Figure 15B). 

There is the correlation between histopathology grades and the transcription profiles of the 

primary tumors with liver metastasis in the PDAC mouse models (Figure 15B). Gkn1 

expression results in upregulated Cdh1 expression and downregulated β-catenin, Vimentin 

and Snail expression, and suppresses EMT by inactivation of the Pi3k/Akt signaling pathway 

in GC (Yoon et al., 2011). However, one recent study reports that the expression of Gkn1 

enhances the metastasis of lung cancer in mouse models and results in poor survival (Yao et 

al., 2019). In our study, Gkn1 is downregulated in most of the PDAC mice with liver 

metastasis and these mice have the most malignant tumors (G4) (Figure 15B). The CLCA1 
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Figure 15.  Transcriptional features of liver metastasis in mouse PDAC tumors.  
(A) The volcano plot of differential gene expression analysis of primary mouse pancreatic ductal 
adenocarcinoma (PDAC)  with or without liver mestasis (Log2 fold change >1 or < -1 and -Log10 
adjusted p value > 1). G1: n=15. G4: n=48. 
(B) Heatmap of differential gene expression analysis between the groups with or without liver 
metastasis. G1: n=15. G4: n=48. 
(C) The Venn diagram between the gene sets from differential gene expression analysis of G1/G4 and 
two liver metastasis groups. 
(D) Interaction network of the genes from differential gene expression analysis between the groups 
with or without liver metastasis. Blue dots indicate downregulated genes in tumors with metastasis. 
The genes highlighted in green belong to the intersection part in Figure 15C. 
(E) Signaling pathway enrichment based on the differential gene expression analysis between the 
groups with or without liver metastasis. 
Bioinformatician Fabio Boniolo performed the differential expression analysis (Figure 15A and 15C) 
and the enrichment of signaling pathways (Figure 15E). All these mouse models were generated, bred 
and analyzed by all the members in the lao of Prof. Dieter Saur. Mouse dissection, RNA preparation 
and RNA-seq were performed by all the members in the lab of Prof. Dieter Saur. 
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mRNA expression level inversely correlates with metastasis and patient stages of colorectal 

cancer through the suppression of the Wnt/β-catenin pathway (Li et al., 2017). Knockdown of 

Clca1 leads to lower rate of metastasis in ovarian cancer (Musrap et al., 2015). A low Clca1 

expression level is significantly related to poor prognosis of PDAC (Hu et al., 2018). In line 

with the previous literature, this study reveals that downregulated Clca1 expression is found 

in the tumor with the high grade and associated with liver metastasis in PDAC mouse models 

(Figure 15B). Muc5ac overexpression results in enhanced tumor progression and metastatic 

lesions in mouse models of colorectal cancer (Pothuraju et al., 2020). The expression level of 

Muc5ac deceases in the poorly differentiated gastric tumors and the decreased Muc5ac 

expression results in an increase in tumor invasion depth and number of metastatic lymph 

nodes in GC (Ilhan et al., 2010). This study shows that Muc5ac has a similar effect on PDAC 

as it does in GC and downregulated Muc5ac expression is associated with liver metastasis 

and the high tumor grade in PDAC (Figure 15B). NIMA-related expressed kinase 2, encoded 

by Nek2, has shown upregulated expression in numerous cancers, including ovarian, breast, 

lung, liver and colorectal cancers (Cappello et al., 2014; Chang et al., 2018; Liu et al., 2014; 

Neal et al., 2014; Zhong et al., 2014). Upregulated Nek2 expression is associated with 

proliferation and metastasis of cancers. One previous study demonstrated that Nek2 

regulates the Cdh1 and MMP9 expression and therefore enhances metastasis of 

hepatocellular carcinoma (Chang et al., 2018). The present study shows that elevated Nek2 

expression correlates with liver metastasis in PDAC mouse models (Figure 15B). 

The interactions of the proteins are shown in Figure 15D. Notably, Ear2 and Retnla serve the 

central roles in this interaction network. To investigate the signaling pathways that contribute 

to the liver metastasis of PDAC, signaling pathway enrichment is performed.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

Proteases can degrade the ECM and thus facilitate the invasion and migration of cancer cells. 

The overexpression of serine proteases is associated with high tumor grades, metastasis 

and poor prognosis in prostate cancer (Saleem et al., 2006). In colorectal cancer the 

presence of serine-type proteases results in tumor growth and metastasis (Tsai et al., 2007; 

Vogel et al., 2006). Moreover, the overexpression of serine proteases correlates with 

increasing tumor grades and the invasion and migration of cancer cells in breast cancer 

(Yamamoto et al., 2018; Zoratti et al., 2015). In the present study, serine-type peptidase 

activity is also observed in PDAC tumors with liver metastasis (Figure 15E). High tumor 

grade is also associated with serine-type peptidase activity (Figure 15E). Furthermore, ion 

channels have been proved to play a critical role in the progression of cancers. Chloride 

channels take a prominent place in tumorigenesis and are associated with the migration of 

cancer cells (Cuddapah and Sontheimer, 2011; Prevarskaya et al., 2010). Intracellular 

chloride channels are involved in the progression and invasion of cancers, and proteins from 
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this family have been identified in numerous cancers, including colorectal, lung, gastric, and 

ovarian cancers (Deng et al., 2014; Okudela et al., 2014; Tang et al., 2013; Wang et al., 

2014). For example, one study demonstrated that chloride intracellular channel 1 regulates 

the metastasis of cancer cells through the reactive oxygen species (ROS)/ERK signaling 

pathway in the hypoxia-reoxygenation (H-R) process in colon cancer (Wang et al., 2014). 

Chloride intracellular channels are involved in liver metastasis and high tumor grade (Figure 

15E). Phospholipase A2 (PLA2) catalyses hydrolysis of fatty acids and has been proved to be 

involved in the migration of several cell types, including cancer cells. One clinical research 

reveals that PLA2 is related to EGFR expression and results in poor patient diagnosis in 

breast cancer (Caiazza et al., 2011). The present study shows that calcium-dependent 

phospholipase A2 takes part in liver metastasis and is associated with the undifferentiated 

tumor phenotype (Figure 15E). 

The analysis of the transcriptional profiles of the PDAC mice with and without liver 

metastasis is helpful to define the gene expression features related to the ability of tumor 

cells to metastasize to the liver and identify the gene set and signaling pathways that 

potentially contribute to the formation of liver metastasis. This study also provides the 

evidence for the link between the undifferentiated phenotype and metastasis.  

 

 

6.4.4 Identification of immune cell subpopulations associated with tumor 

grades in PDAC. 

 
PDAC has abundant stromal content with massive ECM deposition. Immune cells are one of 

the important components of the stroma in PDAC, accounting for about 50% of PDAC 

cellular components (Clark et al., 2007). The distribution and function of immune cells are 

influenced by their interactions with cancer cells and other components of the ECM (Feig et 

al., 2012). It has been revealed that immune cells, including tumor-associated macrophages 

and Treg cells, mediate immune evasion and promote the progression of PDAC (Zheng et al., 

2013). Mutational burden influences anti-tumor immunity (Stone and Beatty, 2019). 

Oncogenic Kras mutations induce the secretion of growth factors, cytokines and chemokines 

to evade immune responses and promote inflammation, resulting in tumor progression and 

invasion (Dias Carvalho et al., 2018). Previous studies have demonstrated that oncogenic 

Kras mutations are involved in the regulation of myeloid and T cell populations (Liou et al., 

2015; Tran et al., 2016; Zdanov et al., 2016). The roles of the immune cells in the 

progression and invasion of PDAC have been the focus of several studies. It has been 

reported that the expression of CXCL1 and VEGF in tumor associated macrophages is 
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associated with vascular structure and depletion of this type of macrophages in PDAC 

mouse models remarkably suppresses metastasis and leads to impaired angiogenesis 

(Caiazza et al., 2011; Huang et al., 2018). To facilitate the elucidation of the roles played by 

infiltrating immune cells in cancers, computational methods for deconvolution of the 

transcriptional profiles of bulk tumor samples have been developed.  

To characterize the immune contents within the TME of pancreatic cancer, the immune cells 

in the tumors from 80 PDAC mice are analyzed through deconvolution of the transcriptomic 

profiles by an experienced bioinformatician Fabio Boniolo. The composition of the immune 

microenvironment of the tumors in G1 and G4 cohorts varies, indicating the heterogeneity of 

immune cell infiltration related to the tumor grades in PDAC (Figure 16A). 

There is significant difference in the composition of M2 macrophage, plasmacytoid dendritic 

cells, type 2 T helper (Th2) cells and memory B cells between G1 and G4 cohorts (Figure 

16B, 16C, 16D and 16E). Macrophages are part of the innate immune system. Accumulating 

evidence reveals that tumor associated macrophages are an important cellular component of 

the TME of PDAC and play a critical role in the regulation of the initiation development and 

progression of pancreatic cancer. Clinical studies demonstrate that M2 macrophages are 

associated with metastasis and survival time of PDAC patients (Kurahara et al., 2011; Zheng 

et al., 2013). M2 macrophages are shown to promote immunosuppressive environment by 

inhibiting anti-tumor responses and supporting tumor escape (Kurahara et al., 2011; 

Movahedi et al., 2010). They are also involved in vascularization and degradation of ECM 

proteins and therefore promote angiogenesis and tumor invasiveness (Coffelt et al., 2009; 

Gocheva et al., 2010; Hagemann et al., 2004). The present study shows that there are more 

M2 macrophages in the well-differentiated PDAC tumors (Figure 16B), indicating these 

innate immune cells may support the development and progression of PDAC. One recent 

study revealed that the presence of M2 macrophages is associated with gemcitabine 

resistance in PDAC (Bulle et al., 2020). Considering TME components serve critical roles in 

drug resistance (Sharma et al., 2017) and G1 tumors have more stroma than the G4 cohort 

in pancreatic cancer (Figure 10B), the finding in the present study indicates that M2 

macrophages might be an important stromal component which is involved in drug resistance 

in PDAC. Plasmacytoid dendritic cells are known as the producers of high levels of type I 

interferons. Clinical studies show that the presence of plasmacytoid dendritic cells is an 

indicator of poor prognosis in breast, oral and ovarian cancers (Han et al., 2017; Labidi-Galy 

et al., 2012; Treilleux et al., 2004). Plasmacytoid dendritic cells support the 

immunosuppressive environment by the induction of Tregs through the inducible costimulator 

(ICOS) and inducible costimulator ligand (ICOS-L) signaling pathways or the upregulated 

expression of indoleamine 2,3-dioxygenase (IDO) (Vermi et al., 2011). It is also observed  
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Figure 16.  Characterization of immune cell subpopulations using RNA-Seq data.  
(A) The absolute immune score of pancreatic ductal adenocarcinoma (PDAC) tumour samples based 
on RNA-Seq dataset.  
(B) The absolute immune score of M2 macrophage in G1 and G4 cohorts. **p<0.01, Student’s t test. 
(C) The absolute immune score of plasmacytoid dendritic cells in G1 and G4 cohorts. *p<0.05, 
Student’s t test. 
(D) The absolute immune score of CD4+ T helper 2 (Th2) in G1 and G4 cohorts. **p<0.01, Student’s t 
test. 
(E) The absolute immune score of B cell memory in G1 and G4 cohorts. *p<0.05, Student’s t test. 
G1: n=18. G4: n=62. Bioinformatician Fabio Boniolo performed the deconvolution of the transcriptomic 
profiles for immune cell subpopulations (Figure 16A). All these mouse models were generated, bred 
and analysed by all the members in the lab of Prof. Dieter Saur. Mouse dissection, RNA preparation 
and RNA-seq were performed by all the members in the lab of Prof. Dieter Saur. 

 
 
 

that plasmacytoid dendritic cells produce the cytokine IL-1α to induce neoangiogenesis and 

invasion of human non-small cell lung cancer (Sorrentino et al., 2015). These studies reveal 

the pro-tumorigenic effect of plasmacytoid dendritic cells. In contrast to their 

immunosuppressive effect, plasmacytoid dendritic cells also show an anti-tumorigenic 

capacity. Previous studies demonstrated plasmacytoid dendritic cells can activate CD8+ T 
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cells, myeloid dendritic cells (mDCs) and NK cells to initiate anti-tumor immunity in 

melanoma (Guery et al., 2014; Lelaidier et al., 2015; Liu et al., 2008). It is also reported that 

plasmacytoid dendritic cells kill cancer cells and inhibit tumor growth by activation of CD8+ T 

cells and NK cells in breast cancer (Wu et al., 2017). High levels of plasmacytoid dendritic 

cells correlate with prolonged survival in breast cancer patients (Kini Bailur et al., 2016). This 

present study shows that the G4 cohort has a lower level of plasmacytoid dendritic cells 

compared with the mice with well differentiated tumors (Figure 16C). This finding reveals that 

plasmacytoid dendritic cells correlate with pancreatic malignancy, indicating these immune 

cells as a potential prognostic marker of PDAC. CD4+ Th cells are classified into 3 subgroups, 

type 1 T helper (Th1) cells, Th2 cells and type 17 T helper (Th17) cells, and are mainly 

involved in tumor immunology (Zhou et al., 2009). IL-4, IL-5 and IL-10 are Th2-secreted 

cytokines and are associated with tumor growth and metastasis in hepatocellular carcinoma 

and melanoma (Budhu et al., 2006; Enninga et al., 2016). One study demonstrated that the 

presence of Th2 cell infiltration results in reduced overall survival of PDAC patients (De 

Monte et al., 2011). G4 tumor mice have a higher level of Th2 cells compared to the G1 

cohort (Figure 16D). G4 is the most malignant phenotype of primary tumor in PDAC and is 

associated with poor prognosis. Therefore, the results of this study are in line with the 

previous study from De Monte and colleagues (De Monte et al., 2011), providing the 

evidence of the correlation between Th2 cells and PDAC pathology. Memory B cells is one 

long-lived subtype of B cells. They promote T cell expansion and initiate memory formation 

by presenting antigens. Memory B cells participate in the antitumor responses by producing 

interferon γ (IFN-γ), TNF-related apoptosis-inducing ligand (TRAIL) and granzyme B and 

cooperate with CD8+ T cells in ovarian and liver cancers (Nielsen et al., 2012; Shi et al., 

2013). Memory B cell infiltration is associated with favourable prognosis in hepatocellular 

carcinoma (Shi et al., 2013). The present study reveals G1 tumors, which are associated with 

better prognosis than G4 tumors, have a higher level of memory B cells (Figure 16E). This 

finding is consistent with the results in hepatocellular carcinoma patients. 

This study characterizes the immune microenvironment of pancreatic tumors by employing 

the computational method of the deconvolution of the transcriptomic profiles from murine 

PDAC tumors. The composition of four immune subpopulations, namely M2 macrophages, 

plasmacytoid dendritic cells, Th2 cells and memory B cells, shows significant difference 

between G1 and G4 cohorts. This result indicates these subpopulations potentially influence 

the pathogenesis of PDAC. 
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6.5 Generation of a new mouse model allowing to inactivate endogenous 

KrasG12D. 

Oncogenic Kras mutation is the most remarkable genetic event in the PDAC initiation and 

progression. G12, G13 and Q61 are the main Kras mutation sites in human pancreatic 

cancer. The G12 mutation is the predominant mutation, accounting for approximately 98% of 

the Kras mutations. G12D, one of the most common mutations, makes up more than 51% of 

G12 mutations. To investigate the role of this oncogenic Kras mutation in the PDAC, a 

conditional KrasG12D transgene mouse model was established. As reported by prevous 

studies, the expression of KrasG12D is controlled by a tet-operator which is under the control 

of a loxP-stop-loxP (LSL) cassette (Ying et al., 2012). This mouse model is crossed with the 

mouse model with LSL-Rosa26rtTA-IRES-GFP/+and with Ptf1aCre/+ generated by Ying and 

colleagues (Ying et al., 2012). This generated GEMM harboring triple transgenes is 

designated as iKras strain (Ying et al., 2012). The expression of oncogenic Kras is induced 

by doxycycline (doxy). With the iKras strain, it has been proved that the Kras mutation is 

essential for the progression of PDAC and this mutation regulates the anabolic glucose 

metabolism to maintain PDAC tumors (Ying et al., 2012). However, subsequent studies 

reported that 70% of the iKras mice incur tumor relapse after the withdrawal of doxycyclin 

(Kapoor et al., 2014). The relapse tumors show a high expression level of oncogenic Kras 

while the endogenous WT Kras alleles remain intact (Kapoor et al., 2014). These findings 

indicate that the iKras mouse model has a leaky oncogenic Kras expression independent of 

the tet system. In order to overcome this drawback, this study develops a mouse model that 

introduces a loxP flanked KrasG12D mutation in the endogenous Kras locus and allows the 

inactivation of endogenous oncogenic KrasG12D. 

Figure 17 shows the process of the development of this mouse model. Homologous 

recombination introduces the FSF-Kraslox-G12D-lox to the genome of mouse embryonic stem 

(ES) cells. Microinjection of these ES cells with targeted Kras allele into blastocysts is 

performed to generate the mice with FSF-Kraslox-G12D-lox. The mice with pancreatic specific Flp 

and those with FSF-Rosa26CAG-CreERT2 are crossed with the mice FSF-Kraslox-G12D-lox. Flp 

induces the expression of the endogenous KrasG12D by the recombination of two frt sites. 

TAM treatment allows CreERT2 to remove the G12D mutation and therefore inactivates 

oncogenic Kras expression. 

The targeting vector consists of a frt flanked stop cassette containing neomycin resistance 

(neo) cassette, a loxP flanked G12D mutation in Kras locus and DTA cassette. This targeting 

vector is linearized by PmlI and electroporated into 129 ES cells. The ES clones with 

targeted allele are identified by PCR. The PCR product of the targeted allele is 3933 bp and 

there are 9 clones with the targeted allele (Figure 18A and 18B). The presence of the distal 
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Figure 17.  The schematic design of a new mouse model with FSF-Kraslox-G12D-lox. 
The targeting vector contains FSF-Kraslox-G12D-lox-DTA and is transferred to embryonic stem (ES) cells 
with wild-type (WT) Kras. After homologous recombination, the targeted allele harbors the FSF-Kraslox-

G12D-lox cassette. The mice with FSF-Kraslox-G12D-lox are generated by microinjection of gene targeted ES 
cells into blastocysts. The incorporation of targeted ES cells into the developing embryo of donor 
blastocyst results in chimeric offsprings. The positive mice, which are confirmed by polymerase chain 
reaction (PCR), is F0. A stable F1 generation mouse model was obtained by mating positive F0 
generation mice. F1 mice with FSF-Kraslox-G12D-lox are crossed with those with Flp and those with 
Rosa26CAG-CreERT2. Flp removes the FSF cassette, allowing the expression of the endogenous 
KrasG12D. Application of tamoxifen (TAM) activates Cre recombinase, removes the oncogenic Kraslox-

G12D-lox mutation therefore inactivating endogenous oncogenic KrasG12D expression. FSF: frt-stop-frt. 
DTA: diphtheria toxin A. The targeting vector has been generated by Barbara Seidler and Andreas 
Arbeiter in the lab of Prof. Dieter Saur.  

 

 

loxP is examined by PCR and BglII digestion. Kras WT allele has a BglII endonuclease 

digestion site while the BglII digestion site is disrupted by the distal loxP site. Therefore, PCR 

is used to amplify the fragment containing the BglII digestion site and the distal loxP site. If 

the PCR product can be cut completely, the distal loxP is lost. All the targeted clones except 

Clone 2 have the distal loxP site (Figure 18C). Quantitative real time PCR (qRT-PCR) of 

genomic DNA of the targeted ES cells is performed for the quantification of the copy number 

of the targeted allele. The result shows that all the clones have one copy of the targeted 

allele (Figure 18D). Two ES clones are sent for the microinjection. The founder mice (F0) are 

crossed to generate the FSF-Kraslox-G12D-lox mice (F1). To examine if recombination of loxP 
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Figure 18.  Generation of a new mouse model allowing to inactivate endogenous KrasG12D.  

(A) The targeting strategy of Kras locus. From top to bottom, diagrams of: Kras wild-type (WT) locus; 
the pFSF-Kraslox-G12D-lox targeting vector with the promoterless frt-stop-frt (FSF) gene trapping cassette 
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5´ of Kras exon 2 containing loxP-G12D-loxP; the targeted FSF-Kraslox-G12D-lox locus. Restriction sites 
and the exon structure of the Kras locus are indicated. DTA: diphtheria toxin A. SA: splice acceptor. 
(B) Identification of the targeted embryonic stem (ES) clones by polymerase chain reaction (PCR). The 
forward primer binds to the stop cassette and the reverse primer binds to Kras locus after the second 
loxP site. The targeted ES clones have a 3.9 kb band while WT ES clones have no bands after PCR. 
DNA of FSF-KrasG12D/+ mouse (Schönhuber et al., 2014) was used as positive control. The sizes of the 
PCR products and digestion products are indicated. 
(C) Identification of the ES clones with the distal loxP. The PCR products of WT and the targeted allele 
are 764 bp and 798 bp, respectively. After BglII digestion, the products of WT band are 573 bp and 
191bp. The PCR product of the targeted allele cannot be digested and remains 798 bp after the 
digestion. PCR indicates the PCR product. Dig indicates the digestion of the PCR product. 
(D) The copy number of the targeted allele in the ES clones. The genomes of the corresponding ES 
cells were extracted and used as the templates of quantitative real time PCR (qRT-PCR). The primers 
of qRT-PCR and TaqMan probes targeting neomycin resistance (neo) cassette and β-actin are 
designed. β-actin was used as internal reference. 2-ΔΔCt method was employed for the analysis of the 
copy number of the targeted allele in the ES clones as described in 5.4.4. The positive control 1 has 1 
neo cassette. Positive control 2 has 2 neo cassettes. Positive control 3 has 3 neo cassettes. 
(E) The identification of the mice with the targeted allele and the examination of the recombination of 
the two loxP sites. Mouse 1: FSF-Kraslox-G12D-lox/+;Rosa26CAG-CreERT2/+. Mouse 2: FSF-Kraslox-G12D-

lox/+;Rosa26CAG-CreERT2/+.  Mouse 3: FSF-Kraslox-G12D-lox/+. Two PCRs (a and b) were performed for the 
identification of the mice with the targeted allele. a: WT, 272 bp; targeted allele, 761 bp. b: WT, 153 
bp; targeted allele, 191 bp. c: Mice were fed with tamoxifen-containing chow (400 mg tamoxifen citrate 
per kilogram chow) for 1 week to activate CreERT2. The recombination PCR was perfermed. After 
taxmoxifien treatment, the recombination of two loxP sites was detected in Mouse 1 and Mouse 2. 
Mouse 3 has no CreERT2 and is the control. Recombination band: 503 bp. Magdalena Zukowska 
performed the PCRs in Figure 18E. 
The targeting vector has been generated by Barbara Seidler and Andreas Arbeiter in the lab of Prof. 
Dieter Saur. 

 

 

 

 

sites can be observed, F1 mice with the FSF-Kraslox-G12D-lox/+ targeted allele are futher 

crossed with Rosa26CAG-CreERT2/+ mice. Three mice, including Mouse 1, Mouse 2 and Mouse 3, 

are obtained. Their genotypes are FSF-Kraslox-G12D-lox/+;Rosa26CAG-CreERT2/+, FSF-Kraslox-G12D-

lox/+;Rosa26CAG-CreERT2/+ and FSF-Kraslox-G12D-lox/+, respectively. The targeted allele in these 

three mice is confirmed by the genotyping PCR (Figure 18E.a and Eb). Subsequently, these 

mice are fed with TAM-containing chow. After 1 week of the feeding, recombination PCR is 

performed. The result shows that the recombination is detected in Mouse 1 and Mouse 2 

(Figure 18E.c). Mouse 3 does not have CreERT2 expression and no recombination is 

observed in this animal (Figure 18E.c). These results indicate this new mouse model is 

successfully established. Further characterization of this mouse model will be performed in 

ongoing experiments. 

 

 

6.6 Regulation of Cre expression via RNA interference (RNAi). 
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RNAi is a conserved endogenous mechanism that is exploited to suppress gene expression 

(Hemann et al., 2003). Gene silencing mediated by RNAi can be induced by short hairpin 

RNAs (shRNAs) embedded in the miRNA scaffold (Dickins et al., 2005). 

 

Figure 19.  The downregulation efficiencies of short hairpin RNAs (shRNAs) in CV8107 cell line.  
(A) The viral construct and the targeting sites of shRNAs. a, the viral construct, including 3’ and 5’ long 
terminal repeat (LTR) sequence, the RNA target site for packaging Psi+, mouse phosphoglycerate 
kinase 1 (PGK) promoter, puromycin resistant (PuroR) cassette, miRNA-based shRNA (shRNAmir), 
the internal ribosomal entry site (IRES) and green fluorescent protein (GFP). b shows the targeting 
sites of the three shRNAs in Cre. 
(B) The western blot analysis of CreERT2 using Cre recombinase antibody after transduction of 
CV8107 cell line with viral shRNAs constructs. The control group is 366-CV8107. The shRNA used for 
this group has no target site in Cre. Hsp90α/β is the endogenous reference protein. The band intensity 
of western blot is measured by Odyssey infrared imaging system. The Cre band intensity is 
normalised by Hsp90α/β band intensity for each group. The normalized band intensity values are then 
used for the quantitive comparison between the groups. The western blot image is on the top and the 
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quantification graph of relative signal intensity is at the bottom. Data represent mean ± SEM; n=3 per 
group. ns, not significant, *p<0.05, ***p<0.001, one-way ANOVA. 
(C) The western blot analysis of CreERT2 with estrogen receptor α antibody after transduction of 
CV8107 cell line with viral shRNAs constructs. The control group is 366-CV8107. The shRNA used for 
this group has no target site in Cre. Hsp90α/β is the endogenous reference protein. The band intensity 
of western blot is measured by Odyssey infrared imaging system. The Cre band intensity is 
normalised by Hsp90α/β band intensity for each group. The normalized band intensity values are then 
used for the quantitive comparison between the groups. The western blot image is on the top and the 
quantification graph of the relative signal is at the bottom. Data represent mean ± SEM; n=3 per group. 
ns, not significant, *p<0.05. one-way ANOVA. 
(D) Recombination polymerase chain reaction (PCR) of Pdk1lox/lox is examined after 2, 4, 6 and 8 days 
of 4-hydroxytamoxifen (4-OHT) or ethanol (EtOH) treatment. The cells were harvested, and the 
respective DNA was extracted after 2, 4, 6 and 8 days of 4-OHT or EtOH treatment. Recombination 
PCR of Pdk1lox/lox was performed to examine the recombination of the two loxP sites induced by Cre 
recombinase. b, c, d, e and f show the PCR analysis of CV8107, 366-CV8107, 157-CV8107, 212-
CV8107 and 796-CV8107, respectively. 

 

This study tries to find if it is feasible to employ RNAi to control the expression of Cre and 

thus controls the expression of loxP-flanked genes in the process of tumor development in 

mice. To identify shRNAs that can induce potent suppression of Cre, we collaborated with 

Prof. Miething (Univ. Freiburg) who selected 3 potent shRNAs by bioinformatic approaches 

(shRNAs 157, 212 and 796, targeting Cre sequence) (Figure 19A). shRNA 366 does not 

target Cre sequence and is a negative control. CV8107 and V731 are two PDAC cell lines 

with CreERT2 expression and their genotypes are Pdx1-Flp+/-,FSF-KrasG12D/+;FSF-Rosa26CAG-

CreERT2/+;Pdklox/lox;Trp53frt/+ and Pdx-Flp+/-,FSF-KrasG12D/+;FSF-Rosa26CAG-

CreERT2/+;Pdklox/+;Trp53frt/+;Rosa26mT-mG/+, respectively. In CV8107 cell line, the western blot 

analysis shows shRNA construct 157 has the most efficient knockdown effect, although both 

shRNA 212 and 796 also lead to lower expression level of CreERT2 compared with the 366 

construct (Figure 19B and 19C). The PCR analysis of PDK1loxP/loxP recombination also shows 

that 157, 212 and 796 constructs inhibit the recombination while 366 construct does not 

influence the recombination (Figure 19D). 

In V731 cell line, western blot analysis is performed to quantify the expression level of 

CreERT2 in V731 cell line alone or V731 with the transduced shRNAs. The result shows that 

shRNA 796 can significantly suppress the expression of CreERT2 compared with the 366 

construct (Figure 20A and 20B). The expression level of CreERT2 is comparable in the cells 

with 157 and 366 shRNAs (Figure 20A and 20B). The viral constructs have a GFP cassette 

and the GFP is cytoplasm targeted. The expression of cytoplasm targeted GPF indicates the 

successful transduction of shRNA constructs. V731 has Rosa26CAG-CreERT2/+ and Rosa26mT-

mG/+ cassettes and, without 4-OHT treatment, the cells have the expression of membrane- 

targeted tdTomato. After 4-OHT treatment, CreERT2 is activated and the tdTomato cassette 

is removed. This leads to the change of the reporter from tdTomato to EGFP and therefore, 

the cells have the expression of membrane targeted EGFP (Figure 20C). After 8 days of 4-

OHT or EtOH treatment, the quantification of the cells with membrane-targeted EGFP is 
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Figure 20.  The downregulation efficiencies of short hairpin RNAs (shRNAs) in V731 cell line.  
(A) The western blot analysis of CreERT2 using Cre recombinase antibody after transduction of V731 
cell line with viral shRNAs constructs. The control group is 366-V731. The shRNA used for this group 
has no target site in Cre. Hsp90α/β is the endogenous reference protein. The band intensity of 
western blot is measured by Odyssey infrared imaging system. The Cre band intensity is normalised 
by Hsp90α/β band intensity for each group. The normalized band intensity values are then used for 
the quantitative comparison between the groups. The western blot image is on the top and the 
quantification graph of the relative signal intensity is at the bottom. Data represent mean ± SEM; n=3 
per group. ns, not significant, *p<0.05, **p<0.01, one-way ANOVA. 
(B) The western blot analysis of CreERT2 using estrogen receptor α antibody after transduction of 
V731 cell line with viral shRNAs constructs. The control group is 366-V731. The shRNA used for this 
group has no target site in Cre. Hsp90α/β is the endogenous reference protein. The band intensity of 
western blot is measured by Odyssey infrared imaging system. The Cre band intensity is normalised 
by Hsp90α/β band intensity for each group. The normalized band intensity values are then used for 
the quantitative comparison between the groups. The western blot image is on the top and the 
quantification graph of the relative signal intensity is at the bottom. Data represent mean ± SEM; n=3 
per group. ns, not significant, *p<0.05, one-way ANOVA. 

(C) The schematic diagram of Rosa26mT-mG with CreERT2 after 4-hydroxytamoxifen (4-OHT) treatment. 
When CreERT2 is not activated, membrane-targeted tdTomato is expressed. After 4-OHT treatment, 
CreERT2 is activated, leading to the removal of the tdTomato cassette flanked by two loxPs, and the 
membrane-targeted EGFP is expressed. 
(D) The quantification of cells with EGFP on the membrane. Data represent mean ± SEM; n=16 
microscopy fields per group. ns, not significant, ***p<0.001, ****p<0.0001, one-way ANOVA. 
(E) The representative images of the cells after 8 days of 4-OHT or ethanol EtOH treatment. The GFP 
located in the cytoplasm is expressed from the viral construct (Figure 19A.a). Cytoplasm-targeted GFP 
indicates the cells with successful transduction. The membrane-targeted EGFP comes from the 
expression of Rosa26mT-mG. When CreERT2 is activated by 4-OHT, the tdTomato cassette is removed 
and the membrane-targeted EGFP is expressed. Scale bars indicate 50 µm. 

 

 

 

performed. The result shows that 157, 212 and 796 shRNAs can significantly inhibit the 

recombination of Rosa26mT-mG (Figure 20D and 20E). It is observed that the downregulation 

efficiencies of these shRNAs are different in CV8107 and V731 cell lines (Figure 19B, 19C, 

20A and 20B). This may be due to the different copy numbers of these constructs in the cell 

line. 

This study tests 3 shRNA constructs and their suppressing efficiencies of CreERT2 

expression vary. To validate that the changes of CreERT2 expression can influence the 

corresponding downstream gene cassettes, Pdk1lox/lox and the reporter gene Rosa26mT-mG/+ 

are also examined and the results show it is feasible to regulate the genes under the control 

of Cre through RNAi. However, no complete downregulation/inactivation of Cre was achieved, 

making it impossible to switch Cre on and off as initially planned. 

 

6.7 Loss of tenascin c (Tnc) function results in more ADM and PanIN-1A 

lesions. 

Tenascin c (Tnc) is one of the ECM proteins. It is highly conserved and widely distributed in 

embryonic tissues (Chiquet, 1992). Adult tissues have restricted Tnc distribution (Fluck et al., 
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2000). Tnc protein synthesis is an indicator of successful tissue repair and can be rapidly 

induced in many tissues under the pathological pressure. Stromal cells and inflammatory 

leukocytes are the main sources of Tnc (O'Connell et al., 2011). Tnc protein mediates 

numerous physiological and pathological cell responses, and its activity is cell-type 

dependent. The responses of cells to Tnc protein are context-specific and this protein often 

exerts the opposite effects in different cell types (Chiquet-Ehrismann and Tucker, 2011; 

Midwood and Orend, 2009). TME shows a high expression level of Tnc. Previous studies 

have shown that Tnc can promote and suppress proliferation of cancer cells and fibroblasts 

(Huang et al., 2001; Orend et al., 2003). Tnc is associated with the progression and 

metastasis of many types of human cancers, such as breast cancer and glioblastoma 

(Oskarsson et al., 2011; Song et al., 2017).  

In this study, Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice (Figure 21A) are used as the mouse model 

to investigate the effects of Tnc in PDAC. The survival time of Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- 

mice is signicantly reduced, when compared with that of Ptf1aCre/+,LSL-KrasG12D/+ mice 

(Figure 21B). Compared with that of Ptf1aCre/+,LSL-KrasG12D/+ mice, the tumor incidence of 

Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice is significantly lower (p<0.0001) (Figure 21C). The 

percentage of mice with macroscopic metastasis in Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- cohort is 

significantly lower than that of the control group (p<0.0001) (Figure 21D). The deletion of Tnc 

results in lower percentages of ascites and liver metastasis (Figure 21E). The mice in 

Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- cohort only have 1 metastatic site, while those in 

Ptf1aCre/+,LSL-KrasG12D/+ cohort have up to 5 metastatic sites (Figure 21F). Ptf1aCre/+,LSL-

KrasG12D/+ mice display the 4 grades of invasive tumors while the tumors of PDAC mice with 

Tnc knockout are either G2 or G3 (Figure 21G and 20H). The different histopathological 

distribution of the grades in these two genotypes indicates the depletion of Tnc influences the 

tumor morphology. The Tnc-deleted mice show more ADM and PanIN-1A lesions than the 

control mice (Figure 21I and 21J), indicating Tnc ablation contributes to the formation of ADM 

and PanIN-1A.  
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Figure 21.  Characterization of PDAC mice with tenascin c (Tnc) deletion.  
(A) The genetic strategy of Tnc knockout in PDAC tumor mice. Cre expression leads to the removal 
the loxP-stop-loxP (LSL) cassette and the expression of KrasG12D. Tnc is silenced by the neomycin 
resistant (neo) cassette in exon2. Tnc is knocked out in the whole body of the mouse. 
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(B) Kaplan-Meier survival curves of Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice. 
The median survival time of Ptf1aCre/+,LSL-KrasG12D/+ (n=37) is 435 days. The median survival time of 
Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- (n=15) is 359 days. **p<0.01, log-rank test. 
(C) The incidence of invasive PDAC tumors in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+; 
Tnc-/- mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=22): Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- 
mice. ****p<0.0001. Fisher’s exact test. 
(D) The percentages of macroscopic metastases of Ptf1aCre/+,LSL-KrasG12D/+ andPtf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=15): Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. ****p<0.0001. Fisher’s exact test. 
(E) The analysis of metastatic sites in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- 

mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=15): Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice. 
(F) The analysis of the number of metastatic sites in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=15): Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. 
(G) Representative hematoxylin and eosin (H&E) stained tumor sections of different grades of 
Ptf1aCre/+,LSL-KrasG12D/+ (top) and Ptf1aCre/+, LSL-KrasG12D/+; Tnc-/- mice (bottom). Control (n=37): 
Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=15): Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice. Scale bars indicate 
50 µm. 
(H) The composition of different grades of tumors from Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=14): Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice. 
(I) Representative H&E stained sections of acinar to ductal metasplasia (ADM) and pancreatic 
intraepithelial neoplasia 1A (PanIN-1A) of Ptf1aCre/+,LSL-KrasG12D/+ (top) and Ptf1aCre/+,LSL-
KrasG12D/+;Tnc-/- mice (bottom). Arrows indicate ADM (left) or PanIN 1A (right). Control (n=3): 
Ptf1aCre/+,LSL-KrasG12D/+ mice. Tnc-/- (n=3): Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice. Scale bars indicate 50 
µm. 
(J) Quantification of ADM and PanIN-1A lesions in 1-month-old mice with genotypes as indicated 
(mean ± SEM). Ptf1aCre/+,LSL-KrasG12D/+ mice: n=3. Ptf1aCre/+,LSL-KrasG12D/+;Tnc-/- mice: n=3. 
**p<0.01, two-way ANOVA. 

 

 

6.8 Hepatocyte nuclear factor 4α (Hnf4α) ablation prolongs the overall survival 

of PDAC mice.  

Hepatocyte nuclear factor 4α, encoded by Hnf4α, is a highly conserved transcription factor. It 

involves in the regulation of the morphogenesis and function of epithelial cells in pancreas, 

kidney, liver, small intestine, and colon. The expression of Hnf4α is critical for hepatocyte 

function and the development of liver. Loss of Hnf4α function promotes the proliferation of 

cancer cells in hepatocellular carcinoma (Lazarevich et al., 2010). HNF4A exhibits a 

decreased expression pattern in numerous types of human cancer, including renal cell, 

hepatocellular and colorectal carcinomas (Oshima et al., 2007; Sel et al., 1996; Tanaka et al., 

2006). One recent study revealed that prostate cancer patients show a reduced expression 

level of HNF4A and the downregulated expression of this gene promotes cancer cell 

proliferation and enhances the capacity of colony formation (Wang et al., 2020b).  On the 

other hand, the expression of Hnf4α is also upregulated in ovarian mucinous carcinomas, 

lung mucinous adenocarcinomas and colorectal carcinomas (Darsigny et al., 2010; Sugai et 

al., 2008; Xiang et al., 2015) These studies suggest that Hnf4α may have distinct effects in 

different cancer entities or progression stages of cancers. The present study uses  
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Figure 22.  Characterization of PDAC mice with hepatocyte nuclear factor 4α (Hnf4α) ablation. 
(A) The genetic strategy of Hnf4a knockout in pancreatic ductal adenocarcinoma (PDAC) tumor mice. 
Cre expression leads to the removal the loxP-stop-loxP (LSL) cassette and the expression of KrasG12D. 
In the Hnf4α locus, exons 4 and 5 are removed by Cre recombinase.  
(B) Kaplan-Meier survival curves of Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox 

mice. The median survival time of Ptf1aCre/+,LSL-KrasG12D/+ (n=37) is 435 days. The median survival 
time of Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox (n=6) is 505 days.  *p<0.05, log-rank test. 
(C) The tumor incidence in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice. 
Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Hnf4αlox/lox (n=8): Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox 
mice. ****p<0.0001. Fisher’s exact test. 
(D) The percentages of macroscopic metastases of Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-
KrasG12D/+;Hnf4αlox/lox mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Hnf4αlox/lox (n=6): 
Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice. ns, not significant. Fisher’s exact test. 
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(E) The analysis of metastatic sites in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox 
mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Hnf4αlox/lox (n=6): Ptf1aCre/+,LSL-
KrasG12D/+;Hnf4αlox/lox mice. 
(F) The analysis of the number of metastatic sites in Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-
KrasG12D/+;Hnf4αlox/lox mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Hnf4αlox/lox (n=6): 
Ptf1aCre/+,LSL-KrasG12D/+; Hnf4αlox/lox mice. 
(G) Representative hematoxylin and eosin (H&E) stained tumor sections of different grades of 
Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice. Scale bars indicate 50 µm. 
(H) The composition of different grades of tumors from Ptf1aCre/+,LSL-KrasG12D/+ and Ptf1aCre/+,LSL-
KrasG12D/+;Hnf4αlox/lox mice. Control (n=37): Ptf1aCre/+,LSL-KrasG12D/+ mice. Hnf4αlox/lox (n=4): 
Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice. 
 

 

Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice (Figure 22A) to understand the effects of Hnf4α 

knockout in PDAC mice. Loss of Hnf4α can significantly improve the survival time of PDAC 

mice (Figure 22B), indicating its pro-tumoral effect in PDAC. The mice with homozygous 

Hnf4α deletion have significantly lower tumor incidence than Ptf1aCre/+,LSL-KrasG12D/+ mice 

(p<0.0001) (Figure 22C). The metastasis percentage between Ptf1aCre/+,LSL-KrasG12D/+ mice 

and Ptf1aCre/+,LSL-KrasG12D/+;Hnf4αlox/lox mice are comparable (Figure 22D). The mice with 

homozygous Hnf4α deletion have higher percentages of liver and peritoneum metastasis but 

a lower percentage of ascites than those in Ptf1aCre/+,LSL-KrasG12D/+ cohort (Figure 22E). 

Homozygous Hnf4α deletion leads to higher percentages of the mice with 1 and 3 metastatic 

sites (Figure 22F). Compared with tumors in Ptf1aCre/+,LSL-KrasG12D/+ animals, the tumors 

with Hnf4α ablation do not exhibit G1 (Figure 22G and 22H).  
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7 Discussion and Outlook 

 
Advances in the genetic engineering techniques have facilitated the development of GEMMs 

of pancreatic cancer. These mouse models recapitulate the recognized features that are 

observed in the progression of human pancreatic cancer, from PanIN precursor lesions to 

invasive adenocarcinoma. Clinical data shows that the progression of pancreatic cancer is a 

process of accumulating molecular changes, including the activation of oncogenes and the 

silencing of tumor suppressor genes. Multi-omics sequencing results reveal that PDAC has a 

high degree of intra-tumoral heterogeneity. To investigate the heterogeneous features of 

PDAC and dissect the complex mechanisms of pancreatic cancer progression, the 

generation and characterization of PDAC mouse models with genetic aberrations, including 

in Trp53, Cdkn2a, Smad4, Tgfbr2, Tgfβ and Snail, are required. The present study 

systematically characterizes the survival and metastatic features of the mouse models and 

identifies the molecular signatures related to tumor grades, mitosis and liver metastasis. Four 

immune subpopulations are revealed to be associated with histopathological phenotypes. 

Moreover, a new mouse model that facilitates the inactivation of the endogenous KrasG12D 

mutation is established and a new method to control gene expression mediated by the 

regulation of the expression of Cre recombinase using RNAi has been tested. Finally, this 

thesis demonstrates that Tnc deletion results in more ADM and PanIN-1A lesions and loss of 

Hnf4α function improves the survival of PDAC mice.  

 

Correlation between survival time and metastasis in PDAC mouse models 

Metastasis appears to correlate with the survival time in the PDAC mouse models. For 

example, PK mice with Cdkn2a alteration exhibit a shorter life span and more metastasis 

than PK mice (Figure 3B and 4B). Similar results have been also observed in numerous 

types of human cancer, including cervical cancer, nonsmall cell lung cancer, colon cancer 

and breast cancer (Oh et al., 2009; Wang et al., 2020a; Wang et al., 2019b; Yin et al., 

2019b). Patients with colorectal cancer often have poorer survival outcomes as metastasis 

spreads to other organs (Wang et al., 2019b). PDAC mouse models also exhibit similar 

correlations between survival time and the number of metastatic sites. In the present study, 

mice with more metastatic sites tend to have poorer survival (Figure 3 and 6). This study 

provides evidence to correlate metastasis with poor prognosis in PDAC.  

The relationship between survival time and metastasis has been discussed intensively in 

recent years (Wang et al., 2020a; Wang et al., 2019b; Yin et al., 2019b). Liver metastasis is 

related to the poor overall survival of cervical cancer patients (Yin et al., 2019b). A previous 

study revealed that it is necessary to adapt diverse treatment plans for colon cancer patients 
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with different metastatic patterns (Wang et al., 2020a). In breast cancer, patients with 

different metastatic sites show different clinicopathological features and survival outcomes 

(Wang et al., 2019b). Moreover, breast cancer patients with bone metastasis have favorable 

survival than those with brain metastasis (Wang et al., 2019b). These studies suggest the 

correlation exists between metastasis and survival time, which can provide critical 

information for studies of prognosis, pathology and treatment strategies for cancers. 

Therefore, to investigate the mechanisms underlining the relationship between metastasis 

and survival is critical. This study provides the clues for studying the molecular mechanisms 

of PDAC. CDKN2A mutations enhance tumorigenesis and metastasis and lead to poor OS in 

many types of human cancer. For example, CDKN2A alterations are involved in the lymph 

node metastasis in lung cancer (Marchetti et al., 1997). CDKN2A alterations also correlate 

with increased lymph node metastasis and the poor survival rates of patients with GC 

(Matsusaka et al., 2014). This study also finds Cdkn2a alterations lead to poor survival and 

more metastases in PDAC mouse models, which suggests that Cdkn2a plays an essential 

role in influencing the survival and metastasis in PDAC. Future studies should identify the 

genes that potentially influence the prognosis and metastasis of PDAC and elucidate the 

mechanisms of the correlation between metastasis and survival time. 

 

PDAC tumor grades and their association with other PDAC features 

Tumor grade is used to measure the degree of tumor differentiation and PDAC tumors are 

classified by their cytological and histopathological features into Grade 1 (G1, well-

differentiated carcinomas); Grade 2 (G2, moderately-differentiated carcinomas); Grade 3 

(G3, poorly-differentiated carcinomas) and Grade 4 (G4, undifferentiated carcinomas). Tumor 

grade is an indicator of prognosis in PDAC. A novel staging system for pancreatic cancer has 

incorporated tumor grades into the present TNM system to provide more accurate 

prognostications of survival for PDAC patients (Rochefort et al., 2013), which indicates the 

importance of taking tumor grades into consideration in clinical practice. Futhermore, this 

study reveals the correlation between tumor grades and other features of PDAC and 

identifies the features that shape the different histopathological phenotypes. Tumor grades 

are used to evaluate the differentiation of tumors and it has been observed that less 

differentiated tumors are more aggressive and associated with a poor prognosis. In addition, 

mitosis is a parameter for the evaluation of proliferative activities in cancer. Tumor grades 

are positively related to the mitotic activities of tumors in PDAC mouse models (Figure 8) and 

that cell proliferation is a predictive activity of tumor progression. 

The present study also finds that as PDAC tumor grades increase, there are more 

metastases (Figure 9). It has been demonstrated that less differentiated tumors possess 
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more invasive features that result in local and distant metastasis (Rochefort et al., 2013). The 

results of this study reveal that the mice with higher tumor grades exhibit higher number of 

metastatic sites. Notably, the percentage of mice with liver metastasis is positively related to 

tumor grades (Figure 5C). Liver metastasis is often observed in PDAC patients in advanced 

stages. A previous study has observed that liver metastasis is associated with poorly 

differentiated tumor and poor survival (Sahin et al., 2018), which provides evidence that liver 

metastasis is associated with PDAC tumor grades. Altogether, these studies indicate that 

liver metastasis is a potential indicator of the malignancy and prognosis of PDAC tumors. 

Pancreatic tumors contain an abundant stromal compartment. The PDAC TME consists of 

fibroblasts, infiltrating immune cells, PSCs, endothelial cells and ECM proteins. It has been 

shown that stromal components are involved in the pathogenesis of pancreatic cancer and 

associated with poor prognosis and drug resistance (Moffitt et al., 2015). According to a new 

TNMG (tumor, node, metastasis, grade) staging system, tumor grade is divided into two 

groups: a low-grade group including well- and moderately-differentiated tumors, and a high-

grade group consisting of poorly-differentiated and undifferentiated tumors (Rochefort et al., 

2013). The present study reveals that low-grade tumors have a higher percentage of stroma 

than high-grade tumors, which is consistent with previous studies (Neuzillet et al., 2019; 

Puleo et al., 2018). One recent study demonstrates that high-grade PDAC tumors are 

characterized by low stromal content and mesenchymal-like cancer cells mediate low stromal 

content via deactivation of PSCs and suppression of the proliferation of these cells in high-

grade PDAC tumors (Steins et al., 2020). Thus, the interactions between tumor cells and 

PSCs modulate the histopathological features of PDAC. This thesis highlights the correlation 

between tumor grade and stromal contents. Further studies should focus on the mechanisms 

of this correlation and its clinical relevance. 

 

The molecular signatures of tumor grades 

Tumor grades are highly associated with the prognosis of PDAC patients. Thus, identifying 

the molecular signatures related to tumor grades is important to elucidate the mechanisms of 

PDAC pathogenesis. The transcriptional profiles of PDAC tumors have been used to define 

the molecular signatures of different subtypes (Bailey et al., 2016; Collisson et al., 2011; 

Moffitt et al., 2015; Puleo et al., 2018). These subtypes are defined by gene expression 

features from both PDAC cancer cells and the tumor microenvironment. It has been shown 

that they are related to the prognosis of PDAC patients and the options of treatment 

strategies. Undoubtedly, comprehensive molecular characterization of patients’ tumors will 

facilitate precision medicine in human pancreatic cancer. However, multi-omics sequencing 

is time consuming, and the cost is unaffordable for most patients. The present study finds 
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that the transcription subtypes of PDAC correlate with tumor grades. One previous study also 

demonstrates that, according to the morphological features of tumors, PDAC patients can be 

classified into distinct categories that are associated with the molecular subtypes (Kalimuthu 

et al., 2020). These findings suggest the existence of a strong correlation between tumor 

histopathological features and molecular subtypes in PDAC and provide a basis for 

improving the taxonomy of pancreatic cancer, which will be useful for further treatment 

options.  

Furthermore, this study identifies the molecular signatures of low-grade (G1) and high- grade 

(G4) PDAC tumors. PDAC heterogeneity is mirrored in the transcriptomic profiles of 

pancreatic tumors of different grades and the gene expression profiles of G1 and G4 tumors 

are grouped in three distinct clusters which are further analyzed to reveal their molecular 

features. The gene signatures that characterize the differentiation degree of PDAC tumors 

are associated with certain histopathological features, such as cancer cell proliferation, local 

invasion, and distant metastasis, which are also shown to be related to the tumor features of 

other cancer entities. For example, Lypd8 and E2f8 are associated with tumor cell 

proliferation in colorectal cancer and cervical cancer respectively (Kim et al., 2020; Xu et al., 

2019). Additionally, Sprr2a, Fbln2 and Fosl1 are related to the metastasis of 

cholangiocarcinomas and lung cancer (Baird et al., 2013; Mizuguchi et al., 2014; Vallejo et 

al., 2017). The results of these studies indicate some genes have similar effects on the 

proliferation and metastasis in different cancer contexts. Moreover, these findings also 

suggest that tumor grades correlate with the proliferation and metastasis of PDAC tumors. 

Tumor morphology is a critical parameter of tumor grades and is related to the interaction of 

cancer cells and TME. The crosstalk between cancer cells and the TME modulates tumor 

features. The roles of the gene signatures in the crosstalk between cancer cells and the TME 

must be investigated to obtain a better understanding of the mechanisms of proliferation and 

metastasis in PDAC. The results of signaling pathway enrichment analysis indicate that 

actin-binding activity, structural constituents of the cytoskeleton and growth factor activities 

are involved in the differentiation of PDAC tumors. A previous study reveals that actin-

binding proteins are involved in the proliferation and invasiveness of cancer cells through 

changes of the cytoskeleton (Stevenson et al., 2012). The interactions between growth 

factors and their receptors mediate cancer cell migration and tumor metastasis (Yilmaz and 

Christofori, 2009). The involvement of these activities suggests that the histopathological 

features of tumors are the result of intensive molecular interactions in PDAC. Since these 

activities have been proved to be related to tumor growth and metastasis, this finding 

confirms that PDAC tumor grades are associated with the proliferation and metastasis of 
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PDAC. Confirmative experiments are required to validate the involvement of these activities 

which can influence the differentiation grade of PDAC. 

 

The strong correlation between tumor grades and mitosis in histopathology and 

transcriptomic profiles in PDAC. 

Tumor grades correlate with mitotic activities in PDAC tumor (Figure 8B and 14B). Notably, 

similar results have been observed in other types of human cancer. For example, a study of 

patients with lung adenocarcinoma shows that the cancer cell proliferation activity becomes 

more active as the tumor grades increase (Kalogeraki et al., 2010). Furthermore, tumor 

grades are associated with the mitotic index in patients with oral mucosal melanoma (Ma et 

al., 2017). The differential gene expression analysis of murine PDAC tumors in this thesis 

demonstrates that tumor grades are strongly associated with mitosis (Figure 8B, 14B and 

14C). Compared with those in G1 tumors, most mice from the G4 cohort have a more active 

mitotic activity in PDAC tumor (Figure 14B). Altogether, these results suggest that the 

different degrees of histopathological differentiation in PDAC tumors have a molecular basis 

and that the changes of the gene expression pattern underlie tumor grades in pancreatic 

cancer. 

The strong correlation between tumor grades and mitosis in PDAC indicates that both tumor 

differentiation and mitotic activities can be affected by the overlapping gene set (Figure 14C). 

These genes have been shown to be associated with the proliferation and progression of 

other cancer entites. For example, a high expression level of Gkn1 and Gkn2 suppresses the 

proliferation of cancer cells, and downregulated expression of these two genes promotes 

metastasis and is associated with the invasive phenotype and an advanced stage of GC 

patients (Dai et al., 2014; Moss et al., 2008; Yoon et al., 2019). Moreover, overexpression of 

S100a4 promotes the proliferation of cancer cells via the inhibition of starvation-induced 

autophagy in lung cancer (Hou et al., 2018). Additionally, upregulated S100a4 expression is 

associated with high tumor grades and results in tumor metastasis in breast cancer (Bresnick 

et al., 2015; Pedersen et al., 2002). Notably, Fosl1 regulates cancer cell proliferation in lung 

cancer patients with Kras mutations (Vallejo et al., 2017). A high level of Fosl1 expression 

leads to reduced Cdh1 expression and increased expression levels of N-cadherin and Snail 

and drives the malignant progression through the activation of EMT in prostate cancer (Luo 

et al., 2018). The functional similarities of these genes in different cancer contexts provide 

evidence that the overlapping genes have effects on tumor grades and mitosis of cancer.  

The balance between cell proliferation and differentiation serves an important role in the 

development of cancers. This balance might be mirrored by the correlation between mitosis 

and tumor grades. Thus, understanding the interaction network of the overlapping genes 
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affecting both mitosis and tumor grades could be important to elucidate the mechanisms of 

PDAC progression. This study shows that Prkg2, Bmp2, Muc5ac and Clca1 are of critical 

importance in the predicted interaction network (Figure 14D). Notably, the expression 

patterns of these genes have been studied in other human cancers. For example, Bmp2 

overexpression results in the invasive property of cancer cells, a feature associated with 

high-grade tumor, in melanoma (Rothhammer et al., 2005). The results of the present study 

indicate that these genes and the interaction network between them are associated with 

tumor growth and malignancy of PDAC and that they are potential targets for the treatment of 

pancreatic cancer. Further studies should focus on the functions of these genes in PDAC. 

 

The presence of liver metastasis is associated with tumor grades. 

PDAC patients are characterized by a high risk of metastasis. Approximately, 91% of 

pancreatic cancer patients incur metastasis and suffer from metastatic diseases. Lymph 

node metastasis and other distant metastases, including liver and lung metastases, are 

incorporated into the TNM staging system of pancreatic cancer, highlighting that metastasis 

is an important parameter for the prognosis of PDAC patients. Clinical studies have revealed 

that the majority, approximately 76-94%, of PDAC metastases are in the liver (Haeno et al., 

2012; Yachida et al., 2012), while 41-56% of PDAC patients bear peritoneum metastasis. 

Metastasis in the lymph nodes is found in approximately 41% of PDAC patients, while 

patients with lung metastasis account for 45-48% of PDAC patients (Haeno et al., 2012; 

Yachida et al., 2012).  

PDAC patients with different metastatic sites exhibit distinct clinical outcomes. PDAC 

patients with lung metastasis have a better prognosis than those with liver metastasis. 

Patients with poor tumor differentiation are preferably associated with liver metastasis (Sahin 

et al., 2018), indicating that liver metastasis is related to more malignant PDAC tumors. 

Consistent with the previous study, this thesis indicates that there is a higher risk of liver 

metastasis in murine PDAC tumors as tumor grades increase (Figure 9C). The correlation 

between tumor grades and liver metastasis has also been observed in the transcriptomic 

profiles of murine PDAC primary tumors. Differential gene expression analysis reveals that 

the expression of Gkn1, Muc5ac and Clca1 potentially underlies the correlation between 

tumor grades and liver metastasis in PDAC. Gkn1 mediates EMT and the migration of cancer 

cells by regulating the ROS and the Pi3k/Akt signaling pathway in GC (Dokhaee et al., 2018). 

A recent study reveals that Muc5ac is associated with the invasion and migration of cancer 

cells in colorectal cancer through its interactions with CD44 (Pothuraju et al., 2020). 

Downregulated Clca1 expression is related to a high risk of metastasis by regulating EMT 

process and results in a higher tumor stage in colorectal cancer (Li et al., 2017). Therefore, 
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the roles of these genes in PDAC must be investigated. The relationship between PDAC 

tumor grades and liver metastasis suggests liver metastasis may be an important prognostic 

indicator in PDAC.  

Moreover, several studies have demonstrated that liver pre-metastatic niche formation is 

critical for the successful engraftment and survival of metastatic cancer cells (Costa-Silva et 

al., 2015; Peinado et al., 2011; Sceneay et al., 2013). The formation of the pre-metastatic 

niches in the liver involves interactions between specific molecules and hepatic stellate cells. 

A previous study shows that PDAC-derived exosomes with a high level of migration inhibitory 

factor (MIF) induce the secretion of Tgfβ and elevated expression of fibronectin in hepatic 

stellate cells, which engage in the formation of liver pre-metastatic niches and, thus foster the 

development of liver metastasis (Costa-Silva et al., 2015). Furthermore, the interaction 

between the tissue inhibitor of metalloproteinase-1 (Timp1) and CD63 activates hepatic 

stellate cells to form liver pre-metastatic niches (Grunwald et al., 2016). These studies 

indicate the liver pre-metastatic niche is a key player in the formation of liver metastasis. 

While the primary PDAC tumor samples are analyzed, secondary liver tumor samples are not 

included in this thesis. Considering the critical roles of pre-metastatic niches in the liver 

metastasis of PDAC, integrating the secondary liver tumor sample in the analysis could be 

extremely helpful for improving our understanding of the mechanisms of liver metastasis in 

PDAC.  

 

Tumors of different grades exhibit distinct subpopulations of immune cells. 

The analysis of immune cell infiltration in histological sections of murine PDAC tumors 

reveals that well-differentiated tumors have a higher percentage of infiltrated immune cells 

than undifferentiated tumors (Figure 10D).  Several studies have shown that the interactions 

between immune cells and other cellular components in PDAC tumors influence the 

distribution and function of immune cells and that the crosstalk between cancer cells and the 

surrounding microenvironment leads to a complex immunosuppressive microenvironment 

(Feig et al., 2012; Stone and Beatty, 2019). The results of this study highlight the association 

of infiltrated immune cells with tumor grades in pancreatic cancer and, thus provides the 

evidence of immune cell infiltration modulating the tumor microenvironment, which has 

prognostic relevance in PDAC.  

Immune cells account for approximately 50% of the cellular components in PDAC tumors. 

Many immune cell subpopulations have been identified in PDAC, including tumor-associated 

macrophages, dendritic cells, natural NK cells, B cells and T cells. Flow cytometry and 

immunofluorescence have been widely used for the identification and characterization of the 

immune cell subset in cancer research. However, certain factors are hampering the 
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application of these two methods, including the specific binding ability of antibodies, the 

antibodies’ quality and concentration, the quality of biopsies, the quality of the fluorescent 

probes and the spillover effects of the fluorescence (Finak et al., 2016; Nguyen et al., 2013; 

Odell and Cook, 2013). Apart from flow cytometry and immunofluorescence, computational 

methods for the deconvolution of transcriptomic profiles of tumor tissues have been 

developed and are used to quantify the composition of infiltrated immune cells in  the studies 

of tumor immunity (Finotello and Trajanoski, 2018). Various studies have successfully 

recovered the fractions of different cell types by employing these approaches (Newman et 

al., 2015; Zhong et al., 2013). This present study employs this method and identifies the 23 

subpopulations of immune cells in the PDAC tumors (Figure 16A). Further confirmative 

experiments should be performed to validate these results.  

Immune cell subpopulations play distinct roles in the TME. For example, high density of M2 

macrophages is associated with pro-tumoral activities and the poor prognosis of PDAC 

patients, while M1 macrophages engage in pro-inflammatory activities and exhibit antitumor 

functions (Lankadasari et al., 2019). Therefore, the functional study of immune cell subsets is 

essential to elucidate the pathology of tumors. This study has identified the distribution 

patterns of four immune cell subpopulations, including M2 macrophages, plasmacytoid 

dendritic cells, Th2 cells and memory B cells, which show significant differences between 

high- and low- grade PDAC tumors (Figure 16). These results indicate that these immune 

cells potentially contribute to the malignancy of pancreatic cancer.  

The interactions of immune cells modulate immune responses and are related to the 

pathology of various diseases. For example, a recent study reveals that dendritic cells and 

M2 macrophages engage in the regulation of inflammation mediated by Th2 cells (Cho et al., 

2019). Moreover, the extensive interactions between Treg cells and antigen-presenting-like 

cells have been shown to be associated with the immunosuppression in the TME and drive 

the progression of PDAC (Jang et al., 2017; Thornton and Shevach, 2000). Investigating the 

interactions of the immune cell subsets identified in this study with other cell types, such as 

cancer cells, may provide insight into the network of immune cells in the TME and the 

mechanisms of immune cell infiltration.  

In recent years, immunotherapies, such as adoptive cell therapy and immune checkpoint 

inhibitory (ICI) therapy, have made notable progress in improving the clinical outcomes of 

cancer patients. However, current immunotherapeutic approaches have not produced any 

promising results in pancreatic cancer to date (O’ Reilly et al., 2019). The 

immunosuppressive microenvironment in PDAC tumors influences the efficacy of immune 

therapies and results in a resistance to immunotherapies. The infiltrated immune cells and 

their interactions with other cellular components have been shown to be associated with the 
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establishment of the immunosuppressive microenvironment in PDAC. For example, 

macrophages can inhibit the antitumor effects of CD8+ T cells by secreting 

immunosuppressive factors, such as IL-10 and arginase-1 (Arg1), to prompt the progression 

of pancreatic cancer (Kaneda et al., 2016). It has also been reported that MDSCs mediate 

the suppression of IFN-γ and thus, allow the tumor to escape immunosurveillance (Nagaraj 

et al., 2012). The immune cell subpopulations contributing to the immunosuppressive 

microenvironment could be potential targets for immunotherapies in PDAC. Moreover, 

dendritic cells and macrophages have been shown to affect the accumulation of T cell 

receptor (TCR)-engineered T cells, thus associated with the therapeutic efficacy of TCR 

gene therapy (Hotblack et al., 2018). Therefore, the study of tumor immunity can provide 

insight into the function of infiltrated immune cells and improve the current immunotherapies 

for PDAC patients by reversing immunodeficiencies or enhancing their antitumor effects. 

 

Generation of new GEMMs of PDAC. 

The development of gene editing techniques and the great needs to study pancreatic cancer 

have driven an explosion of PDAC GEMMs. GEMMs have recapitulated morphological 

changes and genetic alterations in the progression of PDAC and provide a powerful tool for 

researchers to study tumor pathogenesis and the efficacy of relevant therapies. Using these 

mouse models, researchers have made great advances in improving our understanding of 

pancreatic cancer. New GEMMs generated by introducing genetic modifications have 

facilitated the functional study of genes involved in pancreatic cancer. For example, the 

present study establishes a new mouse model, Ptf1acre/+, LSL-KrasG12D/+; Tnc-/- by introducing 

Tnc deletion. Notably, the present study reveals that Tnc deletion is involved in the formation 

of ADM and PanIN-1A lesions (Figure 21I and 21J). However, certain weaknesses have 

been identified in mouse models, such as the iKras mouse model, which also highlight the 

needs for the generation of new and improved mouse models. The advantage of the iKras 

mouse model is that oncogenic KrasG12D expression is temporally regulated and reversible. 

However, it has been shown that 70% of iKras mice incur tumor relapse due to the doxy-

independent expression of KrasG12D (Kapoor et al., 2014). In this study, a new mouse model 

is generated to overcome the leaky expression of iKras mice, which allows the inactivation of 

the endogenous oncogenic Kras mutation.  

The progression of PDAC involves the process of accumulating genetic alterations. Multi-

omics analysis has revealed a complex molecular landscape of PDAC tumors. Whole-

genome sequencing has identified the recurrent mutations in pancreatic cancer patients, 

such as KRAS, CDKN2A and SMAD4, and other oncogenic drivers (Cancer Genome Atlas 

Research Network, 2017). Several studies have also defined the consensus transcriptomic 
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subtypes of PDAC which have clinical relevance (Bailey et al., 2016; Chan-Seng-Yue et al., 

2020; Collisson et al., 2011; Moffitt et al., 2015). Proteomic profiling data shows that the 

proteomic subtypes are associated with prognosis and therapy options (Cancer Genome 

Atlas Research Network, 2017; Law et al., 2020). The findings of this thesis demonstrate that 

several genes and cell subpopulations are involved in tumor grades, mitosis, metastasis and 

immune cell infiltration. An inducible dual-recombinase system was developed in 2014 and 

combines the flippase-FRT (Flp-FRT) and Cre-loxP recombination technologies, 

providing a good strategy for studying the network of these genes and immune cell subsets 

in PDAC (Schönhuber et al., 2014). The dual-recombinase system allows researchers to 

generate new mouse models to investigate the multiple stages of PDAC progression, tumor 

subpopulations and cell components in the TME. The combination of this system and the 

multi-omics analysis will provide further insight into pancreatic cancer. 

 

Conclusion 

In summary, this study has characterized the histopathology and transcriptomic profiles of 

PDAC tumors and generated a new mouse model. The correlation between survival time and 

metastasis has been identified. Mitosis, metastasis, stromal content and lymphocyte 

infiltration have been proved to be associated with tumor grades in the PDAC mouse models. 

The correlation between the classical PDAC subtype and tumor grades and the 

transcriptomic signatures of high- and low-grade tumors are identified. In pancreatic cancer, 

a strong correlation exists between mitotic activity and tumor grades at the histopathological 

and transcriptomic levels. Liver metastasis has been shown to be related to tumor grades 

and the molecular signatures of primary pancreatic tumors from the mice with liver 

metastasis have been identified. Four immune cell subsets, including M2 macrophages, 

plasmacytoid dendritic cells, Th2 cells and memory B cells, exhibit distinct distributions 

between high- and low-grade tumors, which indicates that they could engage in the 

progression of PDAC. A new mouse model has been developed to facilitate the inactivation 

of the endogenous oncogenic Kras mutation and three shRNAs are tested to regulate gene 

expression by targeting Cre recombinase through RNAi. This thesis reveals that Tnc deletion 

leads to more ADM and PanIN-1A lesions and that loss of Hnf4α function prolongs the 

survival time of mice with tumors. 
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