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  Abstract 
 

Intrahepatic cholangiocarcinoma (iCCA) is an aggressive malignancy with an overall 5-year 

survival below 10 %. iCCA has a heterogeneous molecular profile, but 15 % of cases harbor 

fibroblast growth factor receptor 2 (FGFR2) fusion oncogenes. Recent clinical studies suggest 

that iCCA with FGFR2 fusions respond to tyrosine kinase inhibitors with a response rate of up 

to 35 %. This suggests the role of additional factors influencing the response or resistance to 

FGFR2 fusion targeted therapies. 

Previous studies have demonstrated the oncogenic potential of the FGFR2 fusion genes 

primarily using 2D cell lines, subcutaneous transplantation, or xenograft mouse models. 

However, iCCA is a highly microenvironment dependent tumor, and the tumorigenic potential 

of the FGFR2 fusion genes in vivo in the liver remains unexplored. This study describes a novel 

murine model system for the functional annotation of fusion genes in iCCA. Using the in vivo 

electroporation model of iCCA, six different FGFR2 fusion cDNAs were introduced into the 

livers of mice harboring the mutant Kras allele (KraslslG12D); and disrupted the tumor 

suppressor gene Trp53 by CRISPR/Cas9 mediated gene editing. 

Orthotopic tumors were developed only in Kras mutant mice electroporated with the FGFR2 

fusion cDNA, and (with longer latency) in FGFR2 fusion electroporated Kras wild-type mice. 

No tumor development was observed in the controls that did not receive the FGFR2 fusion 

cDNA, suggesting that FGFR2 fusions act as oncogenic drivers in this model. 

Unexpectedly, despite the dependency on the presence of the FGFR2 fusion for tumor 

development, cell lines derived from tumors harboring an FGFR2 fusion in conjunction with a 

Kras mutation were relatively resistant to the treatment with the FGFR inhibitor BGJ398. 

Utilizing both in vitro and in vivo RNAi technology, as well as pharmacologic approaches, it 

is shown that combinatorial treatment targeting KRAS itself or MEK as one of its major 

downstream signaling hubs synergizes with BGJ398 and re-sensitizes the fusion-driven cell 

lines to FGFR-inhibition. 

This study demonstrates the first in vivo model for FGFR2 fusion driven iCCA. Due to its 

genetic flexibility, this model is highly suited to address mechanisms of primary resistance to 

clinically relevant FGFR inhibitors. Moreover, this study shows that co-treatment strategies 

can overcome primary resistance that is mediated through the co-mutational spectrum. 
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Zusammenfassung 
 

Das intrahepatische Cholangiokarzinom (iCCA) besitzt eine aggressive Malignität mit einer 

5-Jahre Gesamtüberlebensrate unter 10 %. Das iCCA weist ein heterogenes molekulares Profil 

auf, das in 15 % der Fälle ein Fusionsonkogen des Fibroblasten-Wachstumsfaktor-Rezeptors 2 

(FGFR2) besitzen. Jüngste klinische Studien legen nahe, dass das iCCA mit FGFR2-Fusionen 

auf eine Therapie mit Tyrosinkinase-Inhibitoren mit einer niedrigeren Ansprechrate reagiert, 

nur 35 % der Patienten sprechen auf diese Therapie an. Dies legt jedoch auch nahe, dass weitere 

Faktoren das Ansprechen oder die Resistenz der FGFR2-Fusions-zielgerichteten Therapie 

beeinflussen. 

Frühere Studien haben das onkogene Potential von FGFR2-Fusionsgenen in vitro 

hauptsächlich unter Verwendung von 2D-Zelllinien, subkutaner Transplantation oder 

Xenotransplantat-Mausmodellen gezeigt. Das iCCA ist jedoch ein stark von der Tumor-

Mikroumgebung abhängiger Tumor, daher wäre es von großer Bedeutung, die FGFR2-

Fusionen in der Leber-Mikroumgebung zu untersuchen. Das tumorerzeugende Potenzial der in 

vivo FGFR2-Fusionsgene in der Leber blieb bisher unerforscht. Diese Studie beschreibt ein 

neuartiges in-vivo-Mausmodellsystem zur funktionellen Annotation von Fusionsgenen im 

iCCA. Mithilfe des in-vivo-Elektroporationsmodells wurden sechs verschiedene FGFR2-

Fusions-cDNAs in die Lebern von Mäusen eingebracht, die das mutierte Kras-Allel 

(KraslslG12D) enthalten. Zusätzlich wurde das CRISPR/Cas9-System verwendet, um das 

Tumorsuppressorgen Trp53 zu editieren. 

Die orthotopen Tumore entwickelten sich mit voller Penetranz bei den FGFR2-Fusions-cDNA 

elektroporierten Kras Knockout-Mäusen und ebenfalls (mit einer längeren Latenzzeit) bei den 

FGFR2-Fusions-cDNA elektroporierten Kras Wildtyp-Mäusen. Bei den Kontrollen, die keine 

FGFR2-Fusions-cDNA erhielten, entwickelten sich keine Tumore, dies deutet darauf hin, dass 

FGFR2-Fusionen in diesem Modell als onkogene Treiber wirken. 

Obwohl die Tumorentwicklung von der Präsenz der FGFR2-Fusion abhängig war, zeigten 

tumor-derivierte, FGFR2-getriebene und Kras-mutierte Zelllinien eine unerwartete Resistenz 

gegenüber dem FGFR-Inhibitor BGJ398. Mittels in vitro und in vivo RNA Interferenz 

Technologie, sowie auch mittels pharmakologischer Ansätze wird gezeigt, dass KRAS-

gerichtete Kombinationsansätze, bzw. MEK-Inhibition, die primäre Resistenz durchbrechen 

und die Zellen gegenüber dem FGFR-Inhibitor re-sensitivieren konnten. 
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Diese Studie zeigt das erste in-vivo-Modell für FGFR2-fusionsgetriebene iCCA. Aufgrund 

seiner genetischen Flexibilität eignet sich dieses Modell hervorragend zur Untersuchung von 

Mechanismen der Primärresistenz gegenüber klinisch relevanten FGFR-Inhibitoren. Die 

Arbeit zeigt, dass Primärresistenz durch das Ko-Mutationsspektrum bestimmt sein kann, und 

dass Kombinationstherapien zu einer Re-Sensitivierung gegenüber FGFR-Inhibitoren führen 

können.  
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BAP1 BRCA1 associated protein 1 
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BRAF B-Raf proto-oncogene, serine/threonine kinase 
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1. Introduction 

1.1 Cholangiocarcinoma (CCA) 

 

Cholangiocarcinoma (CCA) is an epithelial cancer, which arises from cells of the bile duct [1]. 

Traditionally, the cholangiocarcinoma is classified into three types based on the anatomical 

location of the tumor; intrahepatic (iCCA), perihilar (pCCA), and distal (dCCA) 

cholangiocarcinoma [2]. Among these three types, perihilar and distal cholangiocarcinoma 

represents 90 % of the cases, and intrahepatic cholangiocarcinoma represents less than 10 % 

of cases [3]. Though the cholangiocarcinoma is classified into above mentioned three subtypes, 

it is challenging to distinguish between subtypes iCCA and pCCA solely based on the tissue 

morphology [4]. 

 

 

 

 

Figure 1.1 Classification of Cholangiocarcinoma based on cells of origin. 

Two different types of stem cells and associated cell lineages give rise to cholangiocarcinoma 

(CCA). Based on the cell of origin, CCA can be classified as (I) Hepatic Stem Cells derived 

lineages, which give rise to histological subtypes of iCCA, including mixed-CCA, and 

combined hepatocellular-cholangiocarcinoma. (II) Cholangiocarcinoma derived from Biliary 

Tree Stem/ Progenitor Cells derived lineages in peribillary glands or intrahepatic or 

extrahepatic large bile ducts' epithelium that includes perihilar CCA, distal CCA, and mucin-

producing iCCA. The figure is adapted from Cardinale et al. with permission [4]. 
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1.1.1 Origin of CCA 

 

CCA arises from cells of the biliary duct called cholangiocytes and hepatocytes. 

Cholangiocytes are the epithelial cell lining in the bile duct. All three types of CCA have 

striking differences in their molecular profile due to the microenvironment or niche in which 

they reside [1]. In iCCA, cancer may arise from the hepatocytes depending upon the hepatic 

microenvironment. The microenvironment epigenetically determines the fate of the 

oncogenically transformed cell. It was recently shown that cues from the microenvironment 

could shape the tumor differentiation; if oncogenically transformed cells have a necroptosis-

associated hepatic cytokine microenvironment, it leads to iCCA, but the same cells would lead 

to HCC if they are surrounded by an apoptotic microenvironment [5]. Also, other studies 

suggested that differentiated hepatocytes can give rise to iCCA through the activation of 

NOTCH signaling [6]. Thus it is hypothesized that iCCA can be derived from either biliary 

epithelial cells (cholangiocytes), hepatic progenitor cells, or even mature hepatocytes [7]. 

 

Cholangiocarcinomas exhibit a mixture of histopathological characteristics among their 

subtypes. With very few exceptions, most of the cholangiocarcinomas exhibit the histology of 

well, moderately, and poorly differentiated adenocarcinoma [3]. However, recent studies 

suggest that there are two predominant histopathological subtypes of cholangiocarcinoma; one 

is cancers originating from hepatic stem cells derived lineages that comprise combined 

hepatocellular-CCA, mixed-CCA, with cuboidal, non-mucin-producing glands, and the other 

is pure mucin-producing CCA originating from biliary tree stem cells derived lineages in 

peribiliary glands or from the epithelium of intrahepatic or extrahepatic large bile ducts that 

comprise perihilar CCA and mucin iCCA [4]. 

 

1.1.2 Prevalence of CCA and risk factors 

 

The prevalence of the CCA significantly varies among countries with the highest rate in 

Northeast Thailand (>80/10000 population) and lowest rates (range of 0.3 to 3.36/10000) in 

western countries [8]. In Germany, this rate was 2.61 and 3.93 for women and men, respectively 

(per 10000 population) [9]. This difference between the rates is due to various reasons, 

including geographical locations, ethnicity, risk factors, and poor cancer classification systems 

[10]. Though the reports suggest an increase in the CCA incidences over the last few decades, 
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there is also a report of a concomitant decrease in the incidence of cancer of unknown primary. 

This decrease in the cancer of unknown primary might be due to factors like an advancement 

in diagnostics and enhanced clinical classification [11]. 

 

 

 

Fig 1.2 Incidence of cholangiocarcinoma worldwide. Asian populations have higher CCA 

incidence than the western world. The figure is adapted from Bridgewater et al. with permission 

[8]. 

 

Most CCAs occur de novo, with few known risk factors. Known predisposing factors include 

liver cirrhosis, whereas hepatitis C and hepatitis B are identified as risk factors. Risk factors 

associated with CCA varies vastly geographically; for instance, pathogens like liver flukes 

Opisthorchis viverrini and Clonorchis sinensis were identified as risk factors in the southeast 

Asian population. Hepatitis B and C viruses are established risk factors for CCA in the 

European and American populations, whereas hepatitis C is more prevalent in the Asian 

population. Apart from the genetic risk factors, physiological conditions like obesity, diabetes, 

hepatolithiasis, chronic bile duct inflammation, thorotrast exposure, and diseases like primary 

sclerosing cholangitis and Caroli's disease are also associated as risk factors for CCA [3], [12], 

[13]. Overall, the Asian population has higher incidences of CCA in comparison to the rest of 

the world (Fig. 1.2) [14], [15]. 
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1.1.3 Intrahepatic cholangiocarcinoma 

 

Intrahepatic cholangiocarcinoma is an aggressive malignancy; despite progress in medical care, 

the overall 5-year survival rate for iCCA patients is below 10 % and that for early-stage 

localized iCCA, regional spread iCCA and distant spread iCCA is 15 %, 6 %, and 2 %, 

respectively [16].  

 

In contrast to pCCA and dCCA, which are primarily mucinous adenocarcinomas, intrahepatic 

cholangiocarcinoma is a highly heterogeneous tumor type. Further, iCCA is distinguished into 

small bile duct type (mixed) iCCAs and large bile duct type iCCAs, which originate from two 

distinct cell niches [17], [18]. The small bile duct type iCCA shows mass forming growth 

patterns and is known to be associated with chronic liver diseases, while large bile duct type 

iCCA shows mass forming, infiltrating, and intraductal growth pattern [17]–[20]. Mixed 

hepatocellular-cholangiocellular carcinomas are a subtype of iCCA, representing less than 1 % 

cases [3]. 

 

iCCA is clinically diagnosed using imaging techniques such as Magnetic Resonance Imaging 

(MRI) and Computerized Tomography (CT) scanning. Cancer antigen 19–9 (CA 19–9) is the 

primary serum biomarker used in conjunction with histopathology for the diagnosis of 

intrahepatic cholangiocarcinoma [10], [21].  

 

Surgical resection and liver transplantation are the primary treatment options for patients with 

early-stage iCCA [22]. The majority of the patients are diagnosed in advanced stages and are 

treated with palliative systemic chemotherapy with gemcitabine and cisplatin [10].  Treatment 

of iCCA with a combination of gemcitabine and cisplatin shows improved median survival to 

11.8 months compared to 8.1 months in patients who received only gemcitabine alone (Hazard 

Ratio 0·64, 95 % CI 0·52–0·80) [23]. Many clinical trials have been conducted using targeted 

therapies (e.g., sorafenib, erlotinib, sunitinib, selumetinib) alone or in combination with 

conventional chemotherapy (for example, gemcitabine, cisplatin, and oxaliplatin); however, 

the results were not very encouraging [24]. Recent molecular profiling of iCCA tumors 

revealed many new actionable targets, which open a new horizon for new therapeutics. 
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1.1.4 Molecular profile of iCCA  

 

Although the molecular profile of iCCA varies vastly with factors such as geography and racial 

differences, the most frequent alterations in iCCA include genes involved in DNA repair 

(TP53), tyrosine kinases (KRAS, BRAF, SMAD4), protein tyrosine phosphatase (PTPN3), 

epigenetic regulators (IDH1 and IDH2), chromatin-remodeling factors (ARID1A, BAP1, 

PBRM1, and MLLs), and FGFR2 fusions [25]–[29]. Additionally, iCCA frequently exhibits 

deregulation of the NOTCH and WNT/CTNNB1 pathways [6], [30]. 

 

DNA repair gene TP53 is reported in majority of CCA, but the occurrence differs between the 

cohorts; for example, TP53 mutation was observed in 7.4 % non-O. viverrini iCCA patients in 

Singapore, while 45.2 %  in O. viverrini iCCA cohort from Thailand harbored TP53 mutations 

[26]. Also, it has been suggested that TP53 might contribute to iCCA among hepatitis B virus-

infected patients. HBsAg-seropositive patients without TP53 mutation have a better survival 

rate than those with somatic mutations in the same gene [25]. 

 

Kirsten rat sarcoma viral oncogene homolog (KRAS) is frequently mutated in iCCA patients. 

Around 16 % of iCCA patients show KRAS mutations, and KRAS mutations are associated with 

a significantly decreased survival rate [25], [26]. Zou et al. reported that KRAS mutations 

occurred exclusively at codon 12 [G->D (7), G->V (6), G->A (2) and G->C (2) changes in the 

protein] among 17 KRAS mutations discovered in a cohort of 102 iCCA patients [25]. 

 

The RNA sequencing studies in iCCA patients identified two main biological classes of iCCA; 

the inflammation class (38 % iCCA) and the proliferation class (62 % of iCCA). The 

inflammation class of iCCA shows activation of inflammatory signaling pathways, 

overexpression of cytokines, and STAT3 activation, whereas the proliferation class is 

characterized by activation of oncogenic signaling pathways (RAS, MAPK (mitogen-activated 

protein kinase), and MET) [15], [31]. 
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1.2 FGFR2 fusion  

 

1.2.1 Fusion genes 

 

Fusion genes are the product of two different genes arising as a result of cellular events of 

structural rearrangements like translocations and deletions, transcription read-through of 

neighboring genes, or the trans-and cis-splicing of pre-mRNAs [32]. Few of the genomic 

fusions and splicing fusions encode for protein called fusion protein. Many fusion genes have 

well established oncogenic roles in various types of cancer, including chronic myeloid 

leukemia, lung cancer, pancreatic cancer, breast cancer [33], [109]. 

 

Almost 40 years ago, the first fusion gene BCR-ABL1 t(9;22)(q34;q11) was identified in 

chronic myeloid leukemia. This translocation was first described in 1960 by Peter Nowell and 

David Hungerford, which is also known as the Philadelphia chromosome [33]. This discovery 

brought the focus to chromosomal translocation in different cancers with the help of 

cytogenetics, which helped to build an extensive database of chromosomal translocation. Also, 

the advances in cytogenetics like Fluorescence In Situ Hybridization (FISH) further enabled 

recognition of the fusion breakpoints [34]. The sequencing and bioinformatics technologies 

enabled us to find several fusion genes in cancers [35]. Earlier sequencing efforts did not report 

many fusion events from the cancers. However, there is an increase in fusion reporting in recent 

years because of recent improvements in the fusion detecting algorithms and prior knowledge 

of fusions through the experimental methods like FISH have enabled new fusion detecting 

algorithms like STAR-Fusion (STAR Methods) [36], EricScript [37], and Breakfast [38] to 

detect fusions efficiently. 

 

Gene fusions work in different ways to exhibit their oncogenic potential, such as increasing the 

expression of a gene by fusing with strong promotor, constitutive activation of the protein, or 

loss of regulatory sequences due to truncation[39].  

 

1.2.2 FGFR fusion genes 

 

FGFR is a highly conserved protein family that has an intracellular tyrosine kinase domain. 

Fibroblast growth factors (FGFs) and their receptors (FGFRs; FGFR1–4) are involved in many 
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cellular processes such as differentiation, proliferation, angiogenesis, and survival, which are 

critical for tumor development [40]. Dysregulation in the FGFR family genes found in several 

cancers, including squamous non-small cell lung cancer, small cell lung cancer, gastric, head 

and neck, breast, ovarian, endometrial, and bladder carcinoma. The presence of FGFR family 

gene alteration in several developmental syndromes, as well as many cancers, makes it an 

important candidate for therapeutic intervention [41]. 

 

1.2.3 FGFR2 signaling 

 

FGFs are secreted glycoproteins recognized by the extracellular domain of FGFR that has a 

binding site for FGF. Heparan sulfate proteoglycans stabilize FGF-FGFR (ligand-receptor) 

interaction protecting FGFs from protease-mediated degradation. Upon FGF ligand binding to 

the extracellular domain of FGFR receptor, FGFR undergoes dimerization that leads to 

conformational changes in the structure resulting in activation of the intracellular kinase 

domain [41]. 

 

Activation of the intracellular kinase domain leads to intermolecular transphosphorylation of 

FGFR2 tyrosine kinase domains. Phosphorylated tyrosine kinase initiates the cascade of 

signaling events in the cell [42]. FGFR substrate 2 (FRS2) is an essential downstream adapter 

protein that gets phosphorylated at several sites leading to the recruitment of several members 

of the complex. FRS recruits the growth factor receptor.bound protein 2- son of sevenless 

complex (GRB2- SOS) either directly or through the Src Homology region 2 containing protein 

tyrosine Phosphatase 2 (SHP2) [43], [44]. GRB2-SOS complex activates RAS signaling by 

converting Ras-GDP to Ras-GTP and downstream signaling through multiple effector 

pathways, including RAF/MEK/ERK. Also, GRB2 recruits GRB2-associated binding protein 

1 (GAB1) to form a complex with phosphoinositide 3-kinases (PI3K), leading to the activation 

of the AKT pathway [45]. 

 

FGFR also carries out the signaling in FRS2 independent manner through the phospholipase 

cγ (PLCγ). Src homology 2 (SH2) domain of phospholipase Cγ (PLCγ) binds to phosphorylated 

FGFR2, which on activation converts phosphatidylinositol-4,5-biphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3) and diacylglycerol (DAG). DAG leads to the 

activation of Protein kinase C (PKC). Protein kinase C also phosphorylates RAF, and this leads 
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to the activation of the MAPK pathway [46]. 

 

FGFRs are also involved in many other pathways based on the cellular context such as p38 

MAPK and Jun N-terminal kinase pathways, signal transducer and activator of transcription 

(STAT) signaling, and ribosomal protein S6 kinase 2 (RSK2) [47]. Activation of FGFRs leads 

to several cellular events, including increased cell proliferation, differentiation, and migration 

[42]. In cancer, different aberrations in FGFR pathway have been identified, which includes 

overexpression of the FGFR due to gene amplification or post-transcriptional modifications, 

activating mutations, translocation/rearrangements producing FGFR fusions, and upregulation 

of the respective ligand [41]. 

 

Among the FGFR signaling, translocation of FGFR to form an oncogenic fusions exhibit 

unique molecular profiles found in various cancers (Table 1.1). Fusions from FGFR1, FGFR2, 

and FGFR3 have been reported widely till now; the FGFR4 fusion role in cancer is reported 

rarely [41] [48]. 

 

Table 1.1 FGFR fusions in cancer [40]. 

 

Sr. No FGFR Cancer type 

1 FGFR1 fusions Breast cancer, Lung adenocarcinoma, Lung squamous 

cell carcinoma 

2 FGFR2 fusions Breast cancer. Intrahepatic cholangiocarcinoma, Lung 

squamous cell carcinoma, Ovarian cancer, Prostate 

adenocarcinoma, Thyroid carcinoma 

3 FGFR3 fusions Bladder cancer, Glioblastoma, Low-grade glioma, Head 

and neck squamous cell carcinoma, Lung squamous cell 

carcinoma, Prostate adenocarcinoma 

4 FGFR4 fusion Non–Small Cell Lung Cancer 
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1.2.4 FGFR2 fusion genes in cancer 

 

10 % to 15 % of intrahepatic cholangiocarcinomas harbor FGFR2 fusions [49]–[52]. FGFR2 

fusions are also found at a lower frequency in thyroid, lung, prostate, and breast cancers [24], 

[53]. FGFR2 fusion genes have emerged as a new target in iCCA. More than 150 FGFR2 fusion 

partners have been discovered, including the most frequent ones, namely PPHLN1, AHCYL1, 

TACC3 (Table 1.2) [54]. Graham et al. studied tumors from 152 CCA patients using FISH and 

reported 13 out of 156 tumors had FGFR2 translocation, out of which 12 were classified as 

iCCA (13 %, 12/96). None of the perihilar or extrahepatic tumors showed FGFR2 

translocations [49]. 

 

In humans, FGR2 is located on chromosome 10. FGFR2 has three IgG-like domains and has 

two splice variants, namely FGFR IIIb (FGFR2b) and FGFR2 IIIc (FGFR2c), which are highly 

identical to each other except a part of the third IgG like domain. FGFR2 fusion shows the 

presence of the splice variants FGFR2 IIIb (FGFR2b) selectively [55]. FGFR2 fusion in the 

cholangiocarcinoma can occur at both levels, interchromosomal and intrachromosomal. 

FGFR2 fusions consist of FGFR2 exons 1–17 spliced together with the partner gene with 

complete tyrosine Kinase domain and intact reading frame to produce a functional protein [56], 

[57]. The commonly involved fusion partners of FGFR2 have a coiled-coil domain, and other 

domains include the SAM domain, BTB domain [58]. 

 

Table 1.2 Frequent FGFR2 fusion in cholangiocarcinoma 

 

Sr. 

No 

FGFR2 fusion Fusion partner Chromosome Domain of the fusion 

partner 

1 FGFR2–BICC1type2 BICC1 10 
SAM domain 

2 FGFR2–TACC3 TACC3 4 
Coiled-coil domain 

3 FGFR2–KIAA1598 KIAA1598 10 
Coiled-coil domain 

4 FGFR2–MGEA5 MGEA5 10 
N.D. (No domain found) 

5 FGFR2–KCTD1 KCTD1 18 
BTB domain 

6 FGFR2–TXLNA TXLNA 1 Taxilin Myosin like 

coiled-coil domain, 

7 FGFR2–PPHLN1 PPHLN1 12 
Coiled-coil domain 

8 FGFR2–AHCYL1 AHCYL1 1 
Coiled-coil domain 
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9 FGFR2-NOL4 NOL4 18 
ND 

10 FGFR2-PARK2 PARK2 6 
ND 

11 FGFR2–BICC1type1 BICC1  10 
SAM domain 

 

In general, fusion oncogenes tend to have higher expression, whereas the tumor suppressor 

gene fusions have a lower expression [38]. The expression of FGFR2 mRNA in fusion-positive 

tumors is significantly higher than non-fusion tumors [51]. 

  

1.3 FGFR inhibitors in iCCA  

 

Most of the patients with iCCA are diagnosed at advanced stages; hence either surgical 

resection of tumors or liver transplantation are non-feasible options. The standard therapy 

includes chemotherapy with only approved chemotherapy drugs being gemcitabine and 

cisplatin, with which the median survival is less than one year[23]. Tyrosine kinase inhibitors 

(TKI) are being used for very long since the first TKI Imatinib was used for targeting 

dysregulated kinases. For targeted therapy of FGFR2 fusion derived cholangiocarcinomas, 

several TKIs are being evaluated in clinical trials such as Infigratinib (BGJ398), AZD4547, 

and TAS-120. 

 

Infigratinib (BGJ398) is an orally available, FGFR specific, ATP-competitive inhibitor which 

is currently in phase III clinical trials with manageable toxicity and hyperphosphatemia as a 

common side effect [59]. Since few clinical cases showed resistance to BGJ398 treatment, 

further tissue analysis of these patients revealed a gatekeeper mutation V564F. This gatekeeper 

mutation V564F directly affects the binding of BGJ398. Studies suggest that cells acquire 

resistance towards BGJ398, either though the secondary mutation or alternate pathway 

activation [60]–[62].  

 

1.4 Preclinical models of FGFR2 fusion 

 

Preclinical disease models are fundamental to study the disease and screening drugs before 

they go to the clinical phase. Previously few studies have tested the oncogenic potential of 

FGFR2 fusion genes in iCCA primarily using in vitro 2D cell culture and in vivo subcutaneous 

or orthotopic xenograft mouse models. These studies have utilized the 2D cell lines (e.g., NIH-
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3T3 cells, 293T cells ) expressing the FGFR2 fusion gene and successfully showed in vitro 

activity or generated subcutaneous tumors [28], [50], [51], [63]. Also, one study utilized a 

patient-derived xenograft mouse model that harbored an FGFR2-CCDC6 fusion [64]. 

 

However, since iCCA is a highly microenvironment dependent tumor [5], it is imperative to 

study iCCA using in vivo models. The tumorigenic potential of the FGFR2 fusion genes in vivo 

in the liver remains unexplored and warrants the establishment of a liver tumor model with the 

FGFR2 fusion gene in mice. 

 

1.5 Combinatorial therapy and drug synergism 

 

Cancer is a dynamic disease where cell accumulates several mutations during the 

transformation process, that enables the cell to grow beyond the physiological limits. Within a 

tumor, cancer cells can acquire different mutations to give rise to clonal populations, and these 

clones can escape anticancer checkpoints using multiple strategies. Cancer cells can have 

multiple defective or abnormal pathways, including migration, apoptosis, cell cycle 

checkpoints, or inadequate immune response [65]. Apart from resistance showed by primary 

tumors, the metastatic tumors which migrate from the primary site can be resistant towards the 

drugs to which primary tumor cells respond; this kind of resistance is mainly due to the 

accumulation of secondary mutations [66]. Hence, the clonal heterogeneity within the tumor 

limits the efficiency of the monotherapy to eliminate the tumor cells completely. 

 

Often the drug resistance is the most troublesome and frequent in the case of cancer therapy. 

So, the solution to eliminate these drug-resistant cancer cells with strategic targeting has been 

a significant challenge in cancer therapies. One of the strategies to overcome drug resistance is 

combinatorial therapy with multiple drugs targeting multiple cancer pathways. The last two 

decades of genomics have produced an enormous amount of information regarding the 

mutations. Other omics technologies have enhanced our understanding of cancer to create 

personalized and novel targets utilizing pathway dependency, synthetic lethality, and other 

tumor vulnerabilities [67]. For example, the co-treatment of ganetespib, an inhibitor of the heat 

shock protein 90 (HSP90) molecular chaperone, with BGJ398, enhances the therapeutic 

targeting of FGFR2 [68].  
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In the case of activation or overexpression, the oncogene (e.g., FGFR2 fusions, FGFR2 

amplification) drives the oncogenic downstream signaling pathway. The efficacy of targeted 

therapy can be enhanced by targeting the receptor and the downstream pathway. In such a case, 

there are two ways to design the combination treatment, vertical or horizontal. In vertical 

targeting, targets of combination treatment lie within the oncogenic pathway, while horizontal 

targeting utilizes two parallel pathways. Such a combination treatment design needs a full 

understanding of the complex pathway network [67]. 

 

Among therapies targeting FGFR2 fusions, patients often develop drug resistance due to 

reasons such as acquired mutations and alternative pathway upregulations [57], [59], [61]. For 

instance, FGFR2-KIAA1598 fusion can acquire a mutation p.E565A, which makes the cells 

resistant towards the tyrosine kinase inhibitors and results in the upregulation of the 

PI3K/AKT/mTOR signaling pathway [57], [60]. Targeting PI3K/AKT/mTOR signaling 

pathway with mTOR inhibitor INK128 in these cells showed an enhanced efficacy of the TKI 

inhibitor suggesting the synergistic effect between the TKI and mTOR inhibitor [60]. Hence 

an understanding of the altered and targetable pathways in FGFR2 fusion tumors is essential 

to design the combination therapies to enhance the efficacy of the drugs and help overcome 

resistance mechanisms. 

 

1.6 Research objectives 

 

Currently, the precision oncology treatments in CCA patients, including IDH1-, BRAF/MEK- 

and FGFR-inhibitors, show promising results [59], [69]–[71]. Despite these developments, not 

all patients benefit uniformly as for most reported FGFR2-inhibitors, objective response rates 

(ORRs) are within the range of 20-35 %, indicating the existence of additional parameters that 

influence the therapeutic outcome. Further, among the patients responding to targeted 

therapies, the rapid emergence of resistance mechanisms frequently limits the duration of tumor 

control.  The overall research objective of the project is to investigate the effect of the secondary 

mutation on drug resistance.  

1. Cloning clinically relevant FGFR2 fusions and their functional validation in vitro. 

Recent sequencing studies have uncovered the FGFR2 fusions have multiple partners. This 

study is aimed to clone the 6 FGFR2 fusions, which are already known to be present in 
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cholangiocarcinoma patients. The next step after cloning was to validate these fusions, they are 

functional, and they can transform the cells in vitro. 

2. Establishment of a murine model for FGFR2 fusion driven cholangiocarcinoma. 

Preclinical mouse models are critical to study cancer therapies. Previously described preclinical 

models for FGFR2 Fusion are either in vitro or subcutaneous transplanted cells. One of the 

study's main goals was to establish the FGFR2 Fusion derived mouse model by utilizing the 

liver electroporation method. 

3. To study the effect of Kras co-mutation on tumor kinetics and drug resistance in vitro and 

in vivo. 

KRAS is one of the frequently mutated genes in the CCA. KRAS is also involved in the acquired 

resistance in multiple cancers. The objective was to establish a mouse model with FGFR2 

fusion and mutated KrasG12D to study the effect of Kras co mutation in FGFR2 fusion driven 

CCA. To analyze the downstream signaling and drug resistance in vitro and in vivo, 

establishing the cell lines from the tumors was a necessary aspect of the study.  

4. To study the drug combination treatment for multi-level targeting of the signaling pathways. 

FGFR2 fusion cancers show the increased downstream signaling leading to increased 

MAPK/ERK signaling. The study's overall objective was to achieve the greater efficacy of the 

FGFR2 inhibitors using a combination of therapies targeting downstream signaling pathways. 
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2. Material and methods 

2.1 Material 

The below-mentioned sub-sections introduces all chemical and biological requirements to 

conduct this study. Used quantities/concentrations of the chemicals are mentioned in the text / 

respective method/experiments if they are used differently than the standard used. Any special 

instruments other than the standard equipment are mentioned in the respective method 

description. 

 

2.1.1 Chemicals and drugs 

Chemicals and drugs used in this study are listed in table 2.1. Used quantities/concentrations 

are mentioned in the individual experiments. 

Table 2.1: Chemicals and drugs 

 

Name Order number Manufacturer 

30 % Acrylamide/Bis solution 161-0158 Bio-Rad 

Agarose UltraPure 15510.27 Invitrogen 

Ampicillin sodium salt A835 Sigma-Aldrich 

APS 9592.3 Carl Roth 

AZD4547 HY-13330 MedChemExpress 

Bio-Rad protein assay 500-0006 Bio-Rad 

Bromophenol blue B5525 Sigma-Aldrich 

BSA A6003 Sigma-Aldrich 

Buparlisib HY-70063 MedChemExpress 

Calcium chloride 102379 Merck 

Chloroquine C6628 Sigma-Aldrich 

Citric acid 8187071000 Merck 

Collagen type IV   C5138 Sigma-Aldrich 

Color Prestained Protein Standard P7719 New England Biolabs  

Complete protease inhibitor cocktail tablets 11697498001 Roche 

Crystal violet C0775 Sigma-Aldrich 

Deltarasin  HY-15747 MedChemExpress 

DMEM powder  D5030 Sigma-Aldrich 

Doxycycline hyclate D9891 Sigma-Aldrich 

Mouse food 1324 Altromin 

DTT V315A Promega 

EDTA E5134 Sigma-Aldrich 

EGTA E4378 Sigma-Aldrich 

Entellan 1.07961.0100 Merck 

Eosin Y solution HT110232 Sigma-Aldrich 

Ethanol 8025 J.T.Baker 

Formaldehyde solution 3.5-3.7 % 27244 Otto Fischar GmbH  
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Name Order number Manufacturer 

Glucose G5400 Sigma-Aldrich 

Glutaraldehyde 6257 Sigma-Aldrich 

Glycerol G8773 Sigma-Aldrich 

Glycine G8898 Sigma-Aldrich 

Hematoxylin 1.09249.2500 Merck 

Hydrochloric acid H1758 Sigma-Aldrich 

Hydrogen peroxide 216763 Sigma-Aldrich 

Infigratinib (BGJ398) HY-13311 MedChemExpress 

KETANEST S (25 mg/ml, 

Esketaminhydrochlorid) 

08509884 Pfizer 

L-Glutamine G6392 Sigma-Aldrich 

LY2874455 HY-13304 MedChemExpress 

Magnesium chloride M8266 Sigma-Aldrich 

2-Mercaptoethanol 63689 Sigma-Aldrich 

Methanol 8045 J.T.Baker 

Midori Green MG04 Nippon genetics 

Nonfat dry milk 9999 Cell Signaling 

NP40 D00 013 935 Calbiochem 

Polybrene H9268 Sigma-Aldrich 

Potassium chloride P5405 Sigma-Aldrich 

Propidium iodide 81845 Sigma-Aldrich 

Puromycin P8833 Sigma-Aldrich 

Rompun (2 % Xylazin) - Bayer 

SDS pellets CN30.2 Carl Roth 

Sodium fluoride S7920 Sigma-Aldrich 

Sodium pyruvate P5280 Sigma-Aldrich 

TEMED 87689 Fluka 

Trametinib HY-10999 MedChemExpress 

Tris UltraPure 15504-020 Invitrogen 

Triton X-100 T8787 Sigma-Aldrich 

Trypan blue solution T8154 Sigma-Aldrich 

Tryptone T9410 Fluka 

Tween-20 P5927 Sigma-Aldrich 

Tween® -80 P1754 Sigma-Aldrich 

Xylene 8080 J.T.Baker 

Yeast extract Y1625 Sigma-Aldrich 
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2.1.2 Culture media and solutions 

All cell culture media and solutions were either obtained sterile or filtered before cell culture 

use (Table 2.2). Unless otherwise stated, media and solutions were used at 37°C.  

 

Table 2.2: Culture media and solutions 

 

Name Order number Manufacturer 
   

DMEM 31966 Life Technologies (Gibco®) 

FBS superior S0615 Biochrom 

HEPES buffer H0887 Sigma-Aldrich 

PBS 14200 Life Technologies (Gibco®) 

Penicillin/streptomycin 15140 Life Technologies (Gibco®) 

Trypsin/EDTA R001100 Life Technologies (Gibco®) 

EBSS  14155063 Thermo Fisher Scientific  

 

 

 

2.1.3 Reaction components and commercial kits 

Unless otherwise stated, the use of commercial kits was performed according to the 

manufacturer's instructions. The concentrations and dilutions of the reaction components are 

mentioned in the respective method description. 

 

Table 2.3: Reaction components and commercial kits 

Name Order number Manufacturer 
   

CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) 

G3582 Promega 

dNTP set GC-013-001-1 Genecraft 

Goat serum S-2000 Zymed 

GoTaq G2 master mix M7822 Promega 

High Fidelity Reverse Transcription Kit 05081955001 Roche 

Histostain Plus Streptavidin-Peroxidase 50-420Z Life Technologies 

LipofectamineTM 2000 11668 Life Technologies 

NucleoSpin RNA Kit 740955.50 Macherey-Nagel 

QIAprep Spin Miniprep Kit 27104 Qiagen 

RNase inhibitor 11119915001 Roche 

Surveyor® Mutation Detection Kit  706020 Integrated DNA Technologies 

Western Lightning Plus ECL NEL104001EA PerkinElmer 
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2.1.4 Enzymes  

Table 2.4: Enzymes 

Name Product number Manufacturer 

   

Shrimp Alkaline Phosphatase (rSAP) M0371 New England Biolabs 

DNaseI 11284932001 Sigma-Aldrich® 

Q5® High-Fidelity DNA Polymerase M0491 New England Biolabs 

Restriction endonucleases - New England Biolabs 

T4 DNA Ligase M0202T New England Biolabs 

T4 Polynucleotide kinase M0201 New England Biolabs 

T7 DNA ligase M0318 New England Biolabs 

 

 

2.1.5 Antibodies 

For western blot and immunohistochemistry analysis, primary antibodies' dilution ranged 

between 1:200 and 1:2000; secondary antibodies were diluted as mentioned (Table  2.5). 

The designation p- in table 2.5 refers to the phosphorylated form of the protein.  

Table 2.5: Antibodies 

Name Product number Manufacturer Dilution used 

ERK½ #4695 Cell Signalling Technology, Denver, USA  1:1000 

pERK½ #4376 Cell Signalling Technology, Denver, USA 1:1000 

Akt #4691 Cell Signalling Technology, Denver, USA 1:1000 

pAKT s473 #4058 Cell Signalling Technology, Denver, USA 1:1000 

MEK ½ #4694 Cell Signalling Technology, Denver, USA 1:1000 

pMEK½ S217/221 #9154 Cell Signalling Technology, Denver, USA 1:1000 

SHP2 #3397 Cell Signalling Technology, Denver, USA 1:1000 

pSHP2 Y542 #Ab62322 Abcam, Cambridge, UK  1:1000 

FRS2 #Ab200548 Abcam, Cambridge, UK  1:1000 

pFRS2 Tyr196 #3864 Cell Signalling Technology, Denver, USA 1:1000 

CK19 #Ab133496 Abcam, Cambridge, UK  1:250 

Ki67 #Ab16667 Abcam, Cambridge, UK 1:200 

β -Actin #A3854 Sigma, St. Louis, USA 1:50000 

Vinculin #13901 Cell Signalling Technology, Denver, USA 1:5000 

Kras #SC-30 Santa Cruz Biotechnology, Dallas, USA 1:200 

P53 #p53-CM5P-L Leica Biosystems, Wetzlar, Germany 1:2000 

Anti-rabbit IgG-HRP #7074 Cell Signalling Technology, Denver, USA 1:5000 

Anti-mouse IgG-

HRP  

#H0415 Santa Cruz Biotechnology, Dallas, USA 1:5000 
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2.1.6 DNA oligonucleotides and plasmid constructs 

HPLC-purified DNA Oligonucleotides for PCR were purchased from sigma (Table 

2.6). 

Table 2.6: DNA oligonucleotides 

 

Table 2.7: DNA and plasmid constructs 

Name of the plasmid Source 

pX330-U6-Chimeric_BB-CBh-

hSpCas9  

Gift from Feng Zhang, (Addgene plasmid # 42230; 

http://n2t.net/addgene:42230; RRID:Addgene_42230). 

pT3/PGK Gift from Norman Woller, Hannover medical school 

Germany. 

pPGK-SB13 Kindly provided by David A. Largaespada, Univ. of 

Minnesota. 

pPGKCre-bpA  Gift from Klaus Rajewsky (Addgene plasmid # 11543; 

http://n2t.net/addgene:11543; RRID:Addgene_11543) 

pRRL.SFFV-rtTA3-IRES-EcoR-

PGK-Puro (pRRL.RIEP) 

Kindly provided by Johannes Zuber, IMP, Vienna. 

TRE-dsRed-miR30/shRNA-PGK-

Venus-IRES-NeoR (TRIN_miRE) 

Kindly provided by Johannes Zuber, IMP, Vienna. 

 Primer name Sequence 

Primers for fusion detection PCR 

1 PPHLN1-fusion dete_fwd TGATGATGAGGGACTGTTGG 

2 PPHLN1_ fusion dete_rev GGTGGTTTCTTTGGCACAAT 

3 FGFR2-Fusion dete_fwd 

(common forward primer 

from FGFR2 region) 

AGCTGCTGAAGGAAGGACACAGAATGG 

4 AHCYLN1_fusion 

dete_Rev 

GAGGACTGTGAGATCGAGCGAG 

5 TXLNA_ fusion dete _Rev TGTATAGGGCAAGCTGTTGCTTCAG 

6 KCTD1_ fusion dete _Rev CCAACAACATGGGCTGAAGCTGA 

7 CREB5_fusion dete_Rev TGCATGTGATGGTGTGGCGTCTG 

8 TACC3_ fusion dete_Rev CATGGCCTGGTACACAACCTC 

Primers for semiquantitative PCR 

8 FGFR2_Fw AAGGTTCTCAAGCACTCGGG 

9 FGFR2_rev GCTGTTTTGGCAGGACAGTG 

CRISPR  

10 p53 sgRNA  CCTCGAGCTCCCTCTGAGCC 

11 Surveyor PCR p53 fwd GCCATCTTGGGTCCTGACTT 

12 Surveyor PCR p53 rev CCCCGCAGGATTTACAGACA 

shRNA 

13 shRenilla  TAGATAAGCATTATAATTCCTA 

14 shKras247 TGAATTAGCTGTATCGTCAAGG 

15 shKras368 ACTGTACTCCTCTTGACCTGCT 

http://n2t.net/addgene:42230
http://n2t.net/addgene:11543
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2.1.7 Software 

GraphPad Prism 5 software (GraphPad Software; San Diego, USA). 

FlowJo (FlowJo LLC; Oregon, USA). 

Adobe Illustrator (Adobe; San Jose, USA). 

ImageJ (ImageJ 1.50i, NIH; Bethesda USA). 

Compusyn (ComboSyn, New Jersey, USA). 

Snapgene (GSL Biotech LLC, San Diego USA). 

 

2.2 Animal experiments 

All mouse experiments were performed according to the guidelines and with approval of the 

Lower Saxony State Office for Consumer Protection and Food Safety (LAVES, Germany) 

under protocol number 15/1945; 17/2553 and 19/3211. 

 

2.2.1 Mouse strains  

The B6.129S4-Krastm4Tyj/J (KraslslG12D/wt) strain was a gift from Albrecht Neese (Georg-August 

University, Göttingen, Germany) and maintained at the local animal facility of Hannover 

Medical School. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were bred at and purchased 

from the local animal facility. 7 to 8 weeks old male and female animals were used for all 

experiments. 

 

2.2.2 Animal husbandry 

 

The animals were maintained in individually ventilated cages under pathogen-free conditions 

and exposed to a 14:10 hours (light: dark) cycle at 20-24°C and 50-60 % relative humidity. 

Unless otherwise stated, the mice were given an autoclaved standard diet (1324 M, Altromin, 

Lage, Germany) and water ad libitum. All interventions/experiments were performed during 

the day cycle. 

 

2.2.3 Sample collection from the sacrificed mice 

 

Animals were sacrificed with cervical dislocation when palpable liver tumors were observed, 

or subcutaneous tumor size was more than 1200 mm3. The liver tumor or subcutaneous tumors 

were harvested, and tumor tissue was used for establishing cell lines and histological analysis. 
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2.2.4 Electroporation 

 

Liver electroporation was performed as previously described [72]. Briefly, 7 to 8 week old 

mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg), midazolam (0.7 

mg/kg), and rompun (2 mg/kg). The liver was exposed by making an incision on the skin. 

Plasmid DNA (50 μL TE, 4µg each plasmid) was injected into the liver using a 30-gauge 

needle. Immediately after the DNA injection, electric pulses were administered (voltage 50.0, 

on-time 35 msec, off-time 500 msec, 2 cycles 4 pulse). The injection site was placed between 

the electrode disks of a 5-mm diameter tweezer-type electrode. Electric pulses were generated 

using CUY21SC electroporator (NepaGene, Ichikawa, Japan). The peritoneal cavity was 

washed with 1 ml prewarmed sterile water and closed layer-wise using absorbable sutures. 

Animals were kept warm until they recovered. The animals were observed daily in the first 

postoperative week, after which they were initially evaluated twice a week by visual inspection 

and abdominal palpation for tumor development. Experimental mice were euthanized when 

palpable liver tumors were detected (palpable abdominal resistance > 5 mm diameter, enlarged 

abdomen), or when animal activity score is transitioned from score 2 to score 3 or if score 2 

lasted longer than 3 days. Animals were scored as score 1: low burden, palpable abdominal 

tumor < 5 mm; score 2: medium burden, palpable abdominal tumor > 5 mm, enlarged abdomen; 

score 3: heavy burden signs of severe illness. 

 

2.2.5 Cell lines and cell line derivation from tumors 

 

Mice were sacrificed, and the liver tumor was isolated. The tumor was minced finely and 

enzymatically digested in a shaking incubator with Collagenase IV 1 mg/ml (Sigma-Aldrich, 

St. Louis, USA) in EBSS (Thermo Fisher Scientific, Waltham, USA) at 37°C for 30 minutes. 

Cells were filtered through the 70µm cell strainer. Cells were washed, spun at 300g, and plated 

on tissue culture dishes in Dulbecco's modified Eagle's medium supplemented with 10 % fetal 

bovine serum and 1 % penicillin‐streptomycin. The medium was replenished with fresh 

medium after 48 hours. Cells were split accordingly and later stored in liquid nitrogen for 

further use. 
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2.2.6 In vivo tumor growth of FGFR2 fusion cells 

 

To study the FGFR2 fusion cell line in vivo, 1 x 105 cells were suspended in PBS and injected 

into the flanks of NSG mice. Animals were monitored twice a week until a subcutaneous tumor 

reaches 0.5 cm in diameter. When reaching a tumor size of 50-100 mm3, animals were 

randomized into the respective groups, and treatments were started. Animals were monitored 

daily during the treatment duration. Mice were sacrificed when tumors exceeded the size of 

1200 mm3 in volume, or if the tumor ulcerates.  Tumors were measured using a digital caliper, 

and tumor volume was calculated as 0.5 × length × width2 (length > width). The greatest 

longitudinal diameter (length) and the greatest transverse diameter (width) were determined. 

Animals were scored as score 1: very active; score 2: active; score 3: less active; score 4: slow; 

score 5: lethargic. Animals were sacrificed if the score was more than 3. 

 

The following compounds and concentrations were used for in vivo experiments: BGJ398 (30 

mg/kg, qd, by oral gavage, resuspended in PEG400 + 0.5 % Tween80 + 5 % propylene glycol); 

gemcitabine (100 mg/kg, twice per week, intraperitoneal delivery, diluted in NaCl 0.9 % and 

trametinib (1 mg/kg, qd, by oral gavage). Doxycycline-containing food (625mg/kg) was 

purchased from Envigo Teklad (Horst, Netherlands). 

2.3 FACS 
Cells were trypsinized, and trypsin was neutralized by adding media containing serum (6-10 

times volume), and an aliquot was taken for FACS analysis. Cells were analyzed on BD FACS 

LSR-II (BD Biosciences).  

2.4 Microscopy 
 

2.4.1 (Immuno-) Histochemical stains 

 

Paraffin-embedded livers were cut into slices of 2 µm. Sections were collected on an untreated 

glass slide for hematoxylin and eosin staining and Superfrost Plus glass slides for 

immunohistochemistry staining. The glass slides were subjected to a process of 

deparaffinization and rehydration by submerging the slides into xylene (2 x 5 min), 100 % 

ethanol (2 x 5 min), 96 % ethanol (1 x 5 min), 70 % ethanol (1 x 5 min) and finally into 

deionized water (1 x 5 min). The following steps were distinct for each staining and are 
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described separately.  

 

H&E 

The hematoxylin and eosin (H&E) stain is a widely used method to visualize cell nuclei and 

cytoplasm in blue and red, respectively. Rehydrated tissue slides were submerged into a 

hematoxylin solution for 2 min and washed with warm tap water for 5 min or until water is 

clear to allow the stain to develop. Optionally 10-sec bluing reagent (0.1 % sodium bicarbonate/ 

0.2 % ammonia water Solution) treatment can be given. The slides were stained with eosin Y 

solution for 30 sec/ 5 to 10 dips. Because eosin is washed out easily in aqueous solutions, the 

staining had to be fixed by rehydration. Therefore, the xylene-ethanol-series was used 

backward (50 % ethanol, 70 % ethanol, 95 % ethanol and 5 min each in 100 % ethanol (twice) 

and xylene (twice)). The xylene based mounting medium entellan and a coverslip applied to 

the stained slide. 

 

IHC (Ck19 and Ki67 staining) 

After deparaffinization, slides were immersed in 1x sodium citrate antigen retrieval buffer (pH 

6.0) and were heated in a water bath at 95°C for 20 minutes. After 20 minutes, the container 

with the slide was allowed to cool down to room temperature for 20 minutes in the same 

solution. Slides were then washed with 1X TBST (TBS+0.1 % Tween20) for 5 minutes. 

Endogenous peroxidase was inactivated by immersing slides in freshly prepared 3 % hydrogen 

peroxide for 10 minutes. Slides were then washed thrice with 1X TBST for 5 minutes each.  

Sections were then incubated for 1 hour in blocking solution (10 % goat serum in 1X TBS) in 

a hydrated chamber. After blocking was over, primary antibody diluted in 5 % goat serum in 

1X TBS were added onto the sections, and it was incubated overnight at 4°C in a humidified 

chamber. Next day, slides were washed thrice with 1X TBST for 5 minutes each. PapPen 

boundary was checked and redrawn if required. The secondary antibody was diluted 1:500 in 

2 % goat serum in 1X TBS and applied to the sections for 30 minutes in a hydrated chamber at 

room temperature. Slides were then washed thrice with 1X TBST for 5 minutes each, and then 

streptavidin-HRP plus was applied on the sections for 30 minutes. Slides were then washed 

with 1X TBST thrice for 5 minutes each, after which DAB substrate diluted as per the 

manufacturer's protocol was added onto the sections, and a visible colour change was 

monitored under the microscope for an appropriate amount of staining. Once staining was 

deemed enough, slides were transferred to a slide holding chamber containing distilled water 

to stop the reaction. All slides were then counterstained with hematoxylin for 30 seconds and 
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then dehydrated, as explained in the section above (H&E staining) before mounting with 

entellan. 

 

2.4.2 Image acquisition and quantification 

 

Pictures were taken by the Cell F software (version 3.4, Olympus). The non-fluorescent stains 

were illuminated with brightfield (AX10 microscope with AxioCam MRm camera, Zeiss). Cell 

number and cell size were determined using the public domain software ImageJ (version 1.48). 

The number of positive-stained cells was related to the total number of cells on the picture and 

expressed as a percentage for quantifying proliferating cells. 

  

2.5 Cell biology 

The following section describes experiments conducted with primary cell lines from mouse 

tumors; NIH-3T3 cells were obtained from American Type Culture Collection (ATCC, 

Manassas USA), and KPRC cells were a gift from Michael Saborowski, MHH, Germany. 

Calculated means were derived from at least three independent experiments. 

 

2.5.1 Cell culture 

 

Cell lines were maintained in DMEM supplemented with 10 % FBS and 1 % 

penicillin/streptomycin at 37°C under a 5 % CO2 humidified environment. Every three to four 

days or when cells reached about 80 % - 90 % confluency, cells were subcultured. Monolayers 

were rinsed with PBS and incubated with trypsin for 5 min at 37°C. Detached cells were 

collected in 10 ml culture medium, centrifuged at 300 x g for 5 min, resuspended in the culture 

medium, and transferred to a new culture flask. For all the experiments, the passage number 

ranged between 6 and 15 of the cells used. 
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2.5.2 Soft agar colony formation assay 

 

Soft agar colony formation assay was carried out according to the protocol described by 

Brorwicy et al. [73]. 1 % and 0.6 % agar were prepared in deionized water and autoclaved. 

Both agars were kept at 40C until further use. 2X cell culture medium was prepared by 

dissolving 1 g of powder medium and 0.2 g of sodium bicarbonate in deionized water to a final 

volume of 50 ml. The culture medium was filtered through a 0.2 μm filter to sterilize. NIH-

3T3 cells were transfected with fusion plasmids (pT3-FGFR2 fusion + SB) or empty vector 

using lipofectamineTM 2000. After 48-hour of transfection, cells were trypsinized and counted. 

First, both the agars were melted in a microwave oven and then kept to cool down in a preheated 

water bath at 420C. For the bottom agar layer, 1 % melted agar was mixed with pre-warmed 2x 

culture medium and plated in 6 well plates (1.5 ml each well). This step was done quickly to 

prevent premature hardening of the soft agar. The agar was kept to cool down for 30 min in a 

cell culture hood.  

Once the bottom agar solidified, cells were prepared, such that the final cell number was 10000 

cells per well. 0.75 ml of 0.6 % agar (at 420C) was mixed with 0.75 ml prewarmed culture 

media with cells and plated on top of bottom agar in a six-well plate. Avoided any bubbles 

while plating. Plates were allowed to solidify at room temperature in a cell culture hood for 30 

min. The culture medium was layered over the agar (sufficient to cover the agar layer); this 

medium was changed once a week. Cells were incubated at 37°C for another three to four 

weeks. 

Cells were stained with 0.05 % crystal violet in dH2O. The images of the plates were analyzed 

using ImageJ software. Experiment was performed in triplicate, and statistical analysis was 

done using Graphpad Prism software 

 

2.5.3 Generation of cells with a stable shRNA knockdown and depletion assay 

 

To make our established cell lines (FPK and FAK) TET-ON competent, cells were transduced 

with rtTA3-encoding lentiviral particles (pRRL.SFFV-rtTA3-IRES-EcoR-PGK-Puro 

(pRRL.RIEP), kindly provided by Johannes Zuber, IMP, Vienna). Puromycin-selected cells 

were then subjected to the second round of transduction with shRNA-encoding retroviruses:  

48 hours after PEI-transfection with 7 µg of vector-DNA (3 µg PEI per µg DNA, 

TRIN_miRE_shKras.247, TRIN_miRE_shKras.368, or TRIN_miRE_shRenilla.713), viral 
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supernatant was collected from PlatE cells (Manassas USA) and supplemented with 4 µg/ml 

polybrene. Cells were neomycin-selected to 90 – 95 % Venus positive cells.  For depletion 

assays, doxycycline was added to the cell culture medium at a final concentration of 1 µg/ml, 

and cells were cultured in the absence or presence of the FGFR inhibitor BGJ398 (2µM). The 

shRNA expressing population (Venus+/dsRed2+) cells was followed longitudinally by flow 

cytometry.  

 

2.5.4 Proliferation assay and synergistic assay  

 

The effect of each drug or combination on the cell line was determined using the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (MTS) assay kit. The first IC50 of the 

individual drugs were calculated; in brief, 1.5 X 103 cells were plated per well in triplicate. 

Cells were treated for 48 hours with a suitable range of the individual drug in cell culture 

conditions. Post incubation CellTiter 96® AQueous One Solution was added and the plate was 

incubated at 37°C for 1 hour in a humidified, 5 % CO2 atmosphere.  Absorbance was recorded 

at 490 nm with 96 well plate reader. IC50 was determined using GraphPad Prism 5.0. 

To study the combined effect of two drugs, 1500 cells were plated in 96 wells, and IC50 of both 

drugs were determined using the above protocol. At least five different dose values for each 

drug 2 below IC50 and two above IC50 were selected for initial experiments; later, depending 

upon the drug response, lower desired concentration was chosen. The checkerboard method 

was used to treat cells with nonconstant drug combination ratios (Fig 2.1). 

 

 

Figure 2.1 Schematic of the experimental design of drug combination treatment. Two drugs 

BGJ398 and Deltarasin were used, the numbers mentioned indicates the concentration (µM) 

used alone or in combination, as indicated for the experiment.  
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Cells were treated with drugs alone or drug combinations for 48 hours. Appropriate blank 

(without drug) and DMSO control were used. Post incubation CellTiter 96® AQueous One 

Solution was added and the plate was incubated at 37°C for 1 hour in a humidified, 5 % CO2 

atmosphere.  Absorbance was recorded at 490nm with 96 well plate reader. 

 

2.5.5 Quantitative analysis of drug synergy 

 

Absorbance readings obtained from MTS assay for drug combinations were normalized against 

the blank. The average fraction affected was calculated from 3 independent experiments 

(values between 0.01 to 0.99). Drug synergism was analyzed using CompuSyn software 

(version 1.0) (http://www.combosyn.com).  The combination effects of BGJ398 and Deltarasin 

were calculated following the instruction of software. Nonconstant ratios of drugs were used 

to calculate the combination index.  The CompuSyn software, when provided the fraction 

affected along with drug combination, generated the combination index (CI) values, where CI 

< 0.75 indicates synergism, CI = 0.75–1.25 indicates additive effects, and CI > 1.25 indicates 

antagonism.  

 

2.6 Protein biochemistry 
The following section contains experiments on the analysis of proteins present in blood, liver 

tissue, or cultured cells. 

 

2.6.1 Protein isolation and quantification 

 

For the analysis of protein from the cultured cell, Cultured cells were usually grown on 10 cm 

dishes under subconfluent conditions. For protein isolation, cells were scraped using a cell 

scraper and centrifuged at 300 x g for 5 min. The cells were washed once with PBS and 

centrifuged again. After discarding the supernatant, the cell pellet was incubated in the RIPA 

lysis buffer (10 mM Tris-HCl pH 8, 1 mM EDTA, 0.5 mM EGTA, 1 % Triton X-100, 0.1 

Sodium deoxycholate, 0.1 % SDS, 140 mM NaCl) for 10 min on ice. The solution was briefly 

sonicated to reduce the viscosity (20kHz, 3 pulses for 10 sec). The homogenate was transferred 

to a reaction tube and centrifuged at 10,000 x g and 4°C for 10 min. The supernatant was stored 

at -80°C until further use. 

The estimation of protein was done using Bio-Rad Protein Assay Dye Reagent (#5000006). In 

http://www.combosyn.com/
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short, the protein samples were prepared in triplicates. 80µl of the diluted protein sample 

(1:100-1:1000 in dH2O) was mixed with 20 µl Bio-Rad protein assay dye on a 96-well plate. 

Absorbance was measured at 595 nm (Tecan sunrise, Magellan software version 6.6). Serial 

dilutions of BSA were used for making a standard curve. The desired protein concentration 

was adjusted using electrophoresis sample buffer (10 % SDS, 10 mM 2-mercaptoethanol, 20 

% glycerol, 0.2 M Tris-HCl (pH 6.8), and0.05 % bromophenol blue) in a 1:4 dilution and with 

lysis buffer. 

 

2.6.2 SDS-PAGE, western blot and immunostaining 

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 

proteins on the gel. Then separated proteins were processed further by western blotting. In a 

sandwich-like formation, the proteins were transferred from the SDS gel to a PVDF membrane. 

Sequential treatment of the membrane, including blocking, antibody incubation, and 

chemiluminescent visualization, provided the desired protein detection. 

Depending on the protein size, the SDS gel was made according to table 2.8. Protein samples 

were heated at 95°C for 5 min and were loaded into the gel wells 20 µg to 50 µg for cell culture 

samples. The color prestained protein standard, broad range (11–245 kDa) (NEB # P7719), 

served as a molecular size marker.  

Proteins were sufficiently separated using 120 V (Initial 60 V in stacking gel) for approximately 

90 min in electrophoresis buffer (25 mM Tris, 192 mM glycine, and 0.1 % SDS). Proteins were 

transferred to PVDF membrane using wet transfer method at 90 V for 90 min in transfer buffer 

(25 mM Tris,190 mM Glycine,20 % Methanol 8.3). The successful transfer was observed with 

the transfer of the colored marker. The membrane was treated with a blocking buffer (5 % 

Milk: 5 gm powdered milk (Roth#T145.2) in 100 ml TBST or 5 % BSA: 5gm bovine serum 

albumin (Sigma) in 100 ml TBST) for 1 hour to block unspecific protein binding sites. 

According to the manufacturer's instruction, the primary antibody was diluted in blocking 

buffer and applied to the membrane. 
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Table 2.8: SDS gel preparation 

 

                  Component                   Volume [ml] 
 

             Stacking Gel                                    Running Gel 

 

 7.5 % 

>100 kDa 

10 % 

40-100 kDa 

12 % 

20-60 kDa 

15 % 

10-30 kDa 
      

dH2O 6 9.8 8.2 6.8 4.9 

0.5 M Tris 2.5 - - -  

1.5 M Tris - 5 5 5 5 

30 % Acrylamide/Bis 1.3 5 6.6 8 9.9 

10 % SDS 0.1 0.2 0.2 0.2 0.2 

10 % APS 0.1 0.15 0.15 0.15 0.15 

TEMED 0.03 0.05 0.05 0.05 0.05 

 

 

After the primary antibody incubation, the membrane was washed 3 times for 5 min 

each with TBS-T (50 mM Tris/HCl (pH 7.5), 150 mM sodium chloride, and 0.1 % Tween-

20). HPR conjugated secondary antibody was applied in a blocking buffer for 60 min. 

The secondary antibody is conjugated to HRP, providing a chemiluminescent reaction 

in the presence of a suitable substrate. After incubation in the secondary antibody 

membrane was washed 3 times 5 min each with TBS-T. After washing steps, ECL 

substrate was used to visualize the proteins. Images were taken using the fusion Fx 

(Vilber). 

 

2.6.3 LC-MS analysis  

 

LC-MS analyses were done in the proteomics core facility at Hannover Medical School. 

Proteins were mixed and alkylated by acrylamide, and further processed to peptides as 

described [74]. Peptide samples from FAK and FPK cells and non-fusion murine control 

cell line, were analyzed by DDA in an orbitrap LC-MS. Raw MS data were processed 

using Maxquant [75] and Perseus software [76] and a uniprot database containing all 

reviewed mouse entries and both fusion proteins (FGFR2-PPHLN1, FGFR2-AHCYL). 

Proteins stated were identified by a false discovery rate of at least 0.01 on protein and 

peptide level. Peptides included in table 3.1 are specific for the human proteins. 
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2.7 Molecular biology 
The following sections focus on the characterization of DNA and RNA. 

 

2.7.1 DNA isolation  

 

The DNA was isolated from cells, tail biopsy, and tissues with the same protocol as follows. 

The material was incubated within 260 µl lysis buffers (200 µl stock solution (10 mM Tris/HCl, 

100 mM NaCl, 2mM EDTA, pH 8.2), 50 µl 10 % SDS, and 10 µl Proteinase K (20 U)) at 56°C 

overnight (1 to 2 hours was sufficient for the cell lines). After the incubation, samples were 

heated at 96°C for 5 min, and 50 µl of saturated NaCl was added. Samples were mixed 

thoroughly by inverting tubes 10 times and centrifuged at 16,000 x g and 4°C for 10 min. For 

DNA precipitation, the supernatant was transferred to a new tube containing 200 µl isopropanol 

and mixed by inverting for 20 times. The DNA pellet was seen after centrifugation at 16,000 x 

g and 4°C for 10 min. After discarding the supernatant, the pellet was washed with 200 µl of 

70 % ethanol. After 10 min of centrifugation, the supernatant was discarded, and the tube was 

placed into a thermal block at 50°C to evaporate residual ethanol. Finally, the DNA pellet was 

dissolved in 50 µl TE-Buffer containing 10 mM Tris/HCl and 1 mM EDTA (pH 8.0). DNA 

was stored at -20°C until further use. 

 

2.7.2 Cloning of sgRNA, shRNA, and fusion genes 

The plasmids used for cloning were obtained from various sources, as mentioned in table 2.7.  

 

sgRNA cloning 

 

The sgRNA for the specific gene or region in the genome was designed using the online tool 

'CRISPOR' (http://crispor.tefor.net/). Oligos were ordered from Sigma Aldrich and cloned into 

pX330  vector using detailed cloning protocol from [77]. 

 

FGFR2 fusion cloning 

 

FGFR2 exon 1 to 17 was PCR-amplified from FGFR2-BICC1 expression plasmid kindly 

provided by Arul M. Chinnaiyan (University of Michigan), and the respective partner gene 

fragments were amplified from cDNA from HepG2 and HEK 293T cells. DNA fragments were 

fused in-frame using overlapping primers. As transposon plasmid for subsequent cloning 

http://crispor.tefor.net/
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procedures, pT3/PGK plasmid (gift from Norman Woller, Germany) was used as a backbone 

containing duplicated inverted repeats and the PGK promoter (modified from Addgene plasmid 

31789). 

 

2.7.3 Fusion gene detection PCR 

 

For detection of the fusions, convergent primers were designed spanning the fusion breakpoint, 

which will efficiently detect the integrated fusion gene from the genome. For detection of the 

fusion gene from the cell or tumor DNA, GoTaq G2 master mix PCR was used according 

to manufacturers' instructions. 

 

Table 2.9: Fusion detection PCR product size 

Fusion gene  PCR product size 

(bp) 

F-PPHLN1 145 

F-AHCYLN1 253 

F-TACC3 281 

F-TXLNA 369 

F-CREB5 283 

F-KCTD1 366 

 

 

2.7.4 Analysis of CRISPR/Cas9 editing: surveyor assay 

 

The Analysis of the CRISPER/Cas9 activity of the shTrp53, surveyor® mutation detection kit 

was used according to the manufacturer's protocol. In short, target DNA from mutant and 

wildtype was amplified using surveyor primers, which were designed around the target site. 

Heteroduplex annealing was done by heating the PCR product and cooling down gradually. 

Heteroduplex mixture and control homoduplex was treated with surveyor nuclease DNA 

fragment were analyzed by agarose gel electrophoresis. The formation of new cleavage 

products, due to the presence of one or more mismatches, was indicated by the presence of 

additional bands. The relative size of these cleavage products indicates the location of the 

mismatch or mismatches. 
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2.7.5 Agarose gel electrophoresis 

 

Agarose gel electrophoresis was used to visualize the DNA from DNA isolation, PCR, and 

other various reactions. Agarose gels (1 % to 2 %) were made in 0.5 x TBE buffer containing 

44.5 mM Tris/HCl, 44.5 mM boric acid, and 1 mM EDTA (pH 8.3). Midori Green Nucleic 

Acid Stain was added to gel for DNA visualization. The PCR products were loaded onto an 

agarose gel that is connected to an electric field. Nucleic acids being negatively charged and 

migrate to the positive pole. Visualization and documentation of the DNA products were 

performed with the GeneGenius Bio Imaging System (synGene) and GeneSnap software 

(version 6.03). 

 

2.7.6 RNA isolation 

 

RNA was isolated from cultured cells. Cultured cells were detached from 10 cm dishes. After 

centrifugation at 300 x g for 5 min, cells were washed with PBS, centrifuged again, and 

resuspended in 350 µl RA1 buffer to follow the NucleoSpin RNA isolation protocol. RNA 

concentration and purity were determined by NanoDrop-1000 (Thermo Scientific). The RNA 

was used for subsequent analysis with semiquantitative PCR. 

 

2.7.7 Semi-quantitative RT-PCR 

 

The semi-quantitative RT-PCR was used to examine mRNA levels of expressed proteins in 

cells. This two-step process utilizes reverse transcription (RT) with polymerase chain reaction 

(PCR). In the first step, complementary DNA (cDNA) was synthesized from the isolated RNA 

using an RNA-dependent DNA polymerase. This was carried out using 1µg RNA according to 

the manufacturer's protocol of the High-Fidelity Reverse Transcription Kit (Roche, Mannheim, 

Germany). In the second step, cDNA from the previous step was used as a template for PCR 

to amplify the gene of interest. The pipetting scheme is shown in table 2.10. 
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Table 2.10: Semi-quantitative RT-PCR conditions 

 

Component Volume [µl] 
  

GoTaq® Green Master Mix, 2X 25 

10 µM for primer 2.5 

10 µM rev Primer 2.5 

dH2O 19 

cDNA [500 ng/µl] 1 

 

 

Gene amplification started with an initial denaturation at 95°C for 2 min. Afterward, samples 

were heated at 95°C for 30 s, at 55°C for 30 s and 72°C for 30 s. The denaturation, 

annealing, and elongation cycle occurred 30 times and ended with final elongation at 72°C 

for 5 min. The amplification product was analyzed by agarose gel electrophoresis. 

18srRNA gene was used as control housekeeping gene. 

 

2.7.8 Plasmid transformation 

 

The DNA plasmids were introduced into chemically competent NEB® stable E. coli 

(NEB#3040H) cells for amplification. Aliquots of 100 µl bacterial competent cells were 

thawed on ice. 1 to 5 µl (10 to 100 ng) of DNA/ ligation mixture was added to the cells 

and incubated on ice for 20 min. Heat shock was given at 42°C for 90 s and stopped by 

placing the cells on ice for 2 min. 900 µl SOC medium was added to the tube and 

incubated in a bacterial shaker at 37°C and 200 rounds per minute for 30 min. (SOC 

medium = 2 % tryptone + 0.5 % yeast extract + 10 mM sodium chloride + 2.5 mM 

potassium chloride + 10 mM magnesium chloride + 20 mM glucose in dH2O). Cells were 

centrifuged at 4000 x g for 30 s, and the supernatant was discarded. Bacteria were 

resuspended in the 50 µl SOC medium and spread on pre-warmed LB agar plates using 

a sterilized spreader. Plates were placed at 37°C overnight to allow bacterial colony 

formation. The next morning, plates were sealed with parafilm and stored at 4°C until 

bacterial colonies were picked for plasmid amplification.  

(E.coli Strain properties Blue/White Screening (Φ80 Δ(lacZ)M15), Recombination Deficient 

(recA1-) Endonuclease I Deficient (endA1-) Restriction Deficient [Δ(mrr-hsdRMS-mcrBC)-] 

Methyl Restriction Deficient [mcrA Δ(mrr-hsdRMS-mcrBC)-] T1 Phage Resistant (fhuA-).) 
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2.7.9 Plasmid amplification and isolation 

 

Bacterial clones were picked with a pipette tip and transferred into 3 ml of LB medium 

containing 50 µg/ml ampicillin. After overnight incubation, 800µl of the bacterial culture were 

mixed with 200 µl 80 % glycerol and frozen at -80°C for long-term storage or further use for 

future isolation. The remaining bacterial culture was used for the plasmid DNA isolation using 

the NucleoSpin® Plasmid Miniprep kit (Macherey-Nagel) following the manufacturer's 

instructions. Large Amounts of plasmid DNA isolation was done using the maxiprep kit, 

ZymoPURE™ II and Plasmid Midiprep kit (Zymo Research) according to the manufacturer's 

protocol. 

2.7.10 Sequencing  

 

Plasmid DNA and PCR products were sequenced with Sanger sequencing service, LIGHT 

RUN (Eurofins Genomics). Results were analyzed with Snapgene software 

 

2.8 Data analysis and graphical representation 

 

Unless otherwise stated, data processing was performed with Excel (Microsoft Office 2007). 

Graphical representation and statistical analyses were accomplished by GraphPad Prism 5.0 

software. An unpaired two-tailed student's t-test or one-way ANOVA was performed, followed 

by Dunnett's Multiple Comparison Test/Tukey's Multiple Comparison Test were used as per 

mentioned in individual experiments. The difference between the two groups was regarded as 

statistically significant when the p-value was equal or smaller than 0.05. Illustrations were 

created using Adobe Photoshop CS3 and Adobe Illustrator CS5.  
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3. Results 

3.1 FGFR2-fusions transform the NIH-3T3 cells in vitro and increases the 

proliferation 

 

To study the FGFR2 fusions, I engineered the pT3-vectors containing the FGFR2 fusion gene. 

For which first, I determined the breakpoints for the FGFR2 and fusion partner genes from the 

literature. The breakpoint of human FGFR2 fusions is after 17th exon (FGFR2 Isoform IIIb). 

FGFR2 fusion includes exon (ex) 1 to ex 17 of the FGFR2, which was fused in frame with the 

partner genes ex 4 to ex11 of PPHLN1 [50], ex 2 to ex 16 of AHCYL1 [51], ex 11 to ex 16 of 

TACC3 [78], ex 2 of KCTD1 [28], ex10 to ex16 of TXLNA [28]  and ex 7 to ex 10 of CREB5 

[79] (Fig.3.1 A). 

 

To investigate the oncogenic potential of the FGFR2 fusions, fusion genes were transfected to 

NIH-3T3 cells along with sleeping beauty transposon to create stable FGFR2 fusion expressing 

cells. These cells were plated in agar suspension to evaluate their colony formation potential. 

FGFR2 fusions were able to transform the cells and formed more colonies than control cells 

expressing the empty vector suggesting that the FGFR2 fusions are functional and have 

oncogenic potential (Fig. 3.1 B and C). 

 

3.2 FGFR2 fusion gives rise the tumor with KrasG12D and Trp53-/- in the 

electroporation model 

 

Next, to understand the oncogenic potential of the FGFR2 fusions in vivo, I used mice 

B6.129S4-Krastm4Tyj/J (KraslslG12D/wt). This mice strain carries a Lox-Stop-Lox (LSL) sequence 

followed by the KrasG12D point mutation (Fig. 3.2 A). In these mice, when Cre recombinase is 

expressed, it deletes the LSL and starts the expression of KrasG12D [80]. 

 

The electroporation method was utilized to co-electroporate fusion gene vectors in the liver 

together with a sleeping beauty transposase (SB13) encoding plasmid (pPGK-SB13) to 

integrate the fusion cDNA, Cre expressing plasmid (pPGKCre-bpA) to activate KrasG12D 

mutation, and I employed CRISPR-Cas9 editing system to abrogate Trp53 for which I designed 

sgRNA against Trp53 and cloned into pX330. Control mice received pT3-GFP and pSB13, 

pCre, and sgTrp53 (Fig. 3.2 B). 
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Figure 3.1 FGFR2 fusions increase the colony formation potential of NIH-3T3 cells.  

 

(A) Schematic of FGFR2 fusions used in the study. FGFR2 fusion consists of Exon1 to Exon 

17 of FGFR2 and portion partner genes. (B and C) NIH-3T3 cells transfected with FGFR2 

fusion constructs display an increased colony formation potential compared to empty vector in 

a soft agar colony formation assay. Mean of colony counts for each fusion (n = 3 Biological 

replicates) and +/- standard error of the mean (SEM) are represented; statistical significance 

was determined by using one way ANOVA followed by Dunnett's Multiple Comparison Test; 

* p ≤ 0.05.  
Ig: immunoglobulin-like domain; TM: transmembrane domain; TK: tyrosine kinase domain, 

CC: coiled-coil domain; BT: Bromo protein-interacting domain  

 

 

I did not observe any liver tumor development in control mice up to 200 days. Harvested mice 

liver was completely normal (data not shown), implying that only KrasG12D and Trp53 

knockdown were not sufficient to trigger the carcinogenesis in these mice. The group of mice 

which received FGFR2 fusions developed palpable tumors, and mice were sacrificed due to 

significant liver tumor burden. When opened, focally developed tumors were observed at the 

electroporation site. Only KrasG12D and Trp53 were not sufficient to give rise tumors hinting 

towards the driver role of FGFR2 fusions in CCA (Fig. 3.2 C).  
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Figure 3.2 FGFR2 fusions act as oncogenic drivers in an in vivo model of intrahepatic 

cholangiocarcinoma.  

 

(A) KraslslG12D/wt mice were used for Liver electroporation. (B) Plasmid mix used for the 

electroporation: the respective FGFR2 fusion cDNAs cloned into the pT3 transposon vector; 

the sleeping beauty transposase (SB) to facilitate stable integration of the fusion cDNA or GFP 

control; a plasmid for transient expression of CRISPR/Cas9 mediated disruption of Trp53 and 

a Cre-recombinase to activate the latent KrasG12D allele. (C) Kaplan-Meier analysis of mice 

electroporated with either the fusion (n as indicated) or control (cumulative n = 15).  

F: FGFR2; GFP: green fluorescent protein; mOS: median overall survival  
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Histological analysis of the tumor exhibits poorly differentiated adenocarcinomas with 

moderate differentiation regions that displayed CK19-positive ductal structures surrounded by 

a dense tumor stroma, which is overall reminiscent of human iCCA. These results suggest that 

overexpression of the FGFR2 fusion in mice liver leads to the development of intrahepatic 

cholangiocarcinoma (Fig.3.3).  

 

 

 

Figure 3.3 FGFR2 fusion overexpression in mouse liver leads to tumor development in 

KraslslG12D/wt mice. 

 

The figure shows representational liver tumors (upper lane). Liver tumors were harvested and 

investigated by immunohistology; H&E (middle lane), and CK19 staining (lower lane). FGFR2 

fusion-driven liver tumors display areas of CK19-positive ductal differentiation. 

Magnification: 10x, scale bar = 200 μm.  
CK19: cytokeratin 19; H&E: Hematoxylin-Eosin 

 

 

3.3 Detection of fusions in transfected cells and tumors  

 

DNA isolated from these tumors were analyzed for the presence of FGFR2 fusion. For which 

I designed convergent primers spanning over the breakpoint, and with PCR, I confirmed the 

presence of the FGFR2 fusion in the tumors (Fig.3.4 A). To study the biochemical aspect of 

FGFR2 fusion activated signaling, I established the cell lines from the mouse liver tumors. I 

used two cell lines, FGFR2-PPHLN1_KrasG12D (FPK) and FGFR2-AHCYL1_KrasG12D (FAK), 

as these are being frequent fusion in iCCA. The control mice which were electroporated 

without fusion did not give any tumors, so to have nonfusion controls, I electroporated Yap1 

(Yes-associated protein 1), previously known to produce liver tumors [81]. Yap1 also gave rise 
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to tumors in these mice (Fig 3.4 D), and I derived cell lines from these tumors. Also, I utilized 

another murine KRAS-driven cholangiocarcinoma cell line with the same genetic background 

(KrasG12D Trp53-/-). I could also detect fusion from cDNA from FPK and FAK cell lines (Fig.3.4 

A). Also, I designed primers that could detect the FGFR2 fusion as well as murine WT Fgfr2 

cDNA to determine FGFR2 levels by semiquantitative PCR cDNA from fusion vs. non-fusion 

cell lines. I could observe the increased band density indicating the increased levels of FGFR2 

transcript (Fig. 3.4 B). In addition, the presence of the fusions on the protein level in crude cell 

lysates from FPK and FAK cell lines was confirmed with liquid chromatography-mass 

spectrometry (LC-MS) analysis (Table 3.1). Validation of CRISPR/Cas9-mediated editing of 

Trp53 was confirmed with the surveyor assay. CRISPR/Cas9-mediated editing resulted in the 

loss of TRP53 protein, which was confirmed with immunoblotting (Fig. 3.4 C).  

 

 

Peptide Sequence Proteins Gel1_ctr Gel1_FPK Gel2_ctr Gel2_FAK Mass PEP Score 

ILTLTTNEDGYNR FPK nd + nd nd 1508.75 5.00E-23 220.82 

DSGLYACTASR FPK, FAK nd + nd + 1213.54 0.018439 85.807 

IADFGLAR FPK, FAK nd + (+)* + 861.471 2.33E-11 120.62 

PLAGAKIVGCTHITA
QTAVLIETLCALGAQ

CR 
FAK nd nd nd + 3434.82 0.026291 29.859 

YKQDVYLLPK FAK nd nd nd + 1265.7 0.010884 86.344 

 

Table 3.1: Detection of FGFR2 fusion protein in FPK and FAK cell lines with liquid 

chromatography-mass spectrometry (LC-MS). Peptide seq from column 1 represents the 

protein mentioned in column 2 (FPK, FAK, or both). 
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Figure 3.4 Validation of the FGFR2 fusion integration/expression and CRISPR/Cas9 editing. 

(A) PCR-based validation on tumor-derived genomic DNA confirms the stable integration of 

FGFR2 fusion-encoding transposon cassettes. Primer pairs were designed to cover the fusion 

breakpoint.  (B) Validation of increased mRNA levels in FGFR2 fusion tumor-derived cell 

lines compared to non-fusion controls by semiquantitative PCR. Primers detect both 

endogenous FGFR2 as well as the fusion transcript. (C) Surveyor assay (left) confirmed the 

CRISPR/Cas9-mediated cleavage of Trp53, which results in loss of Trp53 expression as 

detected by immunoblotting (right). (D) Kaplan-Meier analysis of positive control (Yap1) 

electroporated KraslslG12D/wt mice (n = 4).  All mice succumbed to liver tumors by nine weeks 

after electroporation. 

 

 

3.4 FGFR2 fusion cell lines show increased MAPK/ERK pathway 

 

To evaluate the sensitivity of the FGFR2 fusion and non-fusion cell lines, I treated the cells 

with FGFR tyrosine kinase inhibitors (Infigratinib (BGJ398), AZD4547, and, LY2874455) 

ranging from 100 nM to 16 µM and determined the cell viability after 48 hrs. Both the fusion 

cell lines (FPK and FAK) showed IC50 value in the range of 3 to 4 micromolar for BGJ398, 

which was similar to that of non-FGFR2 fusion control cell lines. Control_KrasG12D or 

control_Yap1 had IC50 values of 4.9 and 8.73 µM (Fig. 3.5). I expected the fusion cell lines 

would be sensitive towards the BGJ398 than control cell lines, but surprisingly, that was not 
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the case. Similar kinds of results were observed for the other two drugs, suggesting that these 

cell lines are resistant to the FGFR inhibitors.  Hence fusion was essential for tumor formation 

along with KrasG12D mutation and loss of Trp53, but these cells did not show dependency on 

FGFR2 compared to nonfusion cell lines with a similar background. 

 

I examined the important cancer pathways in FGFR2 fusion cell lines. I treated cells with 

BGJ398 (3 µM) for one hour and analyzed the FGFR downstream signaling with western blot 

using phosphospecific antibodies. At the protein level, I find that BGJ398 treatment leads to 

inhibition of MEK/ERK pathway as I observed decreased levels of the pERK, pMEK, pFRS2, 

pShp2 levels in the FGFR2 fusion cell lines, but levels of pAKT suggest that PI3K pathway 

was affected minimally (fig 3.5 A), suggesting that drug BGJ398 is on target. 

 

 

 

 

 
Figure 3.5 FGFR2 fusion-driven, KRAS mutant murine cell lines are resistant to FGFR 

inhibitors despite efficient inhibition of downstream signaling.  

(A) Immunoblotting confirms activated canonical FGFR2 signaling in FPK and FAK cells, 

inhibited by BGJ398 (3 µM, 1 hour).  (B)  The half inhibitory concentration (IC50) of FPK, 

FAK, and control cell lines treated with the FGFR inhibitors AZD4547 or BGJ398 was 

determined by MTS assay are similar.  
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Next, I tested the effect of the BGJ398 in vivo against the subcutaneous tumors generated in 

immunodeficient mice. To generate the tumors, I injected the FGFR2 fusion cell line (FPK) in 

mice subcutaneously. Control mice reached an endpoint in 12 days. At 12th day mice treated 

with gemcitabine and BGJ398 had a 68 and 34 % growth, respectively (Fig. 3.6). 

 

 

 

 

Figure 3.6 In vivo growth inhibitory effects of gemcitabine and BGJ398 on subcutaneous 

tumors in NSG mice.  

(A) Mice subcutaneously injected with FPK cells (n = 5 per group) were treated with 

gemcitabine, BGJ398, or vehicle. BGJ398 significantly reduced tumor growth in vivo 

compared to gemcitabine and vehicle. (B) Tumor volumes on day 12 after treatment initiation. 

Statistical significance was determined by using one-way ANOVA followed by Tukey's 

Multiple Comparison Test; * p ≤ 0.05. 
Ve: Vehicle; Gem: Gemcitabine; BGJ: BGJ3983.  

 

 

 

3.5 Kras inhibition enhances the antiproliferative effects of BGJ398 in FGFR2 

fusion cell lines 

 

To investigate the resistance caused, I hypothesized that this resistance might be due to the 

KrasG12D mutation that these cells harbor. I utilized the combination treatment approach in vitro 

to address this question. I co-treated the cells with BGJ398 and deltarasin, a KRAS inhibitor in 

different combinations (Fig 3.7 A) [82]. Then I determined the fraction affected (Fa) and the 

combinatorial index (CI), which was calculated using CompuSyn software. The results 

suggested that deltarasin shows the synergistic effect of the drug with BGJ398 (Fig. 3.7 B), 

hinting that inhibition of KRAS can increase the efficacy of the drug. 
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Figure 3.7 KRAS-PDEδ interaction inhibitor deltarasin in combination with BGJ398 
synergizes to inhibit cell proliferation in FPK cells.  

(A) Schematic of the experimental design of the combination drug analysis. FPK cells were 

treated with combinations of BGJ398 and deltarasin, and cell viability was determined by MTS 

assay. Fraction affected (Fa)/Growth inhibition at each concentration of BGJ398, deltarasin, or 

their combination in FPK cells is shown (left). The half inhibitory concentration (IC50) of FPK 

decreases with an increased concentration of deltarasin (right). Data presented as the mean of 

three biological replicates. (B)  The combination index (CI) (right) is calculated by CompuSyn 

software. CI < 0.75 indicates synergism, CI = 0.75–1.25 indicates additive effects, and CI > 

1.25 indicates antagonism. FPK cells were treated with combinations of BGJ398 and deltarasin, 

and cell viability was determined by MTS assay. The combination index (CI) vs. fraction 

affected plot (Fa) (left) demonstrates synergistic effects. 

 

In order to confirm the above results, I established dox inducible shRNA system to silence 

KRAS expression.  Following insertion of a reverse tetracycline-transactivator (rtTA) cassette, 

I stably transduced the FPK and the FAK cell lines with the inducible shRNA constructs. I 

cloned short hairpin RNAs (shRNAs) targeting Kras, or a neutral control (shRenilla) into the 

TRE-dsRed2-miRE/shRNA-PGK-Venus-IRES-NeoR vector system [83]. This neomycin-

selectable tet-on vector system contains fluorescent reporters that enable longitudinal tracking 

of cells with potent target knockdown. Transduced cells constitutively express the fluorescent 

marker Venus and doxycycline (dox)-induces activation of the tetracycline-responsive element 

(TRE) that drives shRNA expression, linked to the red fluorescent marker dsRed (fig 3.8) 
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Figure 3.8 Illustration of doxycycline induced tet-regulatable shRNA expression system. 

Cells were transduced with reverse tetracycline-transactivator (rtTA) and tetracycline-

responsive element (TRE) driven shRNA vector cassette. Transduced cells constitutively 

express the fluorescent marker Venus, and doxycycline (dox)-induces activation of the TRE 

that drives shRNA expression, linked to the red fluorescent marker dsRed. 

 

  

Modified cell lines were cultured in presences or absence of doxycycline and /or BGJ398. The 

relative percentage of the Venus/dsred double-positive, an shRNA expressing population, was 

followed by flow cytometry (Fig 3.9 E). Upon dox induction, I observed the cells with shKras 

expression showed depletion in the presence of the BGJ398 (2 µM) in FGFR2 fusion cell lines 

(Fig. 3.9 A and B). Murine cancer cell line (KRPC), a Kras-dependent cell line was used as a 

control for the functional effect of Kras knockdown, notably these cells (FGFR2 fusion lacking 

cells) depleted rapidly on dox addition (Fig. 3.9 C). Prior to the depletion assay, the knockdown 

of Kras was confirmed by western blot (Fig. 3.9 D). Also, I did the clonogenic assay to see the 

effect after four days of treatment cells treated with dox and BGJ398 or both. Cells expressing 

shKras and treated with BGJ398 shows a significant decrease in viability than cells treated only 

with BGJ398 (Fig 3.10 A).  

 

Next, I injected FPK_shKras.247 cells into mice subcutaneously to form the tumors. Mice were 

randomized into four groups and treated with vehicle, vehicle plus dox, BGJ398, or BGJ398 

plus dox. KRAS knockdown alone did not affect the tumor growth in mice, whereas when 

KRAS knockdown was supplemented with BGJ398 showed enhanced inhibition of tumor 

compared to mice which received only BGJ398 treatment (Fig. 3.10 B). Histological analysis 

of the tumors from different groups showed that tumors from cohort which received the 

BGJ398 treatment in presence of the KRAS knockdown have significantly reduced Ki67 

expression (Fig. 3.10 C). 
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Figure 3.9 KRAS inhibition re-sensitizes FGFR2 fusion-driven, KRAS mutant cell lines to 

BGJ398 treatment in vitro.  

(A, B, and C) FGFR2-driven FPK, FAK, and KRASG12D-driven KRPC cell lines were 

transduced with doxycycline-inducible Kras shRNAs or control shRNA (shRenilla). After the 

addition of either doxycycline alone or doxycycline plus BGJ398 to the cell culture medium, 

the relative percentage of shRNA expressing cells was determined by flow cytometry. 

Expression of shKras resulted in the rapid depletion of FPK_shKras and FAK_shKras 

exclusively in the presence of BGJ398 (A and B), whereas depletion of KRPC cells was solely 

dependent on shKras expression and independent of the presence of the drug (C). (D) shRNA-

mediated KRAS knockdown is confirmed by immunoblotting. FPK_shKras, FPK_shRenilla, 

KRPC_shKras, and KRPC_shRenilla cells were treated with doxycycline for 48 hours. Lysates 

were immunoblotted to detect KRAS expression. Vinculin was used as control. Percent 

Venus/dsRed2 double-positive cells (shRNA expressing cells) as indicated. (E) Representative 

FACS plot of FPK_shKras.247 cells to visualize the shift towards a double positive population 

in the presence of doxycycline due to expression of dsRed2, as a surrogate for the relative 

percentage of shRNA expressing cells.   
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Figure 3.10 Suppression of KRAS cooperates with BGJ398 to inhibit the growth/proliferation 

of FPK cells in vitro and in vivo 

(A) Crystal violet assay confirms the synergistic action of BGJ398 (2 µM) and KRAS 

knockdown in FPK cells (96 hours after addition of BGJ398; mean of three biological 

replicates, +/- standard error of the mean; Unpaired two-tailed t-test * p ≤ 0.05). (B) Mice 

subcutaneously injected with FPK_shKras.247 cells (n = 5 per group) received either a regular 

diet or doxycycline containing food, with or without concomitant BGJ398 treatment. KRAS 

knockdown significantly improved the therapeutic efficacy of BGJ398 treatment in vivo. (C) 

The percentage of proliferating cells was assessed by Ki67 immunohistochemistry (n = 4). B 

and C, Statistical significance was determined by using one way ANOVA followed by Tukey's 

Multiple Comparison Test; * p ≤ 0.05. 
Dox: doxycycline; NS: not significant 
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In order to get additional support to these experiments, I electroporate the FGFR2 fusion (along 

with sgTrp53, pSB13, and without pCre) in the WT littermate mice (mice without KrasG12D) 

from the same mouse colony (B6.12954 Krastm4Tyj). These mice also developed the tumors 

(2 out of 3 electroporated mice showed tumors in 20 weeks after electroporation) late than mice 

with KrasG12D, suggesting that KrasG12D synergize with FGFR2 fusion to give rise the early 

tumors. Histologically these tumors were glandular and also exhibited the CK19 staining 

confirming the intrahepatic cholangiocarcinoma (Fig. 3.11 A). Then I established the cell line 

liver tumors of these mice. I reconfirmed the absence of KrasG12D and the presence of the fusion 

in this cell line and tumor DNA (Fig. 3.9 B). This cell line showed higher sensitivity towards 

the BGJ398 supporting observations of the previous experiments (Fig. 3.11 C), suggesting that 

indeed Kras caused the resistance to BGJ398.   

 

 

 

Figure 3.11. FGFR2 fusion-driven, Kras wildtype cell line was more sensitive to BGJ398 than 

FGFR2 fusion-driven, Kras mutant cells. 

(A) Electroporation of FGFR2-PPHLN1 into livers of Kraswt/wt littermates (n = 3) leads to 

delayed and incomplete tumor penetrance compared to KrasG12D/wt mice (left). H&E and CK19 

staining in FGFR2-PPHLN1 driven Kras wildtype tumors demonstrate the presence of CK19 

positive ductal structures (right). (B) Genotyping PCR on genomic DNA isolated from the 

FGFR2-PPHLN1 tumor and a tumor-derived cell line confirms the absence of the mutant allele 

and validates that this tumor arose in a Kras wildtype background (left) WT band: 430 bp, 

Mutant band: 327 bp. Fusion detection PCR confirms the transposon-mediated genomic 

integration of the fusion. (C) FGFR2 fusion-driven, Kras wildtype cell line demonstrates 

enhanced sensitivity to BGJ398.  
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3.6 Multilevel targeting of FGFR2 increases the output of the treatment 

 

In FGFR2 or KRAS oncogenic signaling, two downstream pathways playing an important role 

are MEK/ERK and PI3K. In order to explore the possibility to target these FGFR2 fusion cells 

at multiple levels, I treated the FPK cell line with BGJ398 (2 µM) in combination with PI3K 

inhibitor Buparlisib (400 nM) or MEK inhibitor, Trametinib (10 nM) or alone, at their 

respective approximate IC20 – IC30 concentrations. Clonogenic growth assays on single- vs. 

combination-treated cells showed that co-treatment with BGJ398 and the MEK inhibitor 

outperformed the effect of the FGFR- plus the PI3K-inhibitor (Fig. 3.12 A). Suggesting the 

FGFR2 fusion signaling in these cells is not linked with the PI3K/AKT pathway but rather 

depends upon MEK/ERK pathway. Similar results were observed in vivo when I treated 

subcutaneous tumors with Trametinib or BGJ398 or combination. The tumors were generated 

by injecting FPK cells subcutaneously in NSG mice. The mice cohort that received 

combination treatment showed significant tumor growth inhibition than mice that received 

single treatment (Fig. 3.12 B). This provides initial evidence that the MEK/ ERK axis acts as 

the crucial downstream effector of FGFR-inhibitor. 

 

Activation of the feedback loops on targeted drug treatment can severely compromise the 

efficacy of the therapies. The MAP-kinase pathway is activated by KRAS as well as FGFR2, 

resulting in reduced pERK levels in FPK and FAK cells when treated with BGJ398 (Fig. 3.5 

A). To address the mechanistic underpinnings of the FGFR-inhibitor resistance, and its relief 

upon KRAS knockdown or MEK inhibitor treatment, I monitored pERK expression levels in 

FPK cells treated with either BGJ398 or trametinib or combination up to 24 hours. Both 

BGJ398 and trametinib as monotherapies lead to pERK rebound by 12 hours after the addition 

of the drug. In contrast, in cells that were treated with a combination of FGFR- and the MEK 

inhibitor, pERK re-expression was delayed (Fig. 3.12 C). 

 

Together, despite the FPK and FAK cell lines were resistant towards KRAS knockdown, pERK 

rebound following FGFR inhibition can be suppressed by MEK inhibition. This observation 

suggests that targeted inhibition of FGFR signaling permits de-repression or activation of 

alternative pathways and creates a “secondary” dependency on KRAS signaling, which is 

overcome by multilevel targeting of downstream pathway combinatorial treatment. 
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Figure 3.12 Resistance of FPK cells to BGJ398 is mediated through the MEK/ ERK axis.  

(A) Reduced proliferation of FPK cells treated with BGJ398 in combination with the MEK 

inhibitor trametinib, compared to co-treatment with the PI3K inhibitor buparlisib (48 hours), 

(mean of three biological replicates, +/- standard error of the mean. Unpaired two-tailed t-test 

* p ≤ 0.05). (B) NSG mice subcutaneously injected with FPK cells (n = 5 per group) were 

treated with trametinib, BGJ398, or a combination of BGJ398 and trametinib. Combination 

treatment significantly reduced tumor growth compared to treatment alone with trametinib or 

BGJ398. Statistical significance was determined by using one way ANOVA followed by 

Tukey's Multiple Comparison Test; * p ≤ 0.05. (C) pERK1/2 rebound is delayed in FPK cells 
exposed to both trametinib and BGJ398, compared to single-drug treatment. 

Tram: trametinib; BGJ: BGJ398 
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4. Discussion 

 

Fusion genes are well known for their role in cancer. Aberrant FGFR2 signaling is caused due 

to the constitutive dimerization of the FGFR2 fusion leading to intrahepatic 

cholangiocarcinoma. Apart from cholangiocarcinoma,  amplification of fusions of the FGFR2 

gene has been found in a wide range of cancers, including breast cancer, lung cancer, thyroid 

cancer, colon cancer, hepatocellular cancer, and prostate cancer [55]. In intrahepatic CCA, the 

amplification of the FGFR2 gene is uncommon, but the FGFR2 fusions are reported often, 

compromising around 10 % to 15 % of iCCA cases [49]–[52]. Several phase III clinical trial 

studies investigating targeted therapies for FGFR2 fusion-positive iCCA are underway, and the 

selective FGFR inhibitor pemigatinib has recently received FDA approval based on the 

findings of the FIGHT-202 clinical trial results [84]. 

FGFR2 fusions are found in multiple cancers; these fusions show the broad range of the 3’ 

fusion partner. Many of these fusion partner gene domains are dimerization domains, which 

suggest that FGFR2 fusion proteins may dimerize constitutively in a ligand independent 

fashion, although this has not been demonstrated formally in all cases  [58], [63]. Recent in 

vitro results showed that FGFR2-PPHLN1 fusion needs to localize to the plasma membrane to 

show the transformation activity. When the N-terminal signaling peptide was removed, activity 

was diminished and but when N-terminal was replaced with myristylation signal restoring 

plasma membrane attachment, it regained transformative activity, suggesting  FGFR2-

PPHLN1 fusion needs membrane localization, but its activity is entirely ligand-independent 

[85].  

In our study, I chose the FGFR2 fusions relevant to iCCA, and these fusions have coiled-coil 

(CC) and bromoprotein-interaction domain (BT). Both domains are known as the dimerization 

domains and are likely to dimerize the FGFR2 fusion constitutively [58], [86]. The role of the 

coiled-coil domain as a fusion partner has been described in FGFR3-TACC3 fusion, which 

exhibits the ligand-independent dimerization and activation of downstream signaling in 

glioblastoma and bladder cancer [87]–[89]. Bromo protein-interaction domain containing 

proteins form fusions involved in various cancers. Fusions containing BT domain usually 

activate the signaling by recruiting downstream players [90].  

Most of the FGFR2 fusions in cholangiocarcinoma were studied in vitro or subcutaneous 

transplantation of cells. Some studies, including ours (Fig 3.1 B and C), have used NIH-3T3 to 
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demonstrate the oncogenic activity of the FGFR2 fusions. Consistent with the previous studies, 

I also report the transformative activity of all the fusions used. [50], [51], [85]. Though, the 

NIH-3T3 is a suitable cell line to study FGFR signaling, it lacks the expression of endogenous 

FGF ligand and receptor, and it has been used extensively to study the FGFR signaling. 

However, NIH-3T3 can be transformed with overexpression of FGFR2 IIIb alone. FGFR2 

fusions have selectivity towards isoform FGFR2 IIIb, so the transformation of NIH-3T3 cells 

by FGFR2 fusion may not be exclusively due to fusion; hence the results yielded by NIH-3T3 

cells transformation by FGFR2 fusion might not be accurate [91]. Also, some of the studies 

used the 293T cell lines, which also showed that FGFR2 fusions could transform the cell in 

vitro [63]. 

 

Murine models of cancer are fundamental to understand the underlying mechanisms of 

resistance and to generate novel strategies to improve existing targeted therapies. Previously 

few studies have utilized the subcutaneous and patient-derived xenograft mouse models to 

study FGFR2 fusion derived tumor development or FGFR2 inhibitors. Most of the studies used 

NIH-3T3 cells expressing FGFR2 fusions to transplant subcutaneously in immunodeficient 

mice to observe tumor development or investigated the FGFR2 inhibitor therapies [28], [51], 

[68]. Wang et al. established a patient-derived xenograft mouse model bearing an FGFR2-

CCDC6 fusion protein from a metastatic lung nodule of an iCCA patient, which they also used 

for studying FGFR2 inhibitors [64].  

All the previous mouse models available for FGFR2 fusion derived iCCA shows the tumor 

development outside the liver microenvironment. The liver microenvironment controls the 

transformation of hepatocytes or biliary cells into iCCA [5]. The subcutaneous models would 

not provide the necessary liver microenvironment for iCCA. This study demonstrates the liver 

electroporation approach to create an autochthonous model of FGFR2 fusion driven cancer 

using six FGFR2 fusion genes. Through the integration of sgRNAs, latent transgenic alleles, 

and the SB transposase system, the model is genetically highly flexible and enables rapid in 

vivo to in vitro translation through the generation of genetically defined tumor cell lines. I 

speculate that other FGFR2 fusion genes can also be studied with this model. Our model gives 

a benefit over the iCCA models previously used for studying FGFR2 fusions. Moreover, our 

model allows studying the FGFR2 fusion in vivo in the liver microenvironment. 

I observed that all the FGFR2 fusions could transform the NIH-3T3 cells with slight variations 

(Fig 3.1). Also, in the electroporation mouse model, the mean overall survival (mOS) is 
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different across various fusions as mice received FGFR2-PPHLN1 shows a mean overall 

survival of 91 days whereas, for FGFR2-TXLNA, mOS is 122 days (Fig. 3.2). This variation 

between the fusions might be due to the 3’ fusion partner that may activate the signaling 

differently. Hence the role of specific fusion partners or distinction in the signaling of FGFR2 

fusions with different 3’partner is an interesting question that can be explored further. 

 

In our study, an overexpression system was utilized to express the FGFR2 fusions, which would 

mimic the cancer patient samples' physiological conditions. Fusion events often result in the 

altered gene expression of one of the two genes involved in fusion, e.g., in multiple myeloma, 

highly expressing IGH locus juxtaposition results in deregulation of the expression of FGFR3 

and MMSET. In all the multiple myeloma patients, MMSET is overexpressed, and 70 % of 

patients show overexpression of FGFR3 [92]. Tumor samples with fusion involving oncogenes 

EGFR, ERBB2, and RET showed the increased expression of these genes without fusion across 

cancers types. However, tumor suppressor genes were inconsistent in expression alteration. 

Overall, tumor suppressor genes displayed decreased expression compared with non-fusion 

samples [93]. Further, in FGFR2 fusion-positive cases, the level of FGFR2 mRNA was found 

significantly higher than fusion negative samples [51], [94].  

 

KRAS is a critical oncogene involved in the iCCA, which compromises the 10 to 25 % of the 

iCCA with a gain of function [95]. There have been very few studies regarding FGFR2 fusions 

in iCCA. In literature, there is a contrast regarding the co-occurrence of FGFR2 fusions and 

KRAS in iCCA. Sia et al. indicate a correlation between the FGFR2 and KRAS, while others 

suggest they are mutually exclusive [28], [50], [51], [96] The differences in the co-occurrence 

of the mutations of KRAS and FGFR2 fusion in different cohorts of iCCA patients cannot be 

simply explained within terms of geographical differences or risk factors alone. Instead, it 

suggests that a combination of exposure to risk factors and genetic background has contributed 

to the association of FGFR2 and KRAS observed in iCCA patients in different cohorts. Further 

investigation is needed to clarify the relation of the FGFR2 fusion gene and KRAS. 

 

In our study, I did not observe any tumors in mice with only KrasG12D expression and loss of 

function of Trp53 within 200 days. However, the expression of FGFR2 fusions, along with the 

activation KrasG12D mutation and CRISPS/Cas9 mediated disruption of Trp53, produced 

tumors in approximately 100 days, suggesting the role of FGFR2 fusion accelerates the tumor 

formation in mice. The same genetic combination is sufficient to induce tumorigenesis in 
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transgenic mice when conditional tissue-specific activation of KrasG12D alone showed the iCCA 

development with low penetrance and long latency. However, when additionally heterozygous 

or homozygous  Trp53 deletion was done, latency was shortened (mean survival of 56 weeks 

vs. 19 weeks, respectively) [97]. Also, in an organoid-based murine cholangiocarcinoma 

model, murine organoids developed tumors with 100 % penetrance in recipient mice following 

Cre‐mediated activation of mutant Kras and loss of the Trp53 [98]. Gürlevik et al. reported 

iCCA development when mutant KrasG12V was overexpressed with an external promoter in the 

electroporation approach in Trp53 deficient mice [72]. This observation illustrates that the 

threshold that needs to be met in murine cholangiocarcinoma models to achieve efficient 

malignant transformation is context and cell-type dependent and further influenced by the 

timing and dosage of the oncogenic stimulus. 

 

FGFR2 gene fusion is formed through genomic rearrangement, then the subsequent expression 

of the chimeric fusion protein leads to carcinogenesis. FGFR2 fusion protein dimerizes in a 

ligand-independent manner leading to constitutive activation of the downstream signaling. 

Canonical FGFR2 signaling involves MEK/ERK, PI3K, and JAK-STAT pathways. Arai et al. 

demonstrated the activation of MAPK in NIH-3T3 cells transformed with FGFR2-AHCYL1 

or FGFR2-BICC1, but not PI3K/AKT or JAK/STAT pathway [51]. When I treated the fusion 

cell lines FPK and FAK with FGFR inhibitor, I observed the SHP2/MEK/ERK axis 

inactivation and not the PI3K/AKT. Our findings were consistent with Goyal et al., which 

showed similar results in patient-derived cholangiocarcinoma cell lines, containing FGFR2-

OPTN fusion or overexpression of FGFR1 [61].  

 

Despite the fact, treatment with BGJ398 (infigratinib), a clinically advanced FGFR inhibitor, 

resulted in decreased levels of pERK, pMEK, pSHP2, and pFRS2, specifically in the fusion-

positive cell lines. However, the IC50 of the fusion and control cell lines were in a similar range. 

This was true for other TKI used in the study, including AZD4547, LY2874455. Although the 

TKI treatment improves the overall survival in FGFR fusion patients, there have been multiple 

reports suggesting the combination of the BGJ398 with other drugs improves the outcome. But 

it is very highly context-dependent; for example, Krook et al. showed the FGFR p.E565A 

mutation acquire the resistance with upregulation of the PI3K/AKT/mTOR signaling pathway, 

and this resistance can be overcome through the combination treatment of FGFR and mTOR 

inhibitors [57], [60], [61]. Datta et al. showed that cell line acquired resistance to BGJ398 with 

AKT activation, which they could overcome with combination treatment of BGJ398 and AKT 
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inhibitor [62]. Screening for the FGFR2 secondary mutations that cause secondary resistance 

and possible relevant co-mutations would be a good strategy before treatment with FGFR2 

inhibitor. This might help in designing the combination of therapies for improving clinical 

outcomes of BGJ398 or other FGFR2 inhibitors [99]. 

 

FPK, BGJ398 resistant cells showed increased sensitivity towards combination treatment of 

BGJ398 and deltarasin. Deltarasin is a small molecule inhibitor which does not exclusively 

affect KRAS localization, but it also binds to other G-protein coupled receptors, ion channels, 

and transporters. Off-target effects can be promoted by the high drug concentrations that are 

necessary to suppress residual PDEδ activity, which can be sufficient to sustain oncogenic RAS 

signaling. Hence, to rule out the off-target effects of the drug, I used RNAi technology to 

deplete the Kras in these cell lines, which also the resensitized the cell line towards the BGJ398. 

Overall these experiments demonstrate that the resistance towards BGJ398 was due to the 

KrasG12D co-mutation. 

 

The co-mutated Kras allele's biological and therapeutic relevance is reflected by the delayed 

tumor growth and incomplete penetrance in wild type littermate mice that lack mutant KrasG12D 

(Fig 3.11 A). Moreover, the cells from these tumors were more sensitive to BGJ398 and further 

supported the hypothesis that resistance in FGFR2 fusion cells (FPK and FAK) is caused by 

Kras mutant (Fig 3.11 C). The co-mutations in relevant RAS pathway, KRAS, EGFR, MET, 

has been observed in 6 % to 8 % samples in non–small cell lung cancer harboring FGFR3-

TACC3. However, it is unclear if this co-mutations were causing resistance or not as it was not 

described [48] 

 

Based on the presence of FGFR2 fusion, patients are being treated with TKI in clinical trials. 

Most of the patients show that resistance to the treatment might be due to the additional 

mutation contributing to the resistance which needs to be investigated in detail [100]. The Kras 

mutation shows acquired resistance to cancer therapies in many cancers [101], [102]. 

According to recent literature, autocrine FGFR pathway activation confers adaptive resistance 

to BRAF/ MEK inhibition in BRAF driven malignancies [103], and a compensatory increase 

of FGFR1 activation results in adaptive drug resistance towards MEK inhibition in KRAS 

mutant lung cancer [104]. These findings further highlight the close interplay between RAS 

and FGFR signaling and indicate that a better understanding of mechanisms conferring primary 

resistance will also help to unravel mediators of secondary therapeutic failure and vice versa. 
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As there are no clinically available drugs directly against KRAS, and most of KRAS dependent 

cancers are treated with downstream target inhibition. In canonical signaling, FGFR2 operates 

through MAPK and PI3K pathway. I demonstrated that cells with FGFR2 fusion with Kras co-

mutation show increased sensitivity towards the BGJ398 and MEK inhibitor treatment and not 

PI3K inhibitor. 

 

In our study, I see the increased RAS/MAPK signaling, and the FGFR2 fusion cell line 

responded to a combination of FGFR2 inhibitors and MEK inhibitor and not PI3K inhibitors. 

When I treated the cells with BGJ398 or MEK inhibitor trametinib, the levels of pERK1/2 

reappeared within 12 to 16 hours. However, when treated with the combination, the inhibition 

of pERk ½ was durable for 24 hours. In contrast, Goyal et al. state that cell line harboring 

FGFR2–OPTN fusion showed the inhibition of MEK/ERK signaling was durable, with no 

pathway reactivation up to 3 days with BGJ398 treatment. This further confirms that additional 

mutant Kras activation influences the pathway activation in the FGFR2 fusion cell line, making 

it resistant to BGJ398. Our data suggest that the relief of FGFR signaling in tumors with 

concomitant KRAS activation leads to a signaling switch, possibly by influencing feedback 

loops that permit active signaling of (mutant) KRAS through MEK and ERK, creating a 

secondary dependency on mutant KRAS. 

 

Genomic and transcriptome profiling of biliary tract cancer cell lines from Lau et al. revealed 

that the multiple mechanisms activate the ERK/MAPK pathway, and it has actionable drug 

targets [105]. Therefore, primary resistance to FGFR inhibition mediated through the RAS 

pathway might not solely depend on the presence of mutant KRAS, but may also affect a subset 

of patients that harbor other alterations that cause increased RAS pathway activation. In our 

model, the combined action of FGFR- and KRAS- or MEK-inhibition is synergistic and can 

overcome primary resistance. This kind of approach can be employed to the patients who might 

have the co-mutation such as NF1, NF2, EGFR, ERBB2, ERBB3, MET, PDGFRA, NRAS, 

BRAF, and other mutations leading the RAS pathway activation which are found in iCCA 

patients (Fig. 4.1).  
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In summary, our study provides an autochthonous murine model of FGFR2 fusion derived 

iCCA. I demonstrated that the FGFR2 fusions as a driver of cholangiocarcinogenesis and 

mechanistically addressed the pathobiology of primary resistance in cells with FGFR2 fusions. 

I showed that KRAS mutant FGFR fused tumors not only respond poorly to FGFR inhibitor 

monotherapy, but they also do not respond to KRAS inhibition, in contrast to KRAS driven 

tumors. Moreover, I provide evidence that molecularly informed combination approaches in 

FGFR2 fusion positive iCCA can overcome primary resistance co-treatment with FGFR 

inhibitor BGJ398 and MEK inhibitor could be an approach for the treatment of cancers with 

FGFR2 mutations and KRAS or ERK/MAPK amplifying mutations. 
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