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Abstract 
 

The prognosis for intrahepatic cholangiocarcinoma (iCCA), a complex and aggressive 
form of primary liver cancer, is challenging due to factors such as advanced stage at diagnosis 
and a diverse genetic landscape. This complexity highlights the necessity of exploring and 
understanding the nuances of genetic mutations specific to iCCA and their potential as 
therapeutic targets.  

Gain-of-function mutations in Isocitrate dehydrogenase 1 (IDH1), leading to the 
production of the oncometabolite 2-hydroxyglutarate (2-HG), are particularly noteworthy in 
iCCA, where such mutations are common. IDH1, a key enzyme in the citric acid cycle catalyzing 
the oxidative decarboxylation of isocitrate to α-ketoglutarate, becomes a critical focus due to 
its altered role in iCCA. The detrimental effects of mutant IDH1 stem from its aberrant 
production of 2-HG, which competitively inhibits α-ketoglutarate-dependent oxygenases, thus 
affecting various biological processes including DNA and histone demethylation, hypoxic 
response, and collagen maturation, contributing significantly to tumorigenesis by altering 
epigenetic and cellular signaling pathways. 

To understand the role of IDH1 in iCCA and the implications of 2-HG, a tailored mouse 
model was employed, using hydrodynamic tail vein injection, which allowed for the direct 
introduction of genetic elements into the liver. The study shows that IDH1 mutations, in 
combination with other oncogenic events, significantly reduce the survival of tumor-bearing 
mice. The accumulation of 2-HG in tumors leads to enhanced methylation, a shift in tumor 
phenotype towards cholangiocytic characteristics, and changes in stromal cell infiltration. 
Through mass spectrometry of iCCA extracellular matrix, key elements of the 2-HG-driven 
phenotype were identified. This research provided extensive insights into the molecular and 
cellular effects of IDH1 mutations in iCCA, revealing their impact on glycosylation, liver cell 
differentiation, and tumor traits. 

A distinct aspect of this thesis was the investigation of immune and extracellular matrix 
dynamics in the context of 2-HG accumulation. This exploration highlighted the intricate 
relationship between immune cell infiltration, immune modulation, and IDH1 mutations, 
enhancing understanding of the tumor microenvironment in iCCA. Additionally, the study 
introduced alternative murine iCCA models and mimicked patient-specific genomic patterns, 
enriching the research spectrum. A significant breakthrough was the identification of a novel 
immunogenic peptide, targeting IDH1 mutant cholangiocarcinoma cells, paving the way for 
mutation-specific immunotherapy. 

In conclusion, this thesis demonstrates the critical role of mutant IDH1 in modulating 
the tumor microenvironment and cell differentiation in iCCA. It significantly advances our 
knowledge of iCCA pathology and lays the groundwork for innovative, targeted treatment 
strategies and personalized medicine.  

 



 

  VIII 

Zusammenfassung 
 

Die Prognose für intrahepatische Cholangiokarzinome (iCCA), eine komplexe und 
aggressive Form von Leberkrebs, stellt aufgrund von Faktoren wie einem fortgeschrittenen 
Stadium bei der Diagnose und einer diversen genetischen Landschaft eine Herausforderung 
dar. Diese Komplexität zeigt die Notwendigkeit, die Nuancen von genetischen Mutationen, die 
spezifisch für iCCA sind, zu erforschen und zu verstehen, sowie ihr Potenzial für therapeutische 
Zwecke zu nutzen. 

Mutationen, die eine Funktionszunahme in Isocitrat-Dehydrogenase 1 (IDH1) 
verursachen und zur Produktion des Onkometaboliten 2-Hydroxyglutarat (2-HG) führen, sind 
bei iCCA besonders auffällig. IDH1 ist ein Schlüsselenzym im Zitronensäurezyklus, das die 
oxidative Decarboxylierung von Isocitrat zu α-Ketoglutarat katalysiert. Aufgrund seiner 
veränderten Rolle in iCCA wird IDH1 zu einem wichtigen Faktor. Die schädlichen Effekte von 
mutiertem IDH1 ergeben sich durch seine fehlerhafte Produktion von 2-HG, welches 
kompetitiv α-Ketoglutarat-abhängige Oxygenasen hemmt. Somit werden verschiedene 
biologische Prozesse, einschließlich DNA- und Histondemethylierung, sowie auch hypoxische 
Antwort und Kollagenreifung, beeinflusst. Dies trägt erheblich zur Tumorigenese bei, indem es 
epigenetische und zelluläre Signalwege verändert. 

Um die Rolle von IDH1 in iCCA und die Implikationen von 2-HG zu verstehen, wurde ein 
maßgeschneidertes Mausmodell verwendet, das durch hydrodynamische 
Schwanzveneninjektion direkte genetische Veränderungen in die Leber ermöglicht 
einzuführen. Die Forschung zeigt, dass die IDH1-Mutationen in Kombination mit anderen 
onkogenen Ereignissen die Überlebensrate von tumorbelasteten Mäusen signifikant reduziert. 
Die Anhäufung von 2-HG in Tumoren führt zu verstärkter Methylierung, einer Verschiebung 
des Tumorphänotyps in Richtung cholangiozytischer Merkmale und auch Veränderungen in 
der Infiltration von Stromazellen. Durch Massenspektrometrie der extrazellulären Matrix von 
iCCA wurden Schlüsselelemente des durch 2-HG veränderten Phänotyps identifiziert. Diese 
Forschung lieferte umfassende Einblicke in die molekularen und zellulären Effekte von IDH1-
Mutationen in iCCA und zeigte ihre Auswirkungen auf Glykosylierung, Leberzelldifferenzierung 
und Tumorcharakteristika. 

Ein Schwerpunkt dieser Arbeit war die Untersuchung der Dynamik des Immunsystems 
und der extrazellulären Matrix im Kontext der 2-HG-Anhäufung. Diese hob die komplexe 
Beziehung zwischen Immunzellinfiltration, Immunmodulation und IDH1-Mutationen hervor 
und verbesserte das Verständnis der Tumormikroumgebung in iCCA. Darüber hinaus wurden 
durch alternative iCCA-Mausmodelle und imitierte patientenspezifische genomische Muster 
der Forschungsspektrum erweitert. Ein signifikanter Durchbruch war die Identifizierung eines 
neuartigen immunogenen Peptids, das auf IDH1-mutierte Cholangiokarzinomzellen abzielt und 
den Weg für eine mutationspezifische Immuntherapie ebnet. 
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Zusammenfassend zeigt diese Arbeit die wichtige Rolle von mutiertem IDH1 bei der 
Regulierung der Tumormikroumgebung und der Zelldifferenzierung in iCCA. Sie erweitert 
unser Wissen über die Pathologie von iCCA erheblich und legt den Grundstein für innovative, 
zielgerichtete Behandlungsstrategien und personalisierte Medizin. 
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1. Introduction  
 

1.1.  Liver anatomy and function 
 

The liver holds a paramount position in the human body, functioning as the largest 
internal organ and playing a crucial role in various physiological processes [1], [2], [3]. Its 
distinctive reddish-brown color and lobulated structure are easily recognizable. However,  
the liver's pivotal role extends far beyond its physical attributes. Its importance to human  
health and life is underscored by its multifaceted functions in digestion [4], metabolism [6], [7], 
immunity [7], [8], detoxification [9], [10], and regulation of numerous biochemical  
reactions [11]. 

Histologically, the liver is composed of hepatocytes - the primary parenchymal liver cell 
type - which contribute to approximately 80% of the organ's mass [12]. These cells are 
responsible for most of the liver's metabolic activities [13], [14], including metabolism of lipids 
[15], [16], carbohydrates [17], and proteins [18], [19], [20]. Hepatocytes also play an essential 
role in the production and excretion of bile, aiding in digestion and absorption of dietary fats 
[21], [22].  

The second parenchymal cell type in the liver is cholangiocytes, which are epithelial 
cells lining the biliary tract, and they play essential roles in bile formation [21], [22]. Initially, 
hepatocytes have been recognized as the primary parenchymal cells of the liver. However, 
recognizing cholangiocytes as parenchymal cells is significant because it underscores their 
pivotal role in maintaining liver health and function. Cholangiocytes have unique properties 
that distinguish them from other liver cell types and can undergo transdifferentiation into 
hepatocyte-like cells under certain conditions [23], [24].  

In the dynamic landscape of liver cell plasticity, both hepatocytes and cholangiocytes 
display exceptional adaptability, playing pivotal roles in liver function and regeneration. 
Hepatocytes not only transdifferentiate into cholangiocytes but also into other cell types when 
faced with liver injury, highlighting their versatility and resilience [25], [26], [27]. Similarly, 
cholangiocytes are capable of transdifferentiating into hepatocyte-like cells, further 
underscoring their significance in the liver's regenerative processes [28]. This bidirectional 
plasticity is vital in maintaining liver homeostasis and in response to damage, offering 
promising therapeutic potentials for liver diseases [29]. 

The liver's intricate cellular landscape extends beyond its non-parenchymal cells like 
Kupffer cells, stellate cells, and endothelial cells, to include a host of immune cells that play 
crucial roles in its defense mechanisms [7], [30], [31], [32], [33], [34]. Neutrophils, for instance, 
are rapidly mobilized to the liver in response to infection or injury, where they engage in the 
elimination of pathogens and contribute to tissue repair processes [35], [36], [37]. Meanwhile, 
T cells within the liver, are integral to the organ's immune surveillance and tolerance. They not 
only mediate responses to viral infections and tumors but also help in dampening excessive 
inflammation to prevent chronic liver diseases [36], [38], [39], [40]. These immune cells, 
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alongside the detoxification and immune functions primarily orchestrated by Kupffer cells, 
collectively fortify the liver's capability to protect the body from harmful substances and 
manage the immune response to inflammation or injury [13], [14], [41]. 

Liver can regenerate after surgical resection or chemical injury, underscoring its 
resilience and indispensability [42], [43]. However, the liver's crucial roles also render it 
vulnerable to a range of diseases, including viral hepatitis, liver cirrhosis, and liver cancer [31], 
[44], [45], [46]. Consequently, understanding the liver's physiology and pathology is critical in 
mitigating these health threats. Therefore, a comprehensive understanding of liver physiology 
and pathology is imperative for mitigating these health challenges. 

In conclusion, the liver's complexity, significance, and vast array of functions 
underscore its paramount importance in the human body, necessitating ongoing scientific 
exploration to enhance human health and address liver-associated diseases. 

 

1.2.  Model systems in liver research 
 

The advancement in understanding the pathogenesis of liver cancer and the 
development of novel therapeutic strategies hinge significantly on the utilization of robust and 
representative tumor models. These models serve as indispensable tools that can simulate the 
disease in a controlled environment, allowing for mechanistic studies, drug testing, and the 
development of therapeutic strategies.  

The in vitro models, including liver cell lines and organoids derived from different liver 
diseases, provide a foundational step in investigating the biological behavior of liver diseases 
[37], [47], [48]. These models have been instrumental in identifying key molecular pathways 
involved in liver pathologies, including fibrosis, cirrhosis, and tumor formation [49], [50]. 
However, these cell lines often lack the heterogeneity seen in the diverse spectrum of liver 
diseases [47]. Recently, three-dimensional culture systems such as organoids have been 
developed, offering a more accurate representation of the liver tissue architecture and disease 
microenvironment [48], [51], [52]. 

Patient-derived xenografts (PDX) are another powerful tool for studying liver-
associated diseases [53]. These involve the implantation of patient tumor tissues into 
immunodeficient mice, preserving the histological and genetic features of the original tumor 
[48], [54], [55]. PDX models are particularly useful for studying tumor heterogeneity and for 
preclinical testing of therapeutic strategies [53], [56], [57], [58]. 

Genetically engineered mouse models (GEMMs) of liver cancer are invaluable for 
studying the sequential events of liver-associated diseases [59], [60]. By manipulating the 
expression of genes involved in liver function and disease, GEMMs allow for the study of the 
role of specific genetic alterations in disease development [61], [62], [63], [64]. Additionally, 
these models can be exposed to various diets and pathogens to better understand the 
environmental and infectious contributors to liver diseases. Different dietary conditions, such 
as high-fat or alcohol-rich diets, can be introduced to mimic diseases like non-alcoholic fatty 
liver disease [65], [66] or alcoholic liver disease [66], [67], respectively. Likewise, pathogens 
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that affect liver function, such as the hepatitis C virus, can be introduced to study their impact 
and the body’s immune response [68], [69]. However, GEMMs can be time-consuming and 
expensive to develop and maintain [70], [71]. 

Hydrodynamic tail vein injection (HTVi) is a unique and powerful tool for generating 
mouse models of liver cancer [72]. This technique enables the rapid introduction and 
expression of genetic material in the liver, allowing researchers to study the effects of specific 
genetic changes on liver function and disease progression [73], [74]. HTVi allows for the 
modeling of multiple genes at the same time [75], [76], and up to 40% of hepatocytes can take 
up DNA following injection [74], [77]. This provides a fast alternative to the development of 
GEMMs, and the heterogeneity introduced through HTVi closely mirrors that seen in liver 
diseases, providing a platform for studying the clonal evolution and genetic diversity of liver-
associated diseases [49], [78]. However, it's important to note that while HTVi enables the 
study of tumor heterogeneity and the rapid introduction of genetic material, it does not 
recapitulate the gradual accumulation of genetic alterations seen in human liver diseases [79]. 
Despite this limitation, the HTVi method has greatly enhanced our ability to model liver-
associated diseases cancer in mice, and concurrently, it has proven to be invaluable in 
deciphering the genetic intricacies and progression of liver cancers. 
 

1.3.  Overview of primary liver cancer  
 

Primary liver cancers, notably hepatocellular carcinoma (HCC) and cholangiocarcinoma 
(CCA), pose significant public health challenges globally, significantly influencing morbidity and 
mortality rates [46]. Historically, it has been believed that primary liver malignancies stem 
directly from liver cells, with HCC originating from hepatocytes and CCA from cholangiocytes 
[80], [81]. Beyond these predominant types, there are less common forms of primary liver 
cancer such as fibrolamellar HCC, mixed HCC-CCA tumors, and hepatoblastoma, the latter 
being the main form of liver cancer in children [82]. 

The global burden of primary liver cancer is heavy, with it being the sixth most 
commonly diagnosed cancer and the fourth leading cause of cancer-related deaths worldwide 
[83], [84]. The incidence of these cancers varies widely across regions, with the highest rates 
in East and Southeast Asia, and Africa. This variation correlates closely with the prevalence of 
chronic hepatitis B infection, a major risk factor for HCC [46]. 

HCC and CCA, the primary forms of liver cancer, predominantly manifest in contexts of 
chronic liver disease and sustained inflammatory conditions. HCC, accounting for about 75% 
to 85% of cases, typically develops in settings of cirrhosis due to chronic hepatitis, alcohol 
abuse, or non-alcoholic steatohepatitis related to metabolic syndrome [31], [44], [46], [81], 
[85]. In parallel, CCA, making up approximately 10% to 15% of cases, often arises in similar 
environments of chronic liver inflammation, with additional risks stemming from specific 
conditions like primary sclerosing cholangitis, liver fluke infections, and certain hereditary liver 
disorders [22], [86], [87], [88], [89], [90]. 
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Both cancer types, HCC and CCA, are not only linked to chronic liver inflammation and 
pathogen exposure but also to the remarkable plasticity and transdifferentiation abilities of 
liver cells. The cell of origin for these primary liver cancers can be either hepatocytes or 
cholangiocytes, which, due to their plasticity, have the potential to transdifferentiate, thus 
blurring the lines of cell-of-origin categorization [91], [92], [93]. This cellular adaptability, when 
combined with diverse genetic mutations, underscores the complexity of liver cancer 
pathogenesis. A deeper understanding of these processes is essential for the development of 
targeted interventions that address the underlying liver diseases and reduce the risk of these 
serious malignancies. 

 
1.4.  Deep dive into cholangiocarcinoma 

 
1.4.1. Classification and characteristics 

 
CCA is a particularly aggressive form of liver cancer [94] and the second most common 

primary liver cancer after HCC. Despite its relatively lower incidence compared to other liver 
cancer, CCA poses a considerable health burden [95], [96].  

 

 
 

Figure 1. Anatomical classification of cholangiocarcinoma.  
Unmodified from Banales et al. Nat. Rev. Gastroenterol. Hepatol. 2020 [96]. 
 

CCA can be further classified into intrahepatic (iCCA), perihilar (also known as hilar), 
and distal subtypes based on its anatomical site of origin within the biliary tree (Figure 1) [96]. 
Each subtype presents unique characteristics and clinical challenges [97]. Perihilar and distal 
CCAs, often collectively referred to as extrahepatic CCAs (eCCA), emerge from the bile ducts 
outside the liver [98]. In contrast, iCCA arises within the liver from small bile ducts and is 
categorized as a form of primary liver cancer [99]. 
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Epidemiologically, the incidence of CCA has been increasing globally over the past few 
decades [100]. There are several recognized risk factors, including chronic biliary tract 
inflammation due to liver fluke infection (O. viverrini and C. sinensis) [97], primary sclerosing 
cholangitis [101], exposure to specific toxins [102], congenital biliary cystic diseases [103], and 
certain genetic aberrations [104], [105]. However, a considerable number of CCA cases occur 
in the absence of these risk factors [106], [107], indicating the involvement of other pathogenic 
elements. Interestingly, unlike eCCA, iCCA can develop in both cirrhotic and non-cirrhotic livers 
[105], [108]. 

Histopathologically, most CCAs are well to moderately differentiated adenocarcinomas 
with glandular morphology and often exhibiting a desmoplastic stromal reaction [109]. The 
tumors can display various growth patterns, including mass-forming, periductal infiltrating, and 
intraductal, each with different clinical and prognostic implications [96]. iCCA can present as a 
solitary mass, multifocal lesions, or a diffusely infiltrating disease, often accompanied by a 
fibrous stroma that contributes to the tumor's desmoplastic nature [110], [111], [112]. 

 

1.4.2. Clinical presentation and treatment options 
 
From clinical perspective, CCA tends to be asymptomatic in its early stages [113], which 

contributes to its typically late diagnosis and poor prognosis [80]. When symptoms manifest, 
they often include non-specific complaints such as abdominal discomfort [114], and weight 
loss [115]. Jaundice, while more commonly associated with eCCA, may also present in iCCA, 
particularly when larger intrahepatic bile ducts are involved [116], [117].  

Treatment options for CCA are largely dependent on the stage of the disease at 
diagnosis [90], [118], [119]. Surgical resection offers the best chance for cure in early-stage 
disease [109], [120]. However, given the often late-stage diagnosis, many patients are ineligible 
for surgery at presentation, necessitating alternative therapies such as chemotherapy, 
radiotherapy, and targeted therapies [121], [122], [123].  

Exploration of molecular mechanisms in cholangiocarcinogenesis has advanced 
substantially in the past decade, bringing forth novel therapeutic targets and tailored 
treatment approaches [122], [124], [125]. Nevertheless, CCA continues to have a poor 
prognosis, emphasizing the urgent need for improved early detection techniques, a deeper 
understanding of the disease's origins, and the creation of more potent treatments [120], 
[126], [127]. A thorough investigation into the genetic landscape of CCA is pivotal. This effort 
is key to unlocking the potential of precision medicine and could pave the way for 
breakthroughs in both diagnosis and treatment. 

 

1.4.3. Mutational landscape  
 
At the genomic level, CCA is characterized by a high degree of heterogeneity, exhibiting 

a broad spectrum of gene mutations, copy number alterations, and changes in gene expression 
[105], [128], [129], [130]. Recent advances in high-throughput sequencing technologies have 
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provided unprecedented insights into the genetic architecture of CCA, unveiling several 
recurrently mutated genes and key oncogenic pathways (Figure 2) [124], [131]. 

One of the most frequently mutated genes in iCCA is Isocitrate dehydrogenase 1 and 2 
(IDH1 and IDH2), with mutations observed in about 20% of iCCA cases [132], [133]. IDH 
mutations result in the production of an oncometabolite which promotes tumorigenesis [134]. 
Importantly, the presence of IDH mutations has implications for targeted therapy, as IDH 
inhibitors have shown promise in clinical trials [118], [135]. 

Epigenetic alterations, such as changes in DNA methylation and histone modification, 
also play a significant role in iCCA's pathogenesis [136], [137], [138]. For instance, mutations in 
BRCA1 associated protein-1 (BAP1), a gene encoding for a protein involved in histone 
deubiquitination, have been associated with an aggressive iCCA phenotype and poorer patient 
outcomes [129], [139], [140]. 

Fusions and rearrangements of Fibroblast growth factor receptor 2 (FGFR2) are another 
significant genetic event in iCCA, occurring in approximately 10-15% of cases [129], [141]. 
These fusions lead to constitutive activation of the FGFR pathway, driving cellular proliferation 
and survival [141]. Several FGFR inhibitors are currently under investigation as potential 
therapeutic options for patients with FGFR alterations [141], [142], [143]. 

 

 
 

Figure 2. Comparative mutation prevalence in iCCA and eCCA. 
Mutation frequencies in 412 iCCA and 37 eCCA cases, derived from Boerner et al. Hepatology 2021 [144] and 
Cheng et al. J Mol Diagn. 2015 [145], respectively. 

 

Other genes recurrently mutated in iCCA include Tumor protein p53 (TP53), KRAS, and 
SMAD family member 4 (SMAD4), among others [100], [142], [146], [147], [148]. These 
mutations impact various cellular pathways, including cell cycle regulation, signal transduction, 
and DNA repair mechanisms, all of which contribute to the malignant transformation [129], 
[148], [149]. 

0 20 40

IDH1
ARID1A

BAP1
TP53

FGFR2
PBRM1

KRAS
CDKN2A/B

ATM
TERT
IDH2
NF1

SMAD4
CTNNB1

ALB

frequency [%]

 

 

iCCA 

0 20 40

IDH1
ARID1A

BAP1
TP53

FGFR2
PBRM1

KRAS
CDKN2A/B

ATM
TERT
IDH2
NF1

SMAD4
CTNNB1

ALB

frequency [%]

 

 

eCCA

0 20 40

IDH1
ARID1A

BAP1
TP53

FGFR2
PBRM1

KRAS
CDKN2A/B

ATM
TERT
IDH2
NF1

SMAD4
CTNNB1

ALB

frequency [%]

 

 

eCCA

0 20 40

IDH1
ARID1A

BAP1
TP53

FGFR2
PBRM1

KRAS
CDKN2A/B

ATM
TERT
IDH2
NF1

SMAD4
CTNNB1

ALB

frequency [%]

 

 

iCCA 



Introduction 

 7 

In contrast, eCCA tends to have a different mutational profile, with a higher prevalence 
of KRAS, TP53 and SMAD4 mutations and fewer IDH and FGFR alterations [96], [130], [150]. 
This distinction highlights the necessity of understanding the unique genetic underpinnings of 
each subtype to develop effective targeted therapies. 

Nevertheless, despite these advances, the mutational landscape of CCA is far from fully 
mapped [136], [142], [151], [152]. Furthermore, the clinical implications of many identified 
mutations remain to be fully elucidated, underscoring the need for further research. 

The integration of genomic data and clinical practice is vital, as it could pave the way for 
more personalized and effective therapeutic strategies, ultimately improving patient 
outcomes. 

 

1.5.  IDH mutations: molecular insights and oncogenic implications 
 

1.5.1. Variants and functions of IDH isozymes 
 

As previously highlighted, IDH mutations hold a significant prevalence in iCCA, making 
a detailed exploration of their roles and implications crucial. IDH enzymes play a pivotal role in 
cellular metabolism, specifically within the Krebs cycle. They catalyze the oxidative 
decarboxylation of isocitrate to α -ketoglutarate (α-KG) [153]. There are three isozymes of IDH 
in human cells, namely IDH1, IDH2, and IDH3. IDH1 is localized in the cytoplasm and 
peroxisomes, while IDH2 and IDH3 are found in the mitochondria (Figure 3) [154].  

 

 
 

Figure 3. Function of IDH mutations in cancers.  
Created with Biorender.  

 
Both IDH1 and IDH2 are NADP+-dependent enzymes that serve dual purposes: they 

generate NADPH, aiding in cellular defense against oxidative damage [155], and produce α-KG, 
essential for the Krebs cycle and various cellular processes [156], [157]. 

IDH3, on the other hand, is a NAD+-dependent enzyme primarily involved in the Krebs 
cycle, converting isocitrate to α-KG in the mitochondria [158]. This reaction is a regulatory 
point and is considered one of the rate-limiting steps in the Krebs cycle, ensuring proper 
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cellular energy production [159]. Unlike IDH1 and IDH2, mutations in IDH3 are rare in cancers. 
Nevertheless, any alterations in IDH3 activity could potentially have implications for cellular 
energy balance and metabolic homeostasis [160]. 

While IDH1 and IDH2 are tightly regulated, they are not typically considered the 
primary rate-limiting steps of the Krebs cycle [158], [159]. However, mutations in these 
enzymes, result in aberrant activity which can contribute to cancer development and 
progression, distinguishing them from IDH3 in the context of cancer [160]. 

 

1.5.2. IDH1 mutations patterns across cancers 
 

IDH1 mutations present a complex landscape, manifesting with striking variations in 
frequency across different malignancies. This inconsistency raises intriguing questions about 
the underlying mechanisms and the factors influencing the distribution of these mutations  
(Figure 4). 

 

 
 

Figure 4. Prevalence of IDH mutations in cancers.  
Unmodified from Pirozzi et al. Nat Rev Clin Oncol. 2021 [132]. 
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One of the first malignancies where IDH1 mutations were identified is glioma, 
specifically lower-grade gliomas and secondary glioblastomas [161], [162], [163]. These 
mutations occur in approximately 70-80% of these tumors, usually involving the R132 residue 
[132], [156]. IDH1 mutations in gliomas have been shown to results in epigenetic dysregulation 
[164], [165], impaired cell differentiation [166], [167], and the promotion of tumorigenesis 
[163], [168], while paradoxically being associated with a better prognosis and a distinct 
response to therapy [162]. 

In iCCA, the IDH1 mutations are predominantly found at the R132 residue [132], similar 
to gliomas. The most common IDH1 mutation in iCCA is the R132C substitution, although other 
variants such as R132G, R132L, and R132S, and R132L are also present [169], [170]. The 
frequency of IDH1 mutations in iCCA varies across studies but is generally observed in 
approximately 10% to 23% of cases, making it a significant molecular subset of this cancer type 
[150], [171], [172], [173]. The presence of these mutations not only has profound implications 
for the biology and clinical management of iCCA but also correlates with distinct clinical 
outcomes. These genetic alterations are linked to specific pathogenic processes, including 
extensive epigenetic remodeling, which can influence the immune response to the tumor and 
affect the efficacy of therapeutic interventions. [174], [175].  

Acute myeloid leukemia (AML) is another malignancy where IDH1 mutations play a 
significant role, with a prevalence of around 15-20% [132]. These mutations in AML are 
associated with specific clinical and biological characteristics, such as older age, normal 
karyotype, and concurrent mutations in Nucleophosmin 1 [176], [177], [178]. IDH1-mutated 
AML also shows susceptibility to IDH inhibitors, leading to clinical responses and, in some cases, 
complete remissions [179]. 

In chondrosarcomas, IDH1 and IDH2 mutations are found in a significant number of 
cases [132], impacting the tumor's molecular characteristics and clinical behavior [156], [180], 
[181], [182], [183]. These mutations are associated with specific histological subtypes and 
contribute to altered epigenetic regulation and cell differentiation [181], [184], [185]. Similarly, 
in iCCA, IDH1 mutations play a parallel role to other malignancies [60], [134], [186], [187]. 

Interestingly, IDH1 mutations are relatively rare in other cancers, such as colorectal, 
breast, and lung cancers [132]. The reasons behind this differential prevalence across various 
malignancies remain a subject of active research and debate, with several theories proposed 
to explain the observed patterns. 

One theory proposes a link between IDH mutations and tissue-specific factors, 
particularly the developmental origin and lineage of cells. Supporting this hypothesis, gliomas 
and AML, which frequently harbor IDH mutations, arise from cells of the neuroectodermal and 
hematopoietic lineage, respectively [188]. IDH mutations in these malignancies are thought to 
induce a block in cell differentiation, supporting the self-renewal and uncontrolled 
proliferation of immature cell types [189], [190]. This theory suggests that IDH mutations may 
confer a selective growth advantage to certain cell lineages, thereby contributing to 
tumorigenesis in a context-dependent manner. 
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Another theory posits that IDH mutations may be a response to specific oncogenic 
stresses or environmental exposures that vary across different tissue types [191], [192]. For 
instance, a chronic inflammatory milieu, as observed in iCCA, may provide a setting conducive 
to the selection of IDH mutations. This concept is supported by evidence that IDH mutations 
can be associated with specific risk factors in iCCA, such as liver fluke infection [170], [193]. 

A third hypothesis is based on the principle of mutational heterogeneity, suggesting 
that the varied prevalence of IDH mutations across cancers could simply be a reflection of the 
inherent genetic diversity and mutational processes operating within different tumor types 
[194], [195]. This theory posits that the overall mutational landscape of a tumor, shaped by 
factors such as DNA repair capacity, replication errors, and exposure to mutagens, ultimately 
determines the likelihood of acquiring specific mutations, including those in IDH. 

A fourth perspective considers the cellular context, including factors such as metabolic 
status. In this view, certain cells may be more vulnerable to the effects of IDH mutations due 
to their metabolic requirements for either α-KG or NADP+ [167], [196], [197], [198], [199], 
[200], [201].  

Additionally, the presence of other genetic alterations may act synergistically with IDH 
mutations to promote tumorigenesis [202]. For example, gliomas with the IDH1 R132H 
mutation often harbor concurrent alterations in TP53 and ATRX chromatin remodeler, which 
may contribute to an amplified oncogenic impact [146], [180]. 

Lastly, there are studies suggesting a dynamic role of IDH1 mutations in cancer 
progression. For instance, in gliomas, mutant IDH1 expression initially drives tumor formation, 
it can rapidly transition from a driver to a passenger role in the tumor’s development [203], 
[204]. This implies that the impact of IDH1 mutations may evolve over time, potentially 
influencing the tumor’s response to therapy and its overall behavior. 

These diverse theories, while not mutually exclusive, collectively contribute to the complex 
landscape of IDH mutations observed across cancers.  

 

1.5.3. Consequences of 2-HG production and accumulation 
 
Mutations in IDH1/2 are highly relevant in the context of oncogenesis, particularly in 

central nervous cancers [154], [205], [206]. These mutations observed in cancers are gain-of-
function mutations, typically occurring at arginine residues in the active site (R132 in IDH1 and 
R172 in IDH2) [176], [206], [207], [208], [209]. These mutations confer a neomorphic activity 
to IDH1/2, allowing the mutated enzyme to catalyze the reduction of α-KG to 2-
hydroxyglutarate (2-HG), an oncometabolite, which can alter cellular functions [134], [153]. 

2-HG has a transformative effect on cellular function, which can be largely attributed 
to its ability to competitively inhibit a class of enzymes that rely on α-KG as a cofactor [156], 
[187], [210]. The perturbation of these α-KG-dependent enzymes leads to a broad range of 
cellular changes that contribute to the malignant phenotype [60] (Figure 5).  
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The affected α-KG-dependent enzyme group includes a variety of dioxygenases that 
are involved processes such as DNA and histone demethylation [210], hypoxia-inducible factor 
(HIF) regulation [211], DNA damage repair [212], and collagen biosynthesis [212].  

Specifically, prolyl hydroxylases, which stabilize HIF, are inhibited by 2-HG [156], [213]. 
This inhibition leads to activation of hypoxia-responsive genes that promote angiogenesis, 
metabolic adaptation, and survival in hypoxic conditions [211], [213], [214]. Each of these 
processes has a significant influence on tumorigenesis, shaping the phenotype of the resultant 
cancer. 

Moreover, DNA and histone demethylases, including the Ten-eleven translocation 
(TET) family of DNA demethylases and the Jumonji C domain-containing histone demethylases, 
are critical for maintaining the cell's epigenetic landscape [215], [216], [217]. Inhibition of these 
enzymes by 2-HG, leads to aberrant methylation patterns that can alter gene expression, 
impacting cellular processes such as differentiation, proliferation, and apoptosis [134], [164], 
[167], [217], [218]. Additionally, 2-HG has been found to interfere with the function of DNA 
damage repair proteins [212], potentially leading to genomic instability and an increased risk 
of mutations, which could have significant ramifications in the context of cancer development 
and progression [219], [220], [221], [222], [223]. 

 

 
 

Figure 5. Downstream effects of 2-HG accumulation.  
Created with Biorender.  
 

Lastly, the 2-HG-induced inhibition of α-KG-dependent enzymes involved in collagen 
biosynthesis can disrupt the extracellular matrix, affecting cell adhesion, migration, and tissue 
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integrity. These processes are crucial in the context of cancer metastasis [212], [224], [225], 
[226]. 

Understanding the role of α-KG-dependent enzymes and their inhibition by 2-HG 
provides a unique perspective on the phenotypic changes induced by IDH mutations. This 
knowledge not only helps elucidate the molecular pathogenesis of IDH-mutated cancers but 
also opens avenues for potential therapeutic interventions. 

 

1.5.4. Enzymatic traits of IDH1 mutants 
 

Delving deeper into 2-HG's influence, it is crucial to explore the variations in 2-HG 
production capabilities among different IDH1 mutants. These variations, influenced by the type 
of mutation and its location within the protein structure, lead to distinct oncogenic impacts. 
By dissecting these catalytic traits, light is shed on how they contribute to the heterogeneity 
of IDH1 mutations and their consequences in cancer. 

As mentioned above, mutations in IDH predominantly at active site arginine residues 
(R132 in IDH1, R172 in IDH2) [161], [169], [176], [179], [206], [207], [209], [227], [228], [229], 
giving rise to mutants which exhibit considerable variation in terms of 2-HG production 
capabilities. These variations are influenced by the type of mutation and its location within the 
protein structure [228], [230], leading to subtle differences in the active site configuration 
influencing substrate affinity and product release. For example, IDH1 R132C mutants produce 
higher 2-HG levels than R132H counterparts [228], [231]. This differential 2-HG production can 
profoundly influence cellular processes, including epigenetic regulation and tumor 
metabolism. 

Less common mutations within IDH1, such as R132S, R132G, and R132L, result in 2-HG 
production, suggesting neomorphic capabilities, that are yet to be fully understood [169], 
[208], [228], [232], [233], [234]. IDH2 mutations, such as R172K, R172M, and R140, are 
predominantly identified in hematological malignancies [169], [176], [206], [227], [229], [235]. 
These mutants similarly produce 2-HG and induce tumorigenesis, although they are less 
extensively characterized in comparison to IDH1 R132H mutation. 

Emerging evidence suggests that the quantity and perhaps the isoform-specificity of  
2-HG production could influence the cellular consequences of IDH mutations and thereby their 
likelihood of contributing to the development of specific cancers. Notably, mutations in IDH1, 
typically found in gliomas, iCCA, and AML, primarily result in the production of D-2HG, while 
the less common IDH2 mutations can produce both D- and L-2HG [157], [236], [237]. 

Early studies have indicated that the D- and L- isoforms of 2-HG exert distinct effects 
on cellular function [238]. As mentioned earlier, D-2HG is a competitive inhibitor of α-KG-
dependent enzymes, leading to widespread effects. In contrast, the impact of L-2HG, while less 
studied, appears to involve somewhat distinct cellular pathways, such metabolic stress and 
hypoxia response pathways [217], [238], [239], [240], [241]. 

Factors like cellular localization and metabolic context, in addition to structural 
differences, likely contribute to the differential 2-HG production. For example, IDH1, localized 
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mainly in the cytosol and peroxisomes [153], [162], [242], [243], and IDH2, found in 
mitochondria, may interact differently with cellular metabolism [132], [162], [243].  

These mutations, while leading to 2-HG production, may have differential effects on 
enzyme activity, stability, cellular localization, and protein interactions, contributing to their 
distinct oncogenic impacts. Moreover, cellular contexts such as the developmental lineage, 
microenvironment, and metabolic status can modulate the effects of 2-HG and IDH mutations. 
This differential 2-HG production, influenced by IDH mutation type and location, highlights the 
complex landscape of IDH mutational heterogeneity. IDH with higher catalytic capabilities 
potentially has more potentially more pronounced effect on α-KG-dependent dioxygenases. 
Consequently, this can influence the epigenetic landscape, cellular differentiation, and tumor 
metabolism in distinct ways. 
 

1.6.  Current approaches in IDH1-targeted therapies 
 

It is becoming increasingly clear that nuanced and comprehensive understanding of 
mutations is crucial for developing effective treatments. Advances in molecular oncology have 
led to targeted therapies for cancer, shifting from broad-spectrum agents to more specific 
drugs. This is particularly promising for IDH1 mutations, where therapies aimed at inhibiting  
2-HG production, a key driver of tumorigenesis, demonstrate significant potential [164].  

The development of small molecule inhibitors targeting the mutated IDH1 enzyme, 
such as the first-in-class IDH1 inhibitor ivosidenib (AG-120), represents a primary strategy in 
this domain. These inhibitors have demonstrated significant efficacy, particularly in clinical 
trials for AML, and are currently being tested in other IDH1-mutated cancers, including gliomas 
and CCAs [118], [148], [207], [244]. 

Besides directly inhibiting mutant IDH1, another therapeutic approach involves 
targeting the downstream consequences of 2-HG accumulation. Agents such as DNA 
methyltransferase inhibitors and histone deacetylase inhibitors are being explored to 
counteract the epigenetic changes induced by 2-HG, with ongoing investigations in both 
clinical and preclinical settings [245], [246], [247], [248], [249], [250]. 

While IDH1-targeted therapies have shown promise, they also face significant 
challenges. For instance, some patients do not respond to these therapies, or they eventually 
develop resistance [174]. This indicates a need for the development of combination therapies 
that target multiple aspects of the pathogenesis of IDH1-mutated cancers [64], [187], [245], 
[249], [251]. Furthermore, the potential toxicities of long-term inhibition of IDH1, a crucial 
enzyme in cellular metabolism, remain a critical concern that warrants careful monitoring and 
research [252]. 

The future of IDH1-based therapies is likely to involve a more precise understanding of 
the biological consequences of IDH1 mutations, allowing for the design of highly specific and 
potent inhibitors [253], [254]. It may also involve the development of biomarkers to predict 
response to therapy and monitor treatment effectiveness [131], [255], [256], and the use of 
combination therapies to prevent or overcome resistance.  
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1.7.  Understanding the IDH1-driven phenotype in iCCA 
 

As we navigate through the intricacies of iCCA and its association with IDH1 mutations, 
the necessity to explore and hypothesize about the potential unique phenotype driven by 
these genetic alterations becomes increasingly evident. The presumed IDH1-driven phenotype 
in iCCA is suggested to present a distinct landscape, potentially characterized by specific 
metabolic, epigenetic, and cellular alterations. However, it is important to acknowledge that 
our current understanding of this landscape is limited, and much remains to be discovered and 
confirmed. By attempting to dissect these characteristics, we aim to glean invaluable insights 
into the tumor's behavior on a molecular and mechanistic level, its interaction with the 
microenvironment, and its potential response to therapeutic interventions. 

The need for a comprehensive exploration and understanding of the IDH1-driven 
phenotype extends beyond academic curiosity; it holds tangible implications for patient care. 
Patients with iCCA harboring IDH1 mutations may potentially exhibit different clinical courses, 
responses to treatment, and overall prognoses compared to those with wild-type IDH1. 
Therefore, a thorough exploration and characterization of the IDH1-driven phenotype is not 
just a scientific endeavor, but a clinical necessity. 
 
 
 
 
 
 
 
 
  



Study objectives 

 15 

2. Study objectives 
 

The objective of this thesis was to explore the role and implications of IDH1 mutations 
in iCCA, with a particular focus on the molecular and cellular effects of these mutations and 
the subsequent accumulation of the oncometabolite 2-HG produced by mutant IDH1. The 
study sought to enhance our understanding of how these genetic alterations contribute to the 
pathogenesis of iCCA and to investigate potential therapeutic strategies targeting these 
specific mutations and their metabolic consequences. 

Firstly, the thesis aimed to develop and validate a reliable IDH1 mutant iCCA model. 
This involved employing HTVi techniques to establish a foundational model for studying the 
effects of these mutations in liver cancer. The goal was to provide a comprehensive view of 
how distinct IDH1 mutants could potentially differentially impact tumor development and 
progression. 

Next, focus was placed on providing molecular and cellular insights into the effects of 
2-HG accumulation stemming from activity of mutant IDH1. This involved investigating how 
these mutations influence liver cell differentiation, tumor microenvironment characteristics, 
and the overall metabolic and epigenetic landscape in iCCA. The study utilized various in vivo 
and in vitro methodologies, offering a detailed understanding of the mutational impacts. 
Additionally, examination was extended to the effects on the tumor microenvironment, 
focusing on stromal deposition, immune infiltration, and modulation, which are critical aspects 
in the progression and treatment response of iCCA. 

Lastly, an exploration was targeted towards novel approaches to leverage 2-HG-driven 
vulnerabilities, particularly from immunotherapeutic and genetic perspectives. These novel 
approaches provide potential alternatives to current IDH1 inhibitor treatments, offering a fresh 
perspective in the management of iCCA.  

The study emphasized the importance of a nuanced understanding of IDH1 mutations 
for developing effective treatments and highlighted potential avenues for future research in 
this area.
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3. Material and methods  
 

3.1.  Animal experiments 
 

3.1.1. Mice 
 
All animal experiments were approved by regional authorities (Karlsruhe, Germany) 

and performed in compliance with their regulations. 
C57BL/6N female mice were obtained from Janvier. HLA-A*0201 HLA-DRA*0101 HLA-

DRB1*0101 transgenic mice devoid of mouse MHC (referred to as A2.DR1 mice) C57BL/6-
Tg(HLA-DRA*0101,HLA-DRB1*0101)1Dmz-Tg(HLA-A2.1-beta2M)1Bpe-IAbetabtm1Doibeta2m 
tm1Doi-H-2Dbtm1Bpe-IAalphatm1Bpe-IEbetatm1Bpe were provided by in-house breeding at 
the DKFZ.  
 

3.1.2. Hydrodynamic tail vein injection (HTVi) 
 

Hydrodynamic injections were kindly performed by Lio Boese, Kai Volz or Prof. Darjus 
Tschaharganeh (Tschaharganeh lab, DKFZ). Briefly, C57BL/6N female mice, aged 7-8 weeks 
were administered a sterile 0.9% saline solution containing the relevant plasmids. The solution, 
equivalent to 10% of the mouse’s body weight (approximately 2 mL), was rapidly injected into 
the tail vein within a span of 5 to 7 seconds. This method, contingent on the specific vector 
utilized, facilitated efficient in vivo transfection of hepatocytes, leading to targeted liver gene 
knock-outs and/or overexpression. 

The dosage of each plasmid for each mouse was established as follows: 20 μg of the 
pX330-based plasmid was used for gene knock-out purposes, and 10 μg of all pT3-EF1a-based 
plasmids for transposon-mediated gene overexpression, except for pT3-EF1a-myrAkt for which 
only 5 μg was used. The CMV-SB, instrumental in enabling genomic integration of the 
transposon, was incorporated into the injection mix at a volume equal to one-fifth of the total 
pT3-EF1a plasmids injected. Plasmids used in this study are collected in (Table 1). Vectors 
containing Idh1 sequences were kindly provided by Dr. Stefan Pusch (Clinical Cooperation Unit 
Neuropathology, DKFZ). 

 

3.1.3. Handling of mouse tissue 
 
Mice were monitored twice a week and euthanized via cervical dislocation in 

accordance with the termination criteria defined in the animal permit. Immediately following 
euthanization, tissue samples were rinsed in PBS (Sigma-Aldrich), photographed using a 
stereomicroscope (Leica, MZ10F, MC170) or simple camera, and rapidly frozen on dry ice for 
subsequent protein, mRNA, and gDNA extraction and then stored at -80°C until further 
processing. The remaining the tissue was processed for (immuno-)histochemistry analyses. 
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Portion of it was encased in Tissue-Tek OCT (Sakura) and frozen, while the remainder was 
preserved in 4% paraformaldehyde for at least 24 hours at 4°C before embedding. If applicable, 
a small piece of tissue was also saved for derivation of primary tumor cell line. 
 
Table 1. List of plasmids used for HTVi 
 
name description origin 
CMV-SB13 Sleeping beauty transposase expression 

vector 
AG Tschaharganeh, 
DKFZ, Heidelberg 

pX330-U6-Chimeric_BB-
CBh-hSpCas9 

Human codon-optimized SpCas9 and 
chimeric guide RNA expression plasmid 

Addgene, #42230 

pT3 EF1a-KrasG12D-
IRES-IDH1 

Transposon-based KRasG12D and IDH1 
(WT or mutant) expression plasmid 

Tschaharganeh Lab, 
DKFZ, Heidelberg 

pT3 EF1a-GFP-IRES-IDH1 Transposon-based GFP and IDH1 (WT or 
mutant) expression plasmid 

Tschaharganeh Lab, 
DKFZ, Heidelberg 

pT3-EF1a-NICD-IRES-
IDH1 

Transposon-based Notch Intracellular 
Domain (NICD) and IDH1 (WT or mutant) 
expression plasmid 

Tschaharganeh Lab, 
DKFZ, Heidelberg 

pT3-EF1a-myrAkt Transposon-based myristoylated AKT 
expression plasmid 

Tschaharganeh Lab, 
DKFZ, Heidelberg 

 

3.1.4. Isolation of tumor-derived cell lines 
 

Using sterile surgical tools, liver tumors were surgically excised and immediately 
washed with sterile PBS. A scalpel was used to mechanically dissect approximately 10-100 mg 
of the resected tissue, which was then submerged in solution containing Collagenase D and 
Dispase® II (4 mg/ml in DMEM, both Sigma Aldrich) for 30 min at 37°C with gentle shaking. The 
resulting dissociated cells were washed with complete DMEM and plated on previously pre-
coated dishes (30 μg/ml, PureCol., Advanced BioMatrix). After undergoing 2-3 passages, the 
isolated cells were free from other contaminating cells of non-tumor origin. At this stage, 
derived cell lines were subjected to a mycoplasma test. 
 

3.1.5. Peptide vaccination and tumor cell inoculation 
 

Protocol established by Schumacher et al. [257] was followed. Briefly, male A2.DR1 
mice, aged 8-15 weeks, were immunized with 100  μg IDH1 R132G peptide in Montanide-ISA51 
(Seppic). Montanide-ISA51 emulsions were prepared by mixing equal volume of peptide in PBS 
to 1  mg/ ml or DMSO in PBS (as sham control) and mice received 2 subcutaneous injections of 
50  μl each into the lateral pectoral regions. Subsequently, an injection of 300  ng recombinant 
murine GM-CSF (Immunotools) in PBS was administered subcutaneously between injection 
sites, and Aldara cream containing 5% imiquimod (Meda Pharma) was applied at the shaved 
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injection site. Mice were boosted after 10 and 21  days. Recombinant murine GM-CSF (rmGM-
CSF) was not applied during the boost vaccinations. Vaccination were performed with great 
help of Julius Michel and Khwab Sanghvi (Clinical Cooperation Unit Neuroimmunology and 
Brain Tumor Immunology, DKFZ). 

 

3.1.6. Tumor cell inoculation 
 

On day 25 following initial peptide vaccination, 0.5× 106 tumor-derived cells 
resuspended in 100 μl PBS were subcutaneously injected into the shaved right and left flanks 
of A2.DR1 mice. In order to track tumor growth, mice were anesthetized with isoflurane 
(Zoetis) with the following settings for the isoflurane flow: air pressure 1-1.5 bar, flowmeter 2-
2.5 L/min, isoflurane vaporizer 3-3.5 vol%, scavenger 45-50. Measurements were performed 
with a caliper and tumor volume was measured with the following formula: tumor volume = 
(length x width2)/2. Once allografted tumors reached a diameter of 1 cm were observed, 
animals were euthanized by cervical dislocation.  
 

3.1.7. Isolation of splenocytes and IFN-γ ELISpot 
 

Spleens were excised from vaccinated and sham-treated A2.DR1 mice. Organs were 
mashed through a 40 μm cell strainer. Erythrocytes were lysed with ACK Lysing Buffer (Thermo 
Fisher Scientific), and cells were washed before culturing in RPMI1640 containing 10% fetal 
bovine serum (FBS; Gibco) and 100 U /mL penicillin and 100 μg /mL streptomycin (Sigma 
Aldrich). For splenocytes, medium was supplemented with 1  mM sodium-pyruvate, 2  mM 
glutamine (both PAA Laboratories), 100 μM non-essential amino acids (Lonza), and 50 μM β-
mercaptoethanol (Sigma-Aldrich). 

ELISpot white bottom multiwell plates (MAIPSWU10, Millipore) were coated with anti-
mouse IFN-γ (AN18, Mabtech) and blocked with RPMI1640 containing 10% FBS and 100 U /mL 
penicillin and 100 μg /mL streptomycin. Mouse splenocytes were seeded at 5 × 105 per well and 
stimulated with 10  µg/ mL peptide. As negative controls, Myelin oligodendrocyte glycoprotein 
(MOG) peptide was used at equal concentrations and peptide diluent PBS 10% DMSO (vehicle) 
was used at equal volume. The positive control was 20  ng /mL phorbol myristate acetate (PMA, 
Sigma-Aldrich) with 1 µg/ mL ionomycin (Sigma-Aldrich). After 36 h, IFN-γ-producing cells were 
detected with biotinylated anti-mouse IFN-γ (R4-6A2), streptavidin-ALP (all Mabtech) and ALP 
colour development buffer (Bio-Rad) and quantified using an ImmunoSpot Analyzer (Cellular 
Technology Ltd). 
 

3.2.  (Immuno-)histochemistry (IHC) 
 

Tissue samples were collected, fixed in 4% paraformaldehyde for at least 24 hours at 
4°C, and then embedded in paraffin wax according to standard procedures. The paraffin-
embedded tissues were sectioned into 3 μm thick slices using a microtome. Sections 
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underwent deparaffinization with xylene, followed by rehydration through using a descending 
alcohol series and finally, a washing step with distilled water. 

For, immunohistochemistry (IHC), antigen retrieval was achieved by boiling the tissue 
sections in a pressure cooker for 8 minutes using citrate buffer (10 mM trisodium citrate 
dihydrate, 0.5 %(v/v) TWEEN® 20, pH 6.0), which was followed by cooling period of 5 minutes 
under running water. Following this, endogenous peroxidase activity was inhibited by treating 
the sections with 3% hydrogen peroxide for 10 minutes and subsequently washed 1 min under 
running water and twice with PBS for 2 min each.  

 
Table 2. List of antibodies used for IHC 
 

 
Non-specific antibody binding was prevented by incubating the sections with a blocking 

solution consisting of 5% BSA with 0.05 % Triton X-100 for 1 hour at room temperature (RT) 
and incubated with the primary antibody diluted in blocking buffer overnight at 4°C. Post-
incubation, the sections were washed three times with PBS/Triton X-100 (0.05 %) for 5 min 
and subsequently incubated with the appropriate horseradish peroxidase (HRP)-conjugated 

antibody  Supplier and catalog number dilution 
primary antibodies 
CCL17 abcam ab182793 1:50 
CD3 Epredia RM-9107-S1 1:100 
CD31 Cell Signaling Technology 77699S 1:100 
CD4 abcam abcam183685 1:500 
CD8a Invitrogen 14-0808-82 1:100 
KRT19 abcam 133496 1:400 
cleaved Caspase 3 Cell Signaling Technology #9664 1:400 
DES Cell Signaling Technology #5332S 1:50 
ERG Cell Signaling Technology #97249 1:150 
FOXP3 Thermo Fisher Scientific 14-5773-82 1:50 
H3K27me3 Cell Signaling Technology 9733S 1:100 
H3K9me3 abcam ab8898 1:400 
HNF4α abcam ab181604 1:1000 
LY6G Invitrogen 13-9668-82 1:100 
phospho-H2A.X Cell Signaling Technology #9718 1:500 
phospho-H3 Cell Signaling Technology #9701 1:200 
SOX9 EMD Millipore AB5535 1:250 
αSMA Cell Signaling Technology #19245 1:400 
secondary antibodies 
ImmPRESS HRP goat anti-rabbit Vector Laboratories, Inc. MP-7451 
ImmPRESS HRP goat anti-mouse Vector Laboratories, Inc. MP-7452 
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secondary antibody for 30 minutes at RT, followed by three washing steps with PBS/Triton X-
100 (0.05 %). The specific antibodies used for this study and their dilution are listed in Table 2. 

Subsequently, slides were stained with ImmPACT DAB Peroxidase (HRP) Substrate 
(Vectorlabs) according to manufacturer’s instructions and observed under the microscope 
until desired staining intensity was achieved.  

Counterstaining was performed using hematoxylin for a duration of 1-2 min, washed 
with tap water. Once counterstained, slides prepared for chromogenic detection were 
dehydrated through a series of graded alcohols, cleared in xylene, and mounted with a 
permanent mounting medium using Surgipath Micromount Mounting Medium (Leica). Finally, 
images were captured using a light microscope for chromogenic detection – slides were 
scanned using the Hamamatsu NanoZoomer Digital Pathology system and analyzed using 
QuPath (Quantitative Pathology & Bioimage Analysis).  

Processes involved in (immuno-)histochemistry stainings were kindly performed by 
Luise Butthof (Tschaharganeh Lab, DKFZ) and members of the CMCP (Institute of Pathology, 
University Clinic Heidelberg). 
 

3.3.  Molecular analysis techniques 
 

3.3.1. DNA analysis 
 

3.3.1.1. Methylation analysis 
 

DNA isolation from tumor tissue was performed with QIAmp Mini (Qiagen) according 
to manufacturer’s instructions, including the optional step of RNAse treatment (Qiagen). 
Obtained samples were processed by Microarray Core Facility at DKFZ. 

Genome-wide screening of DNA methylation patterns was performed by using the 
Infinium MouseMethylation285k BeadChips (Illumina, San Diego, US), allowing the 
simultaneous quantitative measurement of the methylation status at >285,000 CpG sites. By 
combining Infinium I and Infinium II assay chemistry technologies, the BeadChip provides a 
balanced coverage of CpG islands, translation start sites, enhancers, imprinted loci, and other 
regions.  

DNA concentrations were determined using PicoGreen (Molecular Probes Inc., Eugene, 
USA). The quality of genomic DNA samples was checked by agarose-gel analysis, and samples 
with an average fragment size > 3kb were selected for methylation analysis.  

500 ng genomic DNA from each sample was bisulfite converted using the EZ-96 DNA 
Methylation Kit (Zymo Research Corporation, Orange, US) according to the manufacturer 
recommendations. Bisulfite treatment leads to the deamination of non-methylated cytosines 
to uracils, while methylated cytosines are refractory to the effects of bisulfite and remain 
cytosine.  

Each sample was whole genome amplified and enzymatically fragmented following the 
instructions in the Illumina Infinium HD Assay Methylation Protocol Guide. The DNA was 
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applied to Infinium MouseMethylation285k BeadChip and hybridization was performed for 16-
24h at 48°C. During hybridization, the DNA molecules annealed to locus-specific DNA 
oligomers linked to individual bead types. One or two probes were used to interrogate CpG 
locus, depending on the probe design for a particular CpG site.  

Allele-specific primer annealing was followed by single-base extension using DNP- and 
biotin-labeled ddNTPs. Infinium II uses only one bead type with a unique type of probe allowing 
detection of both alleles. The methylated and unmethylated signals are generated respectively 
in the green and the red channels.  

After extension, the array was fluorescently stained, scanned, and the intensities at 
each CpGs were measured. Microarray scanning was done using an iScan array scanner 
(Illumina). DNA methylation values, described as beta values, were recorded for each locus in 
each sample. DNA methylation beta values were continuous variables between 0 and 1, 
representing the percentage of methylation of a given cytosine corresponding to the ratio of 
the methylated signal over the sum of the methylated and unmethylated signals. 

In this study, the analysis of genome-wide DNA methylation data was conducted using 
the RnBeads package for R. RnBeads is a comprehensive tool designed for the analysis of 
methylation data, particularly suitable for bead array platforms like the Illumina Infinium 
HumanMethylation450K BeadChip.  

The package facilitates several key steps: data import and preprocessing, which 
includes normalization, background correction, and handling missing values; differential 
methylation analysis for identifying differentially methylated regions and positions; and 
extensive annotation of methylation sites. Moreover, RnBeads generates detailed 
 reports and interactive visualizations, aiding in the interpretation of epigenetic data.  
This tool's integrative analysis capability also allows for the combination of methylation  
data with other genomic data types, offering a holistic view of the epigenetic landscape.  
The flexibility and scalability of RnBeads make it an ideal choice for handling and  
analyzing large-scale methylation datasets. Additional analysis was performed with Reactome 
package. 

Analysis was performed with great help of Iva Buljan and dr. Pavlo Lutsik 
(Computational Cancer Epigenomics, DKFZ). 
 

3.3.1.2. T7 endonuclease I assay  
 

Genomic DNA isolation from tissue was performed using the Puregene Core Kit A 
(Qiagen) according to the manufacturer’s protocol following Puregene Tissue Kit. Briefly, 
Proteinase K (0.4 mg/ml, Sigma Aldrich) was added to the tissue in submerged in lysis buffer. 
Next, the sample was incubated for 1 h with gentle shaking at 55°C. To inactivate Proteinase 
K, the sample was incubated at 95°C for 5 min, which was followed by addition of RNase A 
solution (60μg/ml, Qiagen) and incubated for 5 min at 37°C before cooling samples on ice for 
1 min. The proceeding steps involved protein precipitation, alcohol precipitation in 70% EtOH 
and 1 h DNA rehydration at 65°C. 
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The quality and concentration of the isolated DNA were evaluated using a NanoDrop 
ND-1000 Spectrophotometer (Thermo Scientific). Extracted DNA was stored at -20°C until 
needed for downstream applications. 

In order to detect CRISPR-mediated gene modifications and test for the effectiveness 
of sgRNAs, T7 endonuclease I assays were performed. For that, gDNA isolated from modified 
cells was used to amplify the target region via PCR.  

PCR reactions were set up using Q5 Hot Start High-Fidelity (New England  
Biolabs, NEB) according to manufacturer’s protocol with 200-400 ng gDNA template and 
primers listed in Table 3. Primers specific to the guide of interest were designed and  
tested for the alignment temperature, leading to a ~300-800 bp product with a single specific 
band. Ten percent of the resulting amplicons were run on agarose gel while the rest  
were PCR purified with QIAquick PCR Purification Kit (Qiagen) according to manufacturer’s 
instructions.  

PCR products were denatured and reannealed to form heteroduplexes, after which T7 
endonuclease I (NEB) was added and incubated at 37°C for 30 min. The final mix was loaded 
on 2% agarose gel or 10% polyacrylamide gel to verify the editing. 
 
Table 3. Overview of PCR primers used for T7 Endonuclease I assay 
 

name sequence (5’-3’) 

Tet1 
forward TTTGAGAATTCACATCCATTGC 

reverse GCTTTGTGTTCTTTGCAACAAG 

Tet2 
forward AACATAGCCAATACCTGATGGG 

reverse TCTGGAGGTAAGGTAGCCTTTG 

 

3.3.2. RNA analysis 
 

3.3.2.1. RNA isolation 
 

Tissue samples were placed on dry ice, and fragments approximately 2-5 mm3 in size 
were cut using a disposable scalpel. The tissue resuspended in lysis buffer (RNeasy  
Mini Kit, Qiagen) was then homogenized BeadBlaster tubes (Biozym) in homogenizer (Precellys 
24, Bertin Instruments), and the lysate was transferred directly into QIAshredder  
tubes (Qiagen). Tissue shredding was carried out according to manufacturer’s  
instruction.  

In following step RNA was isolated from the collected samples following the  
protocol of the RNeasy Mini Kit (Qiagen). The yield and purity of the RNA were assessed  
using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific) and the samples  
were immediately utilized for downstream applications and subsequently stored at -80°C. 
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3.3.2.2. Reverse transcription and quantitative real-time PCR (qRT-PCR)  
 

Isolated RNA was reversely transcribed into cDNA with the TaqMan®Reverse 
Transcription Reagents (Thermo Fisher Scientific) in a 20 µl reaction with minor adjustments 
to master mix composition from manufacturer’s protocol (Table 4). 

 
Table 4. Reverse transcription reaction 

 per 1 reaction 
10x RT buffer 2 µl 
Random hexamer (50 µM) 1 µl 
MgCl2 (25 mM) 4.4 µl 
RNase inhibitor (20 U/µl) 0.4 µl 
dNTP mix (10 mM) 4 µl 
MultiScribeTM Reverse Transcriptase (50 U/µl) 1 µl 

 
Obtained cDNA was diluted 1:20 and used for qPCR analysis. It was conducted using 

the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific). Reactions were prepared 
according manufacturer’s protocol for 20 ul volume (Table 5) and carried out with fact cycling 
program on QuantStudio 3 Real-Time PCR System (Applied Biosystems). 
 
Table 5. Overview qPCR reaction 

 per 1 reaction 
PowerUp SYBR Green Master Mix (2X) 10 µl 
Primer forward (10 µM) 0.8 µl 
Primer reverse (10 µM) 0.8 µl 
cDNA (1:20 diluted) 1 µl 
H2O 17.4 µl 

 
Each sample was analyzed in triplicate with primers either specific for the genes of 

interest or for the reference housekeeping gene (Table 6). The quantification of relative gene 
expression of each sample triplicate was calculated using the ΔΔCT method. 
 
Table 6. Overview qPCR primers 

name sequence (5’-3’) 
murine qPCR primers 

Ccl17 
forward TACCATGAGGTCACTTCAGATGC 

reverse GCACTCTCGGCCTACATTGG 

Actb 
forward GCTTCTTTGCAGCTCCTTCGT 

reverse ACCAGCGCAGCGATATCG 
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3.3.2.3. RNA sequencing and differential gene expression analysis 
 

For RNA sequencing, total RNA from tumor tissue samples was isolated as described 
above. Library preparation and RNA sequencing was performed by the Genomics and 
Proteomics Core Facility at the DKFZ. 50 bp single-read sequencing was performed using a 
NovaSeq 6K PE 50 SP (Illumina). Sequence alignment was performed using STAR (Version 
2.5.3a) and GRCm38mm10_PhiX as reference genome. For further analysis, data was 
processed using HTSeq-count to generate readcount tables and FPKM files, and DESeq2 to 
identify differentially expressed genes. Final analysis was performed with the help of the 
Ingenuity Pathway Analysis (IPA) software.  
 

3.3.3. Protein analysis 
 

3.3.3.1. Protein isolation for Western blot 
 

Tissue samples were placed on dry ice, and fragments approximately 3-8 mm3 in size 
were cut using a disposable scalpel. The tissue resuspended in lysis buffer was then 
homogenized with BeadBlaster tubes (Biozym) in homogenizer (Precellys 24, Bertin 
Instruments), and the lysate was transferred to a fresh 1.5 mL tube. Subsequently, it was and 
incubated on ice for 30 min, and sonicated for 5 minutes on ice (Transsonic T460/H, Elma). The 
composition of the lysis buffer is shown in Table 7 and Table 8. Post-lysis, tubes were 
centrifuged at 13,000 rpm for 10 min at 4°C. At the end, supernatants were transferred to 
fresh 1.5 mL tubes and stored at -20°C.  

To obtain cell lysates, the cell pellets were first submerged in lysis buffer, initiating the 
incubation process on ice. Subsequently, the same protocol was followed. 

 
Table 7. Cell lysis buffer for protein extraction 
 

reagent volume 
10x cell lysis buffer (Cell Signaling Technology) 100 µl  
10x protease inhibitor (cOmplete™ Mini, Sigma Aldrich) 100 µl 
50x phosphatase inhibitor 20 µl 
ddH2O 780 µl 

 
Table 8. Phosphatase inhibitor cocktail 
 

reagent concentration 
sodium fluoride 250 mM 
sodium orthovanadate 50 mM 
sodium pyrophosphate 50 mM 
β-glycerophosphate 50 mM 
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3.3.3.2. Protein isolation for histone quantification 
 

Histone isolation was performed with Histone Extraction Kit (abcam) according to 
manufacturer’s instructions.  
  

3.3.3.3. Protein quantification 
 

Protein concentrations were quantified using the BCA protein assay kit according to 
manufacturer’s instructions (Pierce Biotechnology) based on BSA (molecular biology grade, 
NEB) standard curve using microplate reader (FLUOstar Omega, BMG LABTECH).  
 

3.3.3.4. SDS-PAGE and Western blot 
 

Protein concentrations in samples for Western blot were adjusted to 1 µg/µl in 
5x Laemmli buffer (100 mM Tris-HCl pH 6.8, 5 %β-mercaptoethanol, 5% glycerol, 2 %SDS) and 
samples were denatured for 5 min at 95°C. Following denaturation, lysates were used for SDS-
PAGE. Briefly, equal amounts of proteins (20-50 μg per lane for protein lysates, 1-5 μg per lane 
for histone extracts) were separated by SDS-PAGE on an 8-15% polyacrylamide gel under 
reducing conditions, for approximately 2 hours at 120V. Then, the separated proteins were 
transferred to an equilibrated polyvinylidene difluoride membrane (Carl Roth) using wet 
transfer system (Bio-Rad) at 90V for 2 hours. 
 
Table 9. Overview of antibodies used for immunoblotting 
 

antibody  source dilution 
primary antibodies 
H3K27me3 Cell Signaling Technology #9733S 1:5000 
H3K9me3 abcam ab8898 1:5000 
H3 Cell Signaling Technology #4499S 1:10 000 
HES1 Cell Signaling Technology #11988 1:1000 
IDH1 Dianova W09 1:500  
KRAS SantaCruz F234 1:500 
NOTCH Cell Signaling Technology #3608 1:1000 
Actin-HRP Sigma-Aldrich, A3854 1:20 000 
secondary antibodies 
Goat polyclonal anti-mouse HRP-
conjugated secondary antibody 

Jackson Immuno Research, 115-035-008 1:20 000 

Goat polyclonal anti-rabbit HRP-
conjugated secondary antibody 

Jackson Immuno Research, 111-035-003 1:20 000 
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The membrane was blocked with 5% non-fat dried milk in Tris-buffered saline with 
Tween-20 (TBST) for 1 hour at RT to prevent non-specific binding. The membrane was then 
incubated overnight at 4°C with primary antibodies of interest, diluted appropriately in 5% 
non-fat milk in TBST. After washing thrice with TBST, the membrane was incubated with HRP-
conjugated secondary antibodies for 1 hour at RT. The overview of all antibodies used in this 
study is shown in Table 9.  

The membrane was again washed three times with TBST and developed using the 
Clarity Western ECL Substrate (Bio-Rad Laboratories) according to manufacturer’s instructions 
using FluorChem M (ProteinSimple). 

 

3.3.3.5. Mass spectrometry 
 

3.3.3.5.1. Sample preparation 
 

Tumor tissue samples were turned into a fine, homogenous powder using cryoPREP® 
dry tissue pulverizer. For the purpose of separating cellular from extracellular fractions, a 
protocol established by McCabe et al. [258] was followed with minor alterations.  

Briefly, approximately 100 mg of pulverized tumor tissue was homogenized with the 
help of BeadBlaster tubes (Biozym) in homogenizer (Precellys 24, Bertin Instruments) on 
program 2 in 200 μl of high salt buffer (50 mM Tris-HCl, 0.25% CHAPS, 25 mM EDTA, 3 M NaCl, 
pH 7.4) supplemented with 10 μl/mL fresh protease inhibitor (Halt Protease Inhibitor Cocktail, 
Thermo Scientific). Homogenate was vortexed at 4 °C for 20 min. Homogenized tissue was 
spun at 17,000 × g (4°C) for 15 min.  

The resulting supernatant was saved as intracellular fraction. The pellet was further 
extracted with 1 mL high salt buffer two times with homogenization after each buffer addition. 
Cellular extracts were pooled into a single soluble fraction.  

ECM-enriched pellets were homogenized in 6M Gnd-HCl, 100 mM ammonium 
bicarbonate (ABC) at BeadBlaster tubes (Biozym) in homogenizer (Precellys 24, Bertin 
Instruments) and vortexed at RT overnight. Homogenate was spun at 18,000 × g (4°C) for 
15 min, and the supernatant was collected as the Gnd-HCl fraction.  

Remaining pellets were reduced and alkylated by incubating in 10 mM DTT, 
100 mM ABC pH 8.0 for 30 min at 37 °C before adding 2.5× molar excess of IAM (over DTT) and 
incubating in the dark for 15 min. Samples were spun at 18,000 × g (4°C) for 15 min, and the 
supernatant was discarded. Pellets were then treated with freshly prepared HA buffer (1 M 
NH2OH-HCl, 4.5 M Gnd−HCl, 0.2 M K2CO3, pH adjusted to 9.0 with NaOH) at 200 μl/mg of the 
starting tissue dry weight. Each tube was placed under a stream of nitrogen gas and sealed 
before being homogenized BeadBlaster tubes (Biozym) and incubated at 45 °C with shaking 
(1000 rpm) for 4 h. Following incubation, the samples were spun for 15 min at 18,000 × g, and 
the supernatant was removed and stored as the extracellular fraction at −80 °C until further 
proteolytic digestion with trypsin.  
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Following steps were kindly performed by MS-Based Protein Analysis Core Facility at 
the DKFZ. Protein samples (10 µg for the intracellular samples; extracellular matrix preparation 
started from 100 mg and resulting protein amounts were used) were run for 0.5 cm  
into an SDS-PAGE and the entire piece was cut out and digested using trypsin according to 
Shevchenko et al. [259] adapted to on a DigestPro MSi robotic system (INTAVIS Bioanalytical 
Instruments AG). 

 

3.3.3.5.2. LC/MS method 
 
A LC-MS/MS analysis was carried out on an Vanquish Neo UPLC system (Thermo Fisher 

Scientific) directly connected to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher 
Scientific) for a total of 120 min. Peptides were online desalted on a trapping cartridge (Acclaim 
PepMap300 C18, 5µm, 300Å wide pore; Thermo Fisher Scientific) for 3 min using 30 ul/min 
flow of 0.1% TFA in water. The analytical multistep gradient (300 nl/min) was performed using 
a nanoEase MZ Peptide analytical column (300Å, 1.7 µm, 75 µm x 200 mm, Waters) using 
solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile).  

For 102 min the concentration of B was linearly ramped from 4% to 30%, followed by 
a quick ramp to 78%, after two minutes the concentration of B was lowered to 2% and a 10 
min equilibration step appended. Eluting peptides were analyzed in the mass spectrometer 
using data depend acquisition mode.  

A full scan at 120k resolution (380-1400 m/z, 300% AGC target, 45 ms maxIT) was 
followed by up to 2 seconds of MS/MS scans. Peptide features were isolated with a window of 
1.4 m/z, fragmented using 26% NCE. Fragment spectra were recorded at 15k resolution (100% 
AGC target, 54 ms maxIT). Unassigned and singly charged eluting features were excluded from 
fragmentation and dynamic exclusion was set to 35 s. 
 

3.3.3.5.3. Data analysis 
 

Data analysis was carried out by MaxQuant (version 2.1.4.0) [260] using an organism 
specific database extracted from Uniprot.org under default settings (mouse containing 55341 
entries from 03.01.2022; construct sequences with 2 entries (KrasG12D_(567aa) and 
IDH1_Mm_(1245aa))). Identification FDR cutoffs were 0.01 on peptide level and 0.01 on 
protein level. Match between runs option was enabled to transfer peptide identifications 
across Raw files based on accurate retention time and m/z.  

Quantification was done using a label-free quantification (LFQ) approach based on the 
MaxLFQ algorithm [261]. The LFQ normalization was applied separately for intra- and 
extracellular via parameter grouping. A minimum of 2 quantified peptides per protein were 
required for protein quantification. The initial data processing was executed independently, 
albeit with coding assistance from ChatGPT. Subsequent analysis was carried out using 
Reactome and IPA platforms. 
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3.3.4. Biochemical analysis 
 

3.3.4.1. DMMB assay 
 

For sample preparation, liver tissue samples were thawed and fixed in 4% 
paraformaldehyde and subsequently weighed and then minced into small pieces with a tissue 
homogenizer (Precellys 24, Bertin Instruments). The tissue fragments were placed in 
Proteinase K digestion buffer (2 mg/mL Proteinase K, 0.5% SDS, 100 mM Tris pH 8.0)  
and incubated at 65°C overnight until complete digestion in order to extract GAGs.  
Following incubation, the samples were centrifuged at 10,000 x g for 10 minutes to  
separate debris. The supernatant, which contained the GAGs, was collected for further 
analysis. 

For the 1,9-dimethylmethylene blue (DMMB) assay, 20 μl of each sample supernatant 
was pipetted into a 96-well microplate. To each well, 200 μl of DMMB (16 mg/L DMMB, 3 g/L 
glycine, 1.6 g/L NaCl and 95 ml/L of 0.1 M acetic acid, pH 3.0) was added. Absorbance was read 
immediately at 525 nm using microplate reader (FLUOstar Omega, BMG LABTECH). 
 

3.3.4.2. 2-HG assay 
 

Protein isolation itself was performed as in 3.3.3.1, but a different lysis buffer was 
applied. The composition of the buffer can be found in Table 10. 
 
Table 10. Cell lysis buffer for biochemical assays 
 

reagent volume 
2x NP-40 lysis buffer (300 mM NaCl, 2% NP-40, Tris-HCl 100 mM, pH 8.0) 500 µl 
10x protease inhibitor (cOmplete™ Mini, Sigma Aldrich) 100 µl 
50x phosphatase inhibitor 20 µl 
ddH2O 380 µl 

 
Deproteinization involved introducing 25 µl of ice-cold 2 M PCA into followed by 100 µl 

of the sample (serum, protein lysate). After a brief 2-minute period on ice,  
samples were centrifuged at 4000 rpm for 20 minutes at RT. The supernatant from the 
centrifugation was added fresh tubes already containing 5 µl of ice-cold 1 M KOH and the 
samples were placed on ice for 2 minutes. This was followed by another round of 
centrifugation at 4000 rpm for 20 minutes at RT. The resulting supernatant was used for the 
assay.  

The master mix contained 10x HEPES at 1M, pH 8, 10 mM NAD+, 0.1 µg/µl  
D-2-hydroxyglutarate dehydrogenase, 0.1 U/µl Diaphorase, 125 µM resazurin, and the balance 
of ddH2O; and 75 µl was aliquoted into each well of a black 96-well plate. Next, 25 µl of the  
sample was introduced into each well.  
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The plate was then incubated at RT in the dark. The duration of incubation was 
dependent on the nature of the sample: for serum samples incubation lasted approximately 
30 minutes, while tissue lysates required an approximate 15-minute incubation period. The 
measurement was carried in a microplate reader (FLUOstar Omega, BMG LABTECH) at λexcitation 
= 540 nm and λemmission = 590 nm. The concentration of 2-HG in the samples was quantified 
against a standard curve.  

 

3.3.4.3. Carbohydrate estimation 
 

Carbohydrate estimation was performed with Pierce™ Glycoprotein Carbohydrate 
Estimation Kit (Thermo Fischer Scientific) according to manufacturer’s instructions following 
desalting of samples initially utilized for DMMB assay facilitated by Zeba™ Spin Desalting 
Columns (Thermo Fischer Scientific). 
 

3.4.  Cloning and plasmid generation 
 

3.4.1. Molecular cloning 
 

3.4.1.1. Generation of CRISPR/Cas9 guide plasmids 
 

sgRNAs were designed using the online tool CHOPCHOP. To generate oligonucleotides 
suitable for cloning into a CRISPR/Cas9 vector, the target sequence was converted into reverse 
complementary DNA oligonucleotides. To the original sequence as well as the resulting 
sequence, 5’ overhangs were added CACC and CAAA, respectively, thus generating overhangs 
complementary to BbsI or BsmbI restriction sites of the respective target vectors (pX330 or 
lentiCRISPR v2). The sgRNA sequences used in this study are shown in Table 11. 
 
Table 11. sgRNA sequences used in this study 
 

name sequence (5‘ – 3‘) 
murine sgRNAs 
sgRPA3_top CACCGCTGGCGTTGACGCGCGCTT 

sgRPA3_bot AAACAAGCGCGCGTCAACGCCAGC 

mAHCYL_1top CACCGAATTACAACGTCCACCTGC 

mAHCYL_1bot AAACGCAGGTGGACGTTGTAATTC 

mAHCYL_2top CACCGTGGGAGCGTGTACGTTCTC 

mAHCYL_2bot AAACGAGAACGTACACGCTCCCAC 

mITGAV_1top CACCGCATGGACCGAGGTTCCGAT 

mITGAV_1bot AAACATCGGAACCTCGGTCCATGC 

mITGAV_2top CACCGAGTTACTTCGGATTCGCCG 

mITGAV_2bot AAACCGGCGAATCCGAAGTAACTC 
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name sequence (5‘ – 3‘) 
mITGB5_1top CACCGCCCAATACACGGATTGGTC 

mITGB5_1bot AAACGACCAATCCGTGTATTGGGC 

mITGB5_2top CACCGCCGTGGATTGCCAAAGTAC 

mITGB5_2bot AAACGTACTTTGGCAATCCACGGC 

mTNS3_1top CACCGCATCCGCTCCCGATCGTAA 

mTNS3_1bot AAACTTACGATCGGGAGCGGATGC 

mTNS3_2top CACCGGGCTTCGTAAGCTGAGCAT 

mTNS3_2bot AAACATGCTCAGCTTACGAAGCCC 

mITGAV_1top CACCGCATGGACCGAGGTTCCGAT 

mITGAV_1bot AAACATCGGAACCTCGGTCCATGC 

mAHCYL_1top CACCGAATTACAACGTCCACCTGC 

mAHCYL_1top AAACGCAGGTGGACGTTGTAATTC 

mAHCYL_2top CACCGTGGGAGCGTGTACGTTCTC 

mAHCYL_2top AAACGAGAACGTACACGCTCCCAC 

mTET1_top CACCGATTAATCACATCAACGCCG 

mTET1_bot AAACCGGCGTTGATGTGATTAATC 

mTET2_top CACCGAGTGCTTCATGCAAATTCG 

mTET2_bot AAACCGAATTTGCATGAAGCACTC 

human sgRNAs 
AHCYL_1top CACCGCAAATTGAGTAGACGACCC 

AHCYL_1bot AAACGGGTCGTCTACTCAATTTGC 

AHCYL_2top CACCGATGTCGTAATAACTTGCAC 

AHCYL_2bot AAACGTGCAAGTTATTACGACATC 

ITGAV_1top CACCGCATTAGTGGTAACCTATCG 

ITGAV_1bot AAACCGATAGGTTACCACTAATGC 

ITGAV_2top CACCGCACCTCTCTTCATGGATCG 

ITGAV_2bot AAACCGATCCATGAAGAGAGGTGC 

ITGB5_1top CACCGTTTCAGAGCGAGCGATCCA 

ITGB5_1bot AAACTGGATCGCTCGCTCTGAAAC 

ITGB5_2top CACCGTTTCTCCTACACGGCACCG 

ITGB5_2bot AAACCGGTGCCGTGTAGGAGAAAC 

ITGB5_1top CACCGTTTCAGAGCGAGCGATCCA 

TNS3_1top CACCGGTACGACAACGATGCTGGG 

TNS3_1bot AAACCCCAGCATCGTTGTCGTACC 

TNS3_2top CACCGCGAGTCCCAGCGTATCAGT 

TNS3_2bot AAACACTGATACGCTGGGACTCGC 
 

The oligonucleotides were phosphorylated using T4 Polynucleotide Kinase (PNK, 
10,000 U/ml, NEB) according to the manufacturer’s protocol and subsequently annealed. After 



Materials and methods 

 31 

conclusion of annealing and phosphorylation, samples were diluted 1:250 making the insert 
ready for ligation.  

The vectors for sgRNAs delivery were digested over the course of 5 hours and 
dephosphorylated with recombinant shrimp alkaline phosphatase (rSAP, NEB) for 45 minutes 
at 37°C and purified using the QIAquick PCR Purification Kit (Qiagen) in order to obtain the 
backbone for cloning. Both steps were performed according to manufacturer’s instructions. 
The pX330 was subjected to digestion using BsmBI (NEB) at 37°C and the lentiCRISPR v2 with 
BsmBI (NEB) at 55°C. 

The insert was ligated to the digested plasmid with the T4 DNA Ligase (400,000 U/ml, 
NEB) for 1 h at RT and subsequently used for transformation.  

 

3.4.1.2. HiFi Assembly 
 

In order to create expression plasmids, respective DNA sequences was introduced to 
respective backbones using the NEBuilder® HiFi DNA Assembly Master Mix (NEB) according to 
manufacturer’s instructions.  

Briefly, primers partially complementary (ranging from 15 to 40 nucleotides) to both 
the target amplicon and the vector were employed to amplify the NICD from the donor plasmid 
(PT3 EF NICD IRES mCherry). Primers used to amplify the insert are shown in Table 12.  

Post-amplification, the insert underwent purification using column PCR (QIAquick PCR 
Purification Kit, Qiagen), followed by the quantification of DNA concentration with NanoDrop 
ND 100 Spectrophotometer (Thermo Fisher Scientific). The assembly reaction involved the 
combination of the digested vector backbone (pDEST6.2/V5-DEST) with the purified amplicon 
in a 1:2 molar ratio. The amounts of vector and fragments were calculated with the 
NEBioCalculator. 

Assembled mixture was further supplemented with 10 μl of NEBuilder HiFi DNA 
Assembly Master Mix, and the volume was adjusted to 20 μl using ddH2O. The reaction was 
then incubated at 50°C for one hour and subsequently used for transformation. 
 
Table 12. Primer sequence for HiFi Assembly 
 

name sequence (5’ – 3’) Tm 

plenti_NICD_IRES_IDH1_F 
AAATAACACTAGTCCAGTGTGGTGGTATCGCGCGTAA
GCGGCCGCTAGAA 

62°C 
plenti_NICD_IRES_IDH1_R 

TGTACAAACTTGTTGATATCTGCAGCTGTAAGATGAA
CACAGTGGGGCTC 

 
 

3.4.2. Transformation of heat competent E. coli  
 

For transformation of bacteria with ligated plasmids, 25 µl of NEB® Stable Competent 
E. coli (High Efficiency) bacteria (NEB) was incubated with 3 µl of the ligation reaction on ice 
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for 10 min, which was followed by heat shock at 42°C for 45 sec, and again incubation on ice 
for 1 minute. The bacteria were then plated on carbenicillin-containing agar plates (100 µg/ml) 
and incubated upside down overnight at 32°C. The resulting bacterial clones were picked and 
used for further downstream applications. 

 

3.5.  Plasmid DNA purification 
 

Purification of plasmid DNA depending on the desired amount was carried out with 
either the QIAprep Spin Miniprep Kit or with the QIAGEN Plasmid Plus Midi Kit (Qiagen), 
according to manufacturer’s protocols. Plasmid concentration was measured using a 
NanoDrop ND 100 Spectrophotometer (Thermo Fisher Scientific) and stored -20°C until 
needed for downstream applications. Validation of plasmids was performed via sequencing by 
Microsynth Seqlab GmbH (Switzerland). 
 

3.6.  Cell culture 
 

3.6.1. Cultivation 
 

The cell lines used for this study were maintained in a humidified incubator at 37°C with 
5% CO2 in sterile conditions. The cells were cultured in Dulbecco's Modified Eagle Medium 
(DMEM, Sigma) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% 
penicillin/streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin, Sigma Aldrich), 
which from here on out will be called complete medium. Upon reaching near full confluency 
cells were split after trypsinization using Trypsin-EDTA solution (0.25%, sterile-filtered, Sigma 
Aldrich). Tumor-derived cell lines were cultivated in the same manner on dishes or plates pre-
coated with 30 µg/ml collagen solution (PureCol®, Advanced BioMatrix). Cell lines used in this 
study can be found in Table 13. 

For cryopreservation, cells were resuspended in freezing medium (45% FBS, 45% 
complete medium, 10% DMSO) and frozen on -80°C in cryogenic vials.  
 
Table 13. Cell lines 
 

cell line tumor entity origin 

SNU1079 intrahepatic cholangiocarcinoma 
AG Roessler, University 
Clinic Heidelberg 

RBE intrahepatic cholangiocarcinoma 
AG Roessler, University 
Clinic Heidelberg 

HT1080 chondrosarcoma 
AG Pusch, DKFZ, 
Heidelberg 

murine tumor-
derived cell lines 

HTVi-induced liver tumorigenesis 
AG Tschaharganeh, DKFZ, 
Heidelberg 
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3.6.2. Virus production  

 
Lentivirus was produced using HEK293T cells, which were plated on 10 cm plates a day 

prior to transfection. The transfection mix consisted of 1 mL DMEM, 8 μg psPAX2, 2.5 μg 
pMD.2G, 10 μg of the chosen vector (Table 14), and 60 μL of polyethylenimine (PEI, 1 μg/μL in 
ddH2O, Polysciences). After brief vortexing for 5 seconds, the mixture was left to incubate at 
RT for 30 minutes, then carefully added dropwise to the HEK293T cells, which were 80% 
confluent at the time of transfection.  

The medium was replaced 24 hours post-transfection with fresh complete medium, 
and the viral supernatant was collected and filtered through 0.45 μm cellulose acetate 
membrane filters (VWR) 48 hours post-transfection and stored at -20°C for short period of 
time, until usage. 
 
Table 14. List of plasmids used for in vitro experiments 
 

plasmid description origin 
plasmids used for production of viral particles 
psPAX2 2nd generation lentiviral packaging plasmid Addgene #12260 
pMD.2G VSV-G envelope expression plasmid Addgene #12259 
plasmids used for CRISPR-mediated gene knock-out in vitro 

lentiCRISPR v2 
lentiviral backbone expressing SpCas9 and 
puromycin resistance from EFS promotor 
and sgRNA from U6 promotor 

Addgene #52961 

pLKO.U6-EFs-GFP-
P2A-Blasticidin 

lentiviral backbone expressing SpCas9 and 
sgRNA under U6 promoter 

Tschaharganeh lab, 
DKFZ, Heidelberg 

plasmids used for stable gene expression in vitro 

pLenti6.2/V5-DEST 
lentiviral expression vector under CMV 
promoter 

Thermo Fisher, 
V36820 

pLenti6.2/V5-DEST-
NICD 

lentiviral NICD expression vector under 
CMV promoter 

AG Tschaharganeh, 
DKFZ, Heidelberg 

 

3.6.3. Stable transduction of tumor-derived cell lines 
 

Target cells were plated in 6-well plates the day prior to transduction. On the following 
day, cells were transduced with viral supernatants in the presence of polybrene (4 μg/mL, 
Sigma Aldrich). Two days post-transduction, cells were selected with antibiotic matching 
produced viral particles (puromycin dihydrochloride (2 μg/mL) or blasticidin S HCl (10 μg/mL), 
both Thermo Fisher Scientific). 
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3.6.4. Competition assay 
 

The assessment of the impact of gene alterations on cell proliferation and viability was 
conducted through competition assays. Cell lines derived from murine tumors, underwent 
transduction to express Cas9. Following this, a selection process was implemented, post which 
the cells were subjected to a second round of transduction to express sgRNA, with GFP serving 
as an expression marker. For controls, sgRosa was employed as a negative control, while 
sgRpa3 was utilized as a positive control. Subsequently, these transduced and edited cells were 
mixed at a 70:30 ratio with their unedited parental cell counterparts. The acquisition and 
analysis were performed using the guava easyCyte HT system. 
 

3.6.5. Colony formation assay 
 

The clonogenic capacity of cells was assessed with colony formation assay (CFA). The 
number of cells seeded for the colony formation assay varied according to the growth rate of 
each cell line. Specifically, for mouse cell lines, 500 cells per well were seeded, whereas for 
human cell lines, 1000 cells per well were seeded. The cells were seeded in 12-well plates and 
allowed to grow for a period of 10-14 days. After that time, the assay was terminated by 
performing crystal violet staining (0.05 % (w/v) crystal violet, 1 % (v/v) formaldehyde, 1% (v/v) 
methanol in PBS). For the staining with crystal violet, wells were first washed with PBS and then 
incubated with crystal violet staining solution for 20 min with gentle shaking at RT. After the 
staining period, the solution was removed and the plates were first rinsed with water to 
remove excess dye, then air dried.  
 

3.6.6. Proteome Profiler Mouse XL Cytokine Array 
 

The experiment was conducted following the manufacturer's instructions. 
Subsequently, the analysis was performed using a macro developed in-house for Fiji, which 
was created with the assistance of ChatGPT. 
 

3.7.  Internet resources 
 
resource website 
BioRender https://app.biorender.com/ 
CellMarker 2.0 https://ngdc.cncb.ac.cn/databasecommons/database/id/6110 
CHOPCHOP http://chopchop.cbu.uib.no/ 
DepMap https://depmap.org/portal/ 
NEBioCalculator https://nebiocalculator.neb.com/#!/ligation 
PubMed https://pubmed.ncbi.nlm.nih.gov/ 
Uniprot https://www.uniprot.org/ 
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3.8.  Software 
 

 

3.9.  Statistical analysis 
 

The statistical analysis was performed with GraphPad Prism 8. The type of statistical 
analysis employed is specified in the figure caption. Significance levels are depicted as  
*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

software source 
ChatGPT OpenAI 
Fiji open source 
Ingenuity Pathway Analysis Qiagen 
Microsoft Office Microsoft 
Mendeley Desktop Elsevier 
Prism 8 GraphPad 
RStudio open source 
SnapGene GSL Biotech LLC 
QuPath open source 
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4. Results 
 

4.1.  Establishing and validating IDH-mutant iCCA model 
 

4.1.1. Development of an IDH-mutant iCCA model using HTVi 
 

 Given the significant prevalence of IDH1 mutations in cholangiocarcinomas, my 
research focused on understanding how these mutations specifically contribute to iCCA 
development and progression. Expanding on the approach of O’Dell et al. for inducing iCCA 
through tissue-specific conditional activation of KRAS(G12D) and inactivation of Tp53 [262],  
I aimed to incorporate Idh1 mutations in this genetic background. 

 

 
 
Figure 6. Dissecting the impact of Idh1 mutations on iCCA progression and survival within HTVi framework.  
A. Schematic representation of the HTVi experimental setup. B. Representative macroscopic image of obtained 
KRAS;TP53;IDH1 tumor. C. Prevalence of IDH1 mutations in iCCA, adapted from Boscoe AN et al., J Gastrointest 
Oncol, 2019 [263]. D. Kaplan-Meier survival curve of mice bearing KRAS;TP53;IDH1 tumors, p-value: * = p ≤ 0.05 
(log-rank (Mantel-Cox) test), N=3. E. Immunohistochemical evaluation of phospho-H3 in KRAS;TP53;IDH1 tumors; 
left: representative images of tumor samples, scale bar: 300 μm; right: corresponding quantification. Each data 
point signifies an individual mouse, ** = p ≤ 0.01 and *** = p ≤ 0.001 (one-way ANOVA with post hoc Tukey's test). 
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For this, I employed the HTVi, Sleeping Beauty Transposon system [264], and generated 
vectors, which allowed overexpression of oncogenic KRAS(G12D) (which will be referred to as 
KRAS) in combination with specific Idh1 mutations and combined them with Tp53 deletion 
(Figure 6A&B). This approach enabled simultaneous introduction of KRAS and either Idh1  
wild-type (WT) or a selected Idh1 mutation (R132C/R132G/R132H/R132L) into hepatocytes in 
vivo, along with CRISPR/Cas9-mediated gene disruption of the Tp53 gene. Furthermore, this 
setup allowed to investigate differences of individual Idh1 mutations on tumor biology as well 
as common traits of mutant IDH1 in iCCA.  

Informed by the prevalence of human IDH1 mutations [263], the selection of point 
mutations in the Idh1 gene — which lead to the amino acid substitutions R132C, R132G, and 
R132L on the protein level — was based on their observed frequency in human iCCA cases 
(Figure 6C). All of these mutations are present in at least 10% cases of human iCCA, with IDH1 
R132C occurring in over 60% of these instances. Additionally, I included the less frequent IDH1 
R132H mutation as a control within my experimental framework. Even though IDH1 R132H 
mutation is relatively rare in iCCA (found in less than 4% of cases) it can be frequently found in 
other malignancies, particularly in gliomas where its prevalent in up to 65% of cases [132]. This 
provided a comparative benchmark in my experimental approach.  

After injection of respective plasmid cocktails, I witnessed rapid tumor growth in the 
livers and all groups had to be euthanized roughly 4 weeks after injection. Remarkably, even in 
this highly aggressive tumor model IDH1 R132C and R132G mutants adversely affected survival 
of tumor-bearing mice in comparison to the IDH1 WT counterparts by 2 weeks (Figure 6D).  

To examine this phenomenon further, I conducted immunohistochemistry (IHC) 
staining for phospho-H3 staining, which is a recognized marker for mitosis [265], [266]. The 
staining results showed more than one-fold increase in phospho-H3 expression in IDH1 R132C 
and R132G mutants (Figure 6E), consistent with accelerated tumor progression of these 
KRAS;TP53;IDH1 mutants in the survival study. This suggests that different IDH1 mutants could 
differentially affect tumor cell proliferation. 

These results serve as a stark illustration of the potent oncogenic potential of specific 
IDH1 mutations when combined with other genetic alterations such as KRAS activation and 
Tp53 deletion. It emphasizes the critical need for timely intervention in the treatment of iCCA 
and validates the relevance of this model in studying the rapid progression and lethal nature 
of this disease.  
 

4.1.2. KRAS;TP53;IDH1 iCCA model validation 
 

Next, my investigation sought to validate the iCCA model by confirming overexpression 
of KRAS and IDH1, as well as the disruption of Tp53. To achieve this, I conducted Western blot 
(WB) analysis, which revealed marked overexpression of KRAS and IDH1 in the KRAS;TP53;IDH1 
tumor tissue compared to normal tissue control, indicating successful genetic manipulation 
(Figure 7A). Additionally, the T7 endonuclease I assay was instrumental in demonstrating Tp53 
disruption, with distinct bands corresponding to the expected sizes confirming the mutations 



 

  38 

at the Tp53 gene locus (Figure 7B). These results collectively confirmed that the tumor tissue 
exhibited the desired genetic alterations, setting a solid foundation for subsequent functional 
analyses. 

 

 
 
Figure 7. Validation and quantification of KRAS expression, Tp53 disruption, and 2-HG accumulation in 
KRAS;TP53;IDH1 tumor samples.  
A. Western blot analysis of KRAS;TP53;IDH1-tumor-derived samples, B. agarose gel showing the disruption of 
Tp53 using the T7 endonuclease I assay, arrows indicate expected cleavage products. C. intracellular levels of 2-
HG in tumor-derived samples, each sign represents one mouse, p-value: * = p ≤ 0.05 and ** = p ≤ 0.01, 
** *= p ≤ 0.001, ** **= p ≤ 0.0001 (one-way ANOVA with post hoc Tukey’s test). D. 2-HG levels in serum samples 
from tumor-bearing mice, each sign represents one mouse, p-value: * = p ≤ 0.05. E. MALDI-TOF spectra showing 
m/z values from 146.8 to 147.2 of IDH WT and IDH mutant tissue. Peaks at m/z 147 represent 2-HG. F. 2-HG levels 
measurement by MALDI-TOF in tumor sections, each sign represents one mouse, p-value: * = p ≤ 0.05 and 
** = p ≤ 0.01, ** *= p ≤ 0.001, ** **= p ≤ 0.0001 (one-way ANOVA with post hoc Tukey’s test). 

 
A critical aspect of this validation was the measurement of the oncometabolite 2-HG, 

which serves as a link between genetic alterations and their phenotypic manifestations. To 
thoroughly assess this, I applied both biochemical and biophysical methods. The former 
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confirmed the presence of 2-HG not just within the tumor tissues but also in the serum of the 
tumor-bearing mice.  

Interestingly, the level of 2-HG in iCCA-specific mutants (R132C, R132G, and R132L) was 
ten-fold increased in comparison to IDH1 WT samples, while the IDH1 R132H mutant exhibited 
only five-fold increase in the level of 2-HG accumulated in the tissue (Figure 7C). Moreover, in 
terms of serum samples, while an increase for both IDH1 R132L and R132H was noticeable, it 
was only significant for the IDH1 R132C and R132G mutants when compared to IDH1 WT, 
amounting to approximately 2 μM (Figure 7D). 

Quantification of 2-HG in tumor samples was further confirmed by MALDI-TOF mass 
spectrometry of frozen tissue sections [230], demonstrating a significant increase in 2-HG 
levels in the IDH1 mutant samples in comparison to their IDH1 WT counterparts (Figure 7E&F). 
This biophysical method appeared to be the more sensitive than the biochemical assay, 
distinguishing even minor differences between 2-HG levels. Here, the IDH1 R132G mutant 
exhibited the highest levels of 2-HG, followed by R132L, R132C, and finally R132H presenting 
moderate levels of production of the oncometabolite. Furthermore, the 2-HG levels produced 
by IDH1 R132G in the tissue samples were also significantly increased in comparison to IDH1 
R132C and R132H. 

Overall, the R132G IDH1 mutant consistently exhibited the highest levels of 2-HG 
accumulation across all techniques and sample types, followed by either R132C or R132L, with 
the R132H mutation showing the lowest level of 2-HG among these IDH1 mutants. This finding 
is consistent with the observed behavior of these IDH1 mutants ex vivo and their documented 
activity in other types of cancer [228], thereby reinforcing the validity of the model in reflecting 
the alterations caused by presence of different Idh1 mutations. 
 

4.2.  Molecular and cellular insights into Idh1 mutations 
 

4.2.1. Investigation of glycosylation in mutant IDH1 tumors 
 

In the next step, I focused on the histological examination of samples from 
KRAS;TP53;IDH1. The analysis delineated a clear distinction in morphology of tumor nodules; 
those with more pronounced glandular structures and a robust stromal presence were 
predominantly found in IDH1 mutant samples, as opposed to the less pronounced glandular 
and stromal features observed in nodules from IDH1 WT tumors (Figure 8A). 

The striking desmoplastic reaction in mutant IDH1 tumors suggested a potential 
alteration in the production of stromal components, such as glycoproteins and 
glycosaminoglycans (GAGs). Upon performing Alcian Blue staining, which selectively binds to 
acidic polysaccharides and proteins, and some types of GAGs in tissue samples [267], I found 
that the structural changes observed in the histological analysis were indeed found to be 
closely associated with glycosylation processes (Figure 8B). The presence of these molecules 
in IDH1 R132C and R132G mutants was notably enhanced, showing a marked increase in 
comparison to not only IDH1 WT, but also IDH1 R132H. 
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Figure 8. Evaluating the glycosylation spectrum of KRAS;TP53;IDH1 tumor samples.  
A. H&E staining of tumor samples with representative images of KRAS;TP53;IDH1 tumors, at 10x magnification 
(top, scale bar: 300 μm) and 40x magnification (bottom, scale bar: 75 μm). B. Alcian Blue staining of tumor samples 
with representative images (left, scale bar: 300 μm) and quantification results (right). C. Carbohydrate content 
quantification in tumor samples. D. Determination of sGAG levels using the DMMB assay. B, C and D. each data 
point represents an individual mouse sample, *= p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 (one-way ANOVA with post 
hoc Tukey’s test). 
 

To further investigate this observed increase, I conducted detailed biochemical analysis 
with two distinct assays. The first, glycoprotein carbohydrate estimation assay, was employed 
to assess the overall glycoprotein levels, confirming a one-fold increase in glycoprotein content 
among the iCCA-specific IDH1 mutant samples (Figure 8C). Additionally, the 1,9-
dimethylmethylene blue (DMMB) assay (Figure 8D) specifically quantified sulfated 
glycosaminoglycans (sGAGs), revealing an increase in iCCA-specific IDH1 mutant samples in 
comparison to IDH1 WT counterparts and IDH1 R132H. The DMMB assay, by binding to the 
sulfate groups of GAGs, provided a more focused quantification of these acidic polysaccharides 
visualized by Alcian Blue.  

Notably, my findings revealed that only the iCCA-specific IDH1 mutants were  
associated with heightened glycosylation levels, whereas in contrast the IDH1 R132H mutant 
exhibited glycosylation patterns that were indistinguishable from those of the IDH1 WT 
samples, suggesting a mutation-specific impact on the glycosylation pathways. Thus, this data 
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demonstrates that the marked stromal response in mutant IDH1 tumors is at least in part 
caused by increased deposition of glycoproteins and (sulfated) GAGs.  
 

4.2.2. Idh1 mutations and their implication on liver cell differentiation and 
identity 

 
Given marked differences in tumor morphology, I further focused on the effect of Idh1 

mutations on cellular differentiation and identity.  
By applying IHC on tumor samples, I found out that all IDH1 mutant tumor cells 

displayed higher levels of Cytokeratin 19 (KRT19) (Figure 9A), a marker for cholangiocytic 
differentiation [268], and SOX9 (Figure 9B), a marker associated with progenitor  
cells and hepatic regeneration [269]. Of note, IDH1 R132G mutant tumors not only  
exhibited the highest expression of KRT19, this expression level was also notably  
higher in comparison to the IDH1 R132H mutant. 

 

 
 
Figure 9. Immunohistochemical profiling of key liver markers in KRAS;TP53;IDH1 tumors.  
IHC analysis of KRAS;TP53;IDH1 tumors, left: representative images of tumor samples, scale bar: 300 μm; right: 
corresponding quantification. A. KRT19, B. SOX9, and C. HNF4α staining. A, B, C. Each data point represents an 
individual mouse, *= p ≤ 0.05, *** = p ≤ 0.001, **** = p ≤ 0.0001 (one-way ANOVA with post hoc Tukey’s test). 

 
However, the expression of HNF4α, a transcription factor fundamental to hepatocyte 

identity [270], did not show a significant change, although there was a noticeable trend 



 

  42 

towards decreased expression and inverse correlation with increased 2-HG levels  
(Figure 9C). 

The increased cholangiocytic markers in IDH1 mutant tumors suggest a shift  
towards a cholangiocytic phenotype, underscoring 2-HG’s role in influencing cellular identity 
in iCCA. This finding highlights how Idh1 mutations can impact tumor cell identity and 
progression. 

 

 
 
Figure 10. Correlation of histological characteristics with survival in KRAS;TP53;IDH1-tumor-bearing mice.  
A. H&E staining of tumor samples showcasing representative histological features. B&C. IHC analysis of 
KRAS;TP53;IDH1 tumors, representative images of tumor samples, scale bar: 300 μm. B. KRT19, C. SOX9, D. 
Kaplan-Meier survival analysis of KRAS;TP53;IDH1-tumor-bearing mice, p-value: * = p ≤ 0.05 (log-rank (Mantel-Cox) 
test) E. and F. Quantification corresponding to B. and C., respectively. Each data point represents a field of view, 
*= p ≤ 0.05, *** = p ≤ 0.001 (one-way ANOVA with post hoc Tukey’s test). 
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4.2.1. Exploring the impact of IDH1 expression balance on tumor characteristics 
in KRAS;TP53;IDH1 mice 

 
Building on the observed phenotypic variations, I aimed to elucidate the relationship 

between IDH1 expression levels and phenotypic diversity in KRAS;TP53;IDH1-tumor-bearing 
mice. The central inquiry focused on whether the phenotypic differences were indeed a direct  
outcome of the variable IDH1 WT and mutant expression levels and the consequent 2-HG 
production.  

To address the concern of overexpression of the IDH1 mutant compared to the IDH1 
WT, I designed an experiment where mice were administered either IDH1 WT (referred to as 
“WT”), a 1:1 mixture of IDH1 WT and IDH1 R132C (“WT/R132C”), or IDH1 R132C alone 
(“R132C”), along with a KRAS;TP53 plasmid mixture through HTVi. This approach allowed for a 
controlled variation in equilibrium of IDH1 WT and mutant expression and 2-HG levels, 
enabling a detailed observation of their impact on tumor development. 

In line with my previous findings, the IDH1 WT/R132C group exhibited an intermediate 
phenotype, serving as a bridge between the characteristics of WT and R132C groups. 
Histological analysis confirmed that the presence of the IDH1 mutant was essential for the 
observed increase in glandular morphology and stromal presence (Figure 10A). A similar trend 
was evident in IHC analyses. Markers such as KRT19 and phospho-H3 indicated almost 2-times 
increase in expression levels when comparing WT group to WT/R132 group, and to R132C 
group (Figure 10B&E and C&F), reflecting an upward shift in cholangiocytic phenotype and 
proliferation rate, respectively. 

Moreover, the survival rate of mice in the WT/R132C group, though not reaching the 
longevity of up to 6 weeks seen in the WT group, was notably greater than the roughly 2-week 
survival span of the R132C group (Figure 10D).  

In summary, the presence of mutant IDH1 emerges as the key determinant in 
influencing tumor phenotype through 2-HG production. Meanwhile, the level of expression of 
IDH1 mutant plays a crucial role in dictating survival outcomes. These findings underscore the 
significant impact of this equilibrium in shaping tumor dynamics and their underlying molecular 
mechanisms. 
 

4.3.  Epigenetic alterations: exploring histone and DNA methylation dynamics 
 

IDH1 mutations are widely recognized for their profound epigenetic effects, notably 
affecting DNA and histone methylation, a conclusion supported by extensive research [134], 
[164], [167], [217], [218]. Additionally, I explored how these mutations through elevated 2-HG 
levels might alter methylation and affect gene expression and cellular behavior in the context 
of KRAS;Tp53;IDH1. This exploration into the epigenetic ramifications of IDH1 mutations within 
this specific oncogenic context underscores the intricate molecular mechanisms driving tumor 
formation and progression. 
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4.3.1. Mapping methylation: differences between IDH1 WT and mutant tumors 
 

To investigate the epigenetic changes associated with Idh1 mutations, I first examined 
their influence on DNA methylation. Recognizing that dot blot assays lack the sensitivity to 
detect nuanced differences in methylation, I chose to use a methylation array method. 

 

 
 

Figure 11. Comparative analysis of methylation in KRAS;TP53;IDH1 tumors.  
A. Heatmap visualization of DMRs between IDH1 mutant and IDH1 WT tumor samples. The heatmap shows row z-
scores for all identified DMRs (p-value threshold: ≤ 0.05, log2 of the mean quotient in means across all sites in a 
region threshold: ≥|1.5|) B. Spatial distribution of DMRs on chromosomes. C. Overview of hypermethylation 
alterations in IDH1 mutants vs. IDH1 WT. D. Analysis of hypermethylation distribution proximal to TSS in IDH1 
mutants. 
 

This technique permitted a thorough examination of the genome-wide methylation 
status in KRAS;TP53;IDH1 tumor tissue samples, with a particular focus on differentially 
methylated regions (DMRs) that could impact gene expression.  
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The analysis revealed distinct methylation patterns between IDH1 WT and mutant 
tumors. With a p-value threshold of < 0.05 and a log2 of the mean quotient in means across all 
sites in a region set to ≥|1.5|, 1361 DMRs were identified as hypermethylated, while  
4 DMRs were hypomethylated. A heatmap visualization of DMRs indicated a trend towards 
hypermethylation in mutant samples in comparison to their IDH1 WT counterparts  
(Figure 11A). Mapping these DMRs across chromosomes showed a widespread distribution 
(Figure 11B), underscoring the extensive impact of Idh1 mutations on the epigenetic 
landscape.  

The interpretation of these methylation changes can be approached from two 
analytical perspectives: by examining the location of DMRs (such as promoter, exon,  
intron, UTR, distal intergenic) or by assessing their proximity to transcription start  
sites. Each perspective offers valuable insights into the epigenetic consequences of Idh1 
mutations. 

A considerable proportion of the identified DMRs, approximately 45%, are situated 
within Promoter regions, indicating potential effects on gene transcription initiation due to 
hypermethylation in IDH1 mutants (Figure 11C). DMRs in Distal intergenic regions (17.2%) and 
within gene bodies – Other exons (3.5%), Other introns (17.4%) – suggest varied impact on 
gene expression and possibly splicing patterns. Methylation in the First intron (13.4%) might 
disrupt promoter and splicing regulation [271]. 

Close to TSS, 30% of hypermethylated DMRs could directly influence transcriptional 
activity, while 45% of DMRs in the 5-100 kb range from TSS may modulate regulatory element 
activity in a context-dependent manner (Figure 11D).  

Further comparative analysis focused strictly on differences between IDH1 R132C and 
WT tumors. Firstly, heatmap visualization of DMRs indicated hypermethylation in IDH1 mutant 
samples when compared to WT tumors (Figure 12A). In the next step, Reactome analysis 
highlighted differential methylation patterns affecting cellular pathways.  

An increase in methylation within cell death pathways suggested a possible mechanism 
for enhanced tumor cell survival (Figure 12B). Such a pattern could lead one to hypothesize 
that tumors with the KRAS;TP53;IDH1 mutations may possess enhanced survival properties, 
effectively evading the usual cell death mechanisms. Yet, when I tested this theory using a 
biological marker – staining with cleaved Caspase 3, which indicates apoptosis or programmed 
cell death [272] – the results did not support this hypothesis (Figure 12C), indicating that the 
relationship between methylation and Cell death pathways might be more complex than 
anticipated in this case. 

When examining the enrichment in Extracellular matrix (ECM) pathways, the results 
were somewhat unexpected. Reflecting on prior experiments, one might have envisioned an 
opposing methylation trend – specifically, that the ECM-related pathways might exhibit a 
methylation dip, not a surge (Figure 12D). This unexpected trend could suggest that the 
methylation differences I observed are inherently dynamic in nature, rather than rigidly 
deterministic within this experimental context.  
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Figure 12. Differential methylation patterns and pathway enrichment in IDH1 R132C mutant tumors.  
Heatmap representation of DMRs between IDH1 R132C mutant tumor samples and their IDH1 WT counterparts. 
The heatmap shows row z-scores for all identified DMRs (p-value threshold: ≤ 0.05, log2 of the mean quotient in 
means across all sites in a region threshold: ≥|1.5|). B, D, & E. Functional pathway enrichment analyses: B. Cell 
death, D. Extracellular matrix, and E. Immune response pathways. The depth of the color for each pathway 
signifies the log of the p-value adjusted for multiple comparisons. Horizontal graph length denotes the gene ratio, 
while circle area indicates gene counts within each pathway. C. Immunohistochemical analysis of cleaved  
Caspase 3 in KRAS;TP53;IDH1 tumors, representative images of tumor samples, scale bar: 300 μm. 
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This data also underscores a significant increase in methylation across Immune 
response-related pathways, potentially steering the tumor microenvironment towards 
immune suppression (Figure 12E) [62], [273], [274], [275]. Accurately gauging the exact 
ramifications calls for a granular exploration of each pathway’s role within the tumor 
microenvironment. 

Subsequent chapters will explore the dynamics of immune response and ECM in iCCA, 
building on the established connection between 2-HG accumulation and the tumor 
microenvironment (Chapter 4.4). The key takeaway from these findings is that the 
accumulation of 2-HG in IDH1 mutant tumors is associated with DNA hypermethylation, which 
could have significant implications for gene expression and tumor behavior.  
 

4.3.2. Understanding the link between 2-HG accumulation and DNA 
methylation patterns 

 
Building on the established link between 2-HG and increase in methylation via TET 

enzyme inhibition [273], I next aimed to explore the potential mechanistic link between this 
interaction to the phenotypic alterations observed KRAS;TP53;IDH1 tumor development. I 
hypothesized that the 2-HG-mediated inhibition of TET enzymes could be a pivotal factor 
driving the observed phenotypic changes. 

To test this hypothesis, I utilized CRISPR/Cas9 technology to disrupt the Tet1 or/and 
Tet2 genes, aiming to replicate the hypermethylation and phenotypic changes induced by 2-
HG accumulation, along with a KRAS;TP53 plasmid mixture through HTVi. The disruption of 
Tet1 or/and Tet2 was confirmed using the T7 endonuclease I assay, as visualized by distinct 
bands on agarose gel electrophoresis (Figure 13A&B). However, contrary to the hypothesis, 
the histological analysis did not reveal the anticipated stromal or glandular morphology 
changes akin to those caused by 2-HG accumulation in KRAS;TP53;IDH1 tumor upon disruption 
of Tet genes (Figure 13C).  

Further histological examination showed a one-fold increase in KRT19 expression in the 
Tet1/Tet2 knock-out tumors in comparison to the KRAS;TP53 control tumors (Figure 13D&F). 
This was not observed in tumors with individual knock-outs, suggesting that a significant 
reduction in TET activity is necessary to drive the phenotypic changes seen with 2-HG 
accumulation. 

Nonetheless, no significant differences between the groups were noted in phospho-H3 
staining (Figure 13E&G), and survival rates of tumor-bearing mice from different groups 
remained unchanged (Figure 13H). 

The findings indicate that simply disrupting Tet1 or/and Tet2 does not fully  
replicate the phenotypic alterations induced by 2-HG accumulation in iCCA, nor does it  
affect tumor survival in this context. This suggests that the path from 2-HG accumulation to 
the observed tumor phenotype in this iCCA model is not solely dependent on the  
inhibition of TET enzymes and points to a more complex network of (epigenetic) regulation at 
play. 
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Figure 13. Exploring the effects of Tet1/2 gene disruption in KRAS;TP53-driven tumors.  
Agarose gel electrophoresis demonstrating A. Tet1, and B. Tet2 disruption using the T7 endonuclease I assay, 
arrows indicate expected cleavage products. C. H&E staining of tumor samples showcasing representative 
histological features. Immunohistochemical analysis of KRAS;TP53;IDH1 tumors, representative images of tumor 
samples, D. KRT19, and E. phospho-H3, F. and G. corresponding quantification. Each data point represents a field 
of view, *** = p ≤ 0.001 (one-way ANOVA with post hoc Dunnett’s test). C, D, E. scale bar: 300 μm. H. Kaplan-Meier 
survival analysis of KRAS;TP53;TET1/TET2-tumor-bearing mice (log-rank (Mantel-Cox) test). 
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4.3.1. Probing the effects of 2-HG on histone methylation patterns 
 

Building on these insights, the next phase of the investigation turned its focus to the 
effects of 2-HG on histone methylation patterns. Specifically, the focus was on histone 
methylation marks that are pivotal in gene expression regulation and have been previously 
associated with increased levels of 2-HG [217], [274], [275], [276], [277].  
 

 
 
Figure 14. Analysis of histone methylation in context of 2-HG accumulation. 
Western blot analysis of total H3K9me3 and H3K27me3 in KRAS;TP53;IDH1 A. tumor samples, and C. tumor-
derived primary cell lines. B. Immunohistochemical analysis of KRAS;TP53;IDH1 tumors; top: H3Kme3, bottom: 
H3K27me3. Left: representative images of tumor samples, scale bar: 300 μm; right: corresponding quantification. 
Each data point signifies an individual mouse.  
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To explore this, I utilized WB analysis which indicated a modest increase in total 
H3K9me3 levels in IDH1 R132C and R132G mutants, whereas there were no differences in total 
H3K27me3 between tumor tissue samples (Figure 14A). IHC analysis corroborated these 
findings, showing no significant differences in the levels of H3K9me3 and H3K27me3 in 
KRAS;TP53;IDH1 tumors (Figure 14B). 

However, when examining histone methylation in the more homogeneous 
environment of tumor-derived primary cell lines, a clearer pattern emerged. There was a 
notable increase in both H3K9me3 and H3K27me3 total levels in the IDH1 mutant cell lines in 
comparison to IDH1 WT samples, with a particularly evident trend for H3K9me3 (Figure 14C). 

The takeaway from these observations is that while very subtle, if any, 2-HG-associated 
changes are detectable in histone methylation patterns in KRAS;TP53;IDH1 tumor samples, 
more pronounced alterations are evident in tumor-derived primary cell lines. In the in vitro 
setting, I was able to observe a connection between Idh1 mutation and increase in total 
H3K9me3 and H3K27me3 levels. This suggests that 2-HG can indeed influence the epigenetic 
landscape, potentially affecting gene expression and cellular behavior in this iCCA model.  

 

4.3.2. Transcriptional insights into IDH1 mutant tumor progression 
 

To decode transcriptional changes in IDH1 mutant tumors, I employed RNA-seq 
analysis. This powerful tool allowed me to scrutinize the gene expression profiles of tumor 
tissues, aiming to uncover the specific transcriptional changes occurring in IDH1 mutant 
tumors and how these alterations could drive tumor development and progression. 

The comparative analysis between IDH1 WT and individual IDH1 mutants showed that 
IDH1 R132C mutant exhibited the most distinct transcriptional profile (data not shown), 
prompting a focused subsequent examination between IDH1 WT and the R132C mutant.  

With a p-value threshold of <0.05 and log2fold change threshold value set at > |1.5|, 
108 genes were identified as downregulated, while 168 genes were upregulated, as depicted 
in the volcano plot (Figure 15A). Ingenuity Pathway Analysis (IPA) was utilized to interpret the 
data, focusing on the identification of any significant changes in signaling pathways. 

The results from the RNA-seq revealed an increase in kinetochore metaphase signaling 
(Figure 15B), a critical indicator of cell cycle progression, which could imply a state of rapid 
cellular division [278], [279]. A corresponding decrease in G2/M damage checkpoint regulation 
was also observed, pointing towards a potential mechanism for the tumors to bypass DNA 
damage control, thereby promoting genomic instability [221]. Delving deeper into this 
observation, I looked into abundance of phospho-H2A.X, a known sensitive molecular marker 
of DNA damage [280], in KRAS;TP53;IDH1 tumors. This analysis revealed that there is an 
upward trend in level of this marker in the IDH1 mutant tumors, but it is only significant for 
IDH1 R132C tumors (Figure 15C). 

These findings indicate that the accumulation of 2-HG in IDH1 mutant tumors leads to 
a change in the tumor microenvironment (TME), marked by rapid cell proliferation and the 



Results 

 51 

evasion of DNA damage checkpoints. These factors underscore the profound impact of IDH1 
mutant activity and 2-HG levels on tumor behavior. 

Additionally, IPA highlighted a notable upregulation in the biosynthesis of GAGs, 
specifically chondroitin and heparan sulfates (Figure 15B), which are key components of ECM 
in liver cancer.  

Overall, the RNA-seq results not only corroborate earlier observations (Chapter 4.1) but 
also strengthen the link between 2-HG accumulation and phenotypic changes in IDH1 mutant 
tumors, suggesting a consistent and coherent mechanistic thread where 2-HG in promotes 
rapid tumor growth and alters the TME, thus contributing to the aggressive phenotype 
observed in IDH1 mutant tumors. 

 

 
 
Figure 15. Evaluating transcriptional differences between IDH1 R132C mutant and IDH1 WT KRAS;TP53 tumors.  
A. Volcano plot highlighting genes differentially expressed between IDH1 R132C mutant and IDH1 WT (p-value 
threshold: ≤ 0.05, black line; log2foldchange threshold:  ≥1.5, red data points; log2foldchange threshold: ≤ -1.5, 
blue data points, log2foldchange = 2, red line; log2foldchange = -2, blue line). B. IPA (employing a 1.75-fold change 
threshold) of differentially expressed genes. C. IHC evaluation of phospho-H2A.X in KRAS;TP53;IDH1 tumors; 
representative tumor images on the left with associated quantification on the right. Each data point signifies an 
individual mouse, *= p ≤ 0.05 (one-way ANOVA with post hoc Tukey’s test), scale bar: 300 μm. 
 

4.4.  Immune, stromal, and ECM interactions in iCCA context of  
2-HG accumulation 

 
My previous results implicated a marked remodeling of the tumor stroma due to 2-HG 

accumulation. Thus, I further analyzed changes in the TME, particularly effects on immune and 
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stromal cell interactions, and the resulting implications for cancer progression and treatment 
response. 

 

4.4.1. Unveiling the impact of 2-HG on the cellular underpinnings of the  
tumor stroma 

 
To gain first insights into changes in the TME, I employed the murine Microenvironment 

Cell Populations-counter (mMCP-counter), a robust method for quantifying immune and 
stromal cell populations in murine bulk RNA-seq samples [281]. The analysis highlighted 
marked differences, particularly in Fibroblasts representing stromal cells, as well as in Vessels 
and Lymphatics, which are indicative of the tumor’s vasculature (Figure 16A).  

Increased presence of Desmin (DES) and alpha-Smooth muscle actin (α-SMA), markers 
of myofibroblasts and activated fibroblasts, respectively [282], [283], suggests that the TME of 
iCCA-specific IDH1 mutant tumors are densely populated with these cells (Figure 16B&C). 

The expression levels of DES and α-SMA were significantly elevated in these IDH1 
mutants compared to WT counterparts. Specifically, DES expression in IDH1 R132C and R132G 
mutants showed a three-fold increase, while α-SMA expression was three-fold higher in IDH1 
R132C and R132L mutants. In IDH1 R132G mutants, α-SMA expression was even more 
elevated, exhibiting a five-fold increase. In contrast, the IDH1 R132H mutant displayed 
expression levels that was not significantly different in comparison to IDH1 WT counterparts. 

I further examined vascular changes by staining for CD31 (Cluster of differentiation 31, 
also known as Platelet/endothelial cell adhesion molecule-1) and ETS-related gene (ERG), both 
markers for endothelial cells indicative of blood vessels [284], [285] (Figure 16C&D). While 
there was a trend toward increased vessel prevalence in the IDH1 mutant tumors in 
comparison to IDH1 WT tumors, it was not statistically significant, except in the IDH1 R132C 
tumors when stained for ERG. Furthermore, I did also not observe significant differences in 
abundance of lymphatic vessels (data not shown).  

The accumulation of’ 2-HG in iCCA leads to a notable enrichment of activated 
fibroblasts in the tumor microenvironment, suggesting a shift toward a fibrotic stroma, 
potentially impacting the ECM composition. Despite this stromal activation, the data does not 
demonstrate a corresponding increase in blood or lymphatic vessel formation, suggesting a 
selective effect of 2-HG on the stromal cell components within the TME in the context of 
KRAS;TP53;IDH1 tumor formation. 

 

4.4.2. Elucidating ECM dynamics in IDH1 mutant iCCA via mass spectrometry 
 

Next, my study investigated the impact of Idh1 mutations on the structure and 
composition of the ECM within the TME, utilizing mass spectrometry for detailed insights.  
I adopted a method outlined by McCabe et al. [286], extracting both intracellular fractions and 
those enriched in ECM components from KRAS;TP53;IDH1 tumor tissue samples (Figure 17A).  
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Figure 16. Immune and stromal cell landscape in KRAS;TP53;IDH1 tumors. 
A. Heatmap showing scores for immune and stromal cell populations calculated with mMCP-counter. The 
heatmap illustrates row Z-scores for all included cell populations. Immunohistochemical analysis of 
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KRAS;TP53;IDH1 tumors, left: representative images of tumor samples, scale bar: 300 μm; right: corresponding 
quantification. B. DES, C. α-SMA, D. CD31, E. ERG, Each data point signifies an individual mouse. * = p ≤ 0.05 and 
** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001 (one-way ANOVA with post hoc Tukey’s test). 
 

The ensuing proteomic analysis discerned between intracellular and extracellular 
samples, revealing a distinct, less complex composition in the ECM-enriched samples (Figure 
17B). Subsequent analysis was then directed towards comparing ECM-enriched fractions from 
IDH1 WT and IDH1 R132C samples. 
 

 
 
Figure 17. Proteomic profiling: intracellular vs. ECM components in KRAS;TP53;IDH1 samples. 
A. Schematic illustrating the isolation process for ECM-enriched samples from KRAS;TP53;IDH1 tumors. B. 
Heatmap visualization of isolated intracellular and ECM-enriched components showcasing differential protein 
expressions based on intensity-based absolute quantification, and highlighting contrasts between intracellular 
and ECM-enriched fractions.  
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First, I used IPA which showed the upregulation of the Integrin signaling pathway in the 
IDH1 R132 ECM-enriched samples, which is critical for cell-ECM communication and adhesion 
[287], [288], and indicates an ongoing matrix reconfiguration (Figure 18A). Enhanced 
Leukocyte extravasation pointed to a robust immune response, directing white blood cells 
from circulation into the tumor [289], [290]. Additionally, the presence of Neutrophil 
extracellular traps (NETs), intricate structures formed by neutrophils to trap and neutralize 
pathogens [291], added another layer of complexity to the immune dynamics. 

 

 
 
Figure 18. Dynamic alterations in the ECM composition and immune response in IDH1 mutant tumors. 
Comparison between IDH1 mutant ECM-enriched samples and IDH1 WT counterparts. A. IPA (p-value threshold: 
≤ 0.05, log2foldchange threshold: ≥|1.5|). B. Reactome analysis (p-value threshold: ≤ 0.05). 

 
Furthermore, this seeming increase in immune activity is accompanied by a noticeable 

decrease in granzyme A signaling, a mechanism critical for cytotoxic T-cells and NK cells to 
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initiate target cell apoptosis [292]. This observation suggests a potential compromise in the 
TME’s immune surveillance capabilities.  

The Reactome analysis further revealed a significant increase in Neutrophil 
degranulation activities in IDH1 R132C mutant samples (Figure 18B). This process, involving 
the release of granules packed with antimicrobial and signaling molecules [293], suggests an 
intensified inflammatory response, potentially exerting a profound influence on the ECM [291]. 
This process is often tied to pronounced matrix remodeling as these immune cells release 
enzymes and reactive species that degrade and transform ECM components [291], [293].  

 

 

Figure 19. Neutrophil infiltration in KRAS;TP53;IDH1 mutant tumors. 
A. Heatmap representation of gene expression profiles for liver neutrophil markers. The color gradient within the 
heatmap denotes row Z-scores for each cluster gene marker, offering a comparative view of their expression 
levels. B. Immunohistochemical evaluation demonstrates LY6G presence in KRAS;TP53;IDH1 tumor samples. Left: 
representative images of tumor samples, scale bar: 300 μm; right: corresponding quantification. Each data point 
represents a field of view, * = p ≤ 0.05, ** = p ≤ 0.01 (one-way ANOVA with post hoc Dunnett’s test). 
 

In the next step, I focused on examining the neutrophil infiltration into KRAS;TP53;IDH1 
tumors. For this purpose, I employed liver neutrophil markers identified through CellMarker 
2.0, database of manually curated cell markers in human/mouse, supplemented by web tools 
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based on single cell RNA-seq data. This analysis indicated a trend of upregulation of these 
markers in IDH1 R132C and R132G mutants compared to IDH1 WT counterparts (Figure 19A). 
Delving deeper into this phenomenon, IHC staining revealed an increase in LY6G-positive cells, 
typically indicative of neutrophil presence on the protein level [294], in the same IDH1 mutant 
samples from the KRAS;TP53;IDH1 cohort (Figure 19B). Specifically, R132G and R132C mutants 
demonstrated an elevated expression of neutrophil markers on mRNA and protein level. 

Additionally, the observed upregulation of Elastic fiber formation and Assembly of 
collagen fibril and other multimeric structures suggests a structurally reinforced ECM (Figure 
18B). Yet, this reinforcement is countered by the concurrent Collagen degradation and 
Heparan sulfate proteoglycans (HS-GAGs) degradation, implying a dynamic equilibrium 
between ECM strengthening and breakdown, characteristic of a TME with rapid turnover. 

On the cytokine front, as revealed by IPA, the surge in IL-6-type, IL-8, IL-13 and GM-CSF 
signaling underscored a multifaceted immune response in TME (Figure 18A). These 
interleukins are implicated in a range of processes, from collagen synthesis and neutrophil 
recruitment to fibrosis, highlighting their central roles in both immune responses and ECM 
dynamics [295], [296]. 

In summary, this thorough analysis has exposed a sophisticated network of immune 
modulation, potential evasion tactics, and extensive ECM remodeling within IDH1 mutant 
context. These findings do more than just delineate the molecular complexities of IDH1 mutant 
tumors and the dynamic shifts of the ECM; they underscore the imperative to dissect these 
alterations at a mechanistic and molecular level to fully grasp their implications in tumor 
progression and therapy. 

 

4.4.3. Delineating immune cell infiltration in IDH1 mutant tumors 
 
In an effort to discern the differences in immune cell infiltration between IDH1 mutant 

and IDH1 WT tumors, I drew initial insights from mMCP-counter (Figure 16A). Given the 
ambiguous results from this method, I then applied the CCA-specific matrix, established by 
Nishida et al. [297], to more accurately classify the interactions of immune cells within the TME 
of this tumor type, based on bulk RNA-seq findings. 

While in this case again the RNA-seq results did not yield starkly distinct patterns, they 
provided tentative insights into the immune landscape of IDH1 mutant tumors (Figure 20).  
I observed a downregulation of Immune checkpoint molecules within IDH1 mutant tumors in 
comparison to IDH1 WT tumors, which could potentially alter the therapeutic landscape, 
particularly affecting the efficacy of immune checkpoint blockade therapies [298].  

Additionally, there was a downregulation of genes linked to MHC class I presentation 
and processing (H2-K1, H2-D1, B2m, Tap1) a pattern that could effectively render the tumor 
cells less visible to immune surveillance by cytotoxic T cells [299], promoting a state conducive 
to immune evasion. Conversely, the upregulation of genes involved in MHC class II antigen 
presentation (H2-DMb2, H2-DMb1, H2-Dma, H2-Ob, H2-Oa) could represent a compensatory 
mechanism or an attempt to enhance helper T cell responses [299]. However, this may also 
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lead to an immunosuppressive environment if regulatory T cells (Tregs) are preferentially 
activated, which play known role in dampening immune responses [300]. Furthermore, the 
inconsistent pattern observed in the expression of Cytolytic markers, crucial for understanding 
the immune system’s engagement and efficacy against tumor cells, underscores the 
complexity and variability of the tumor immune landscape in IDH1 mutant tumors. 

This analysis also unveiled an increase in signaling and activation-related markers, 
suggesting a TME that is perhaps on high alert or primed for action. This activated state, 
however, is counterbalanced by an increased presence of markers tied to Tregs. This increased 
presence of Treg markers suggests a tumor environment skilled in disguising itself, effectively 
hindering the host's immune response. 

 

 
 
Figure 20. Gene expression landscape in KRAS;TP53;IDH1 tumors: a glimpse into inflammation signatures.  
Heatmap representation of gene expression profiles for T cell associated gene sets. The color gradient within the 
heatmap denotes row Z-scores for each cluster gene marker, offering a comparative view of their expression 
levels. 

 
To validate these insights, I turned to IHC stainings. I began with CD3 staining, a marker 

of T-cells [301]. This revealed at least a one-fold increase in T-cell infiltration in nearly all IDH1 
mutant tumors (Figure 21A).  

Next, I examined infiltration of CD4-positive cells, with CD4 being the marker for helper 
T-cells [301]. The results followed a similar pattern to data obtained from CD3 staining, 
showing a one-fold increase in CD4-positive cells in almost all IDH1 mutant samples (Figure 
21B). Notably, for both CD3 and CD4 staining, all IDH1 mutants, with the sole exception of IDH1 
R132L group, demonstrated an increase in these markers. This pointed towards a TME in IDH1 
mutant tumors which is potentially rich in immune activity, which could be either pro-tumoral 
or anti-tumoral. 

Considering earlier insights from CCA-specific matrix, and the data obtained from 
methylation array and mass spectrometry analysis which hinted at inflammation in TME as well 
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as immunosuppression, I next assessed the infiltration of CD8-positive cells. CD8 is a marker of 
cytotoxic T-cells (also known as CTLs), which when activated are key players in targeting and 
killing tumor cells [302]. Interestingly, the only IDH1 mutant to show an increase in this marker 
was IDH1 R132L (Figure 21C), which might suggest a shift towards anti-tumoral immune 
activity and tumor growth inhibition in this group. 

 

 
 
Figure 21. Immunohistochemical profiling of key T cell markers in KRAS;TP53;IDH1 tumors.  
IHC analysis of KRAS;TP53;IDH1 tumors, left: representative images of tumor samples, right: corresponding 
quantification. A. CD3 staining, B. CD4 staining, C. CD8, and D. FOXP3 staining. A, B, C, D. each data point 
represents a field of view, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 (one-way ANOVA with post hoc Tukey’s test). 

 
Subsequently, I explored the possibility of the IDH1 mutant TME being 

immunosuppressed in the T-cell context. The staining for Forkhead box P3 (FOXP3), a marker 
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for Tregs [301], presented intriguing results (Figure 21D). Notably, the IDH1 R132C and R132G 
mutant displayed, respectively, a two-fold and a one-fold increase in FOXP3 expression 
compared to both the IDH1 WT tumors.  

Overall, these findings suggest a markedly immunosuppressive environment within 
IDH1 R132C and R132G mutant tumors. Given that no significant differences were observed 
for CD8 and FOXP3 for IDH1 R132H tumors indicates that different Idh1 mutations have vastly 
divergent effect on the immune landscape in the context of KRAS;TP3;IDH1 tumors.  

These intricate immune profiles could critically inform the development of targeted 
therapies, highlighting the nuanced interplay between tumor cells and the immune system in 
the context of IDH1 mutant-driven tumorigenesis. 
 

4.4.4. Immune modulation in IDH1 mutant tumors 
 
Having established a structurally and immunologically altered TME, I concentrated my 

efforts on identifying the specific molecular signals that recruit and influence immune cells 
within the TME. 

To this end, with the help of a cytokine array, I compared supernatants obtained from 
KRAS;TP53;IDH1 tumor-derived cell lines. This step was critical in linking the observed ECM 
alterations with potential changes in cytokine expression of tumor cells, which could be driving 
the immune cell dynamics within the TME.  

The results accentuated an upregulation of certain cytokines in the conditioned  
media harvested from primary tumor-derived IDH1 R132C cells in comparison to their IDH1 
WT counterparts (Figure 22A). Interestingly, the IDH1 mutant supernatants displayed 
significantly elevated levels of CCL7. Likewise, a similar pattern could be observed for CCL20 
and G-CSF.  

The question at hand was whether these cytokines are upregulated in IDH1 mutant 
tumors and, if so, what implications this might have for the tumor TME. To address this, I first 
turned to bulk RNA-seq data from KRAS;TP53;IDH1 tumors. The analysis revealed a consistent 
upward trend for Ccl17 and G-Csf gene expression in the IDH1 R132C mutant tumors, but not 
for Ccl20 (Figure 22B).  

Considering the high expression of C-C motif chemokine ligand 17 (CCL17) observed in 
tumor-derived cell lines and tumor samples, it continued to be the focus of the experiments. 
To validate these findings, I employed qPCR to measure Ccl17 expression levels in the 
KRAS;TP53;IDH1 samples. The qPCR results confirmed an increasing trend of Ccl17 in the IDH1 
mutant tumors (Figure 22C), aligning with the sequencing data and correlating with the level 
of 2-HG produced in the IDH1 mutant. However, it is noteworthy that this trend was significant 
only for the R132G IDH1 mutant. 

Next, I performed IHC to visualize the presence of CCL17 in the tumor samples. The IHC 
staining provided a clear visual confirmation of trend for increased CCL17 in the IDH1 mutant 
samples (Figure 22D), corroborating the molecular data, with the all of the iCCA-specific IDH1 
mutants exhibiting an upregulation of this cytokine. 
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The integration of proteomic, genomic, and histological data points to a definitive 
upregulation of CCL17 in IDH1 mutant tumors. Given the earlier noted increase in  
FOXP3-positive Tregs in IDH1 R132C and R132G tumors and the known function of CCL17 in 
recruiting Tregs to tissue sites [303], [304], it is plausible that the upregulation of CCL17 
contributes to the immunosuppressive milieu in this context by significantly enhancing Treg 
recruitment. 

 

 
 
Figure 22. Immune modulation mediated by IDH1 mutants in TME of KRAS;TP53;IDH1 tumors. 
Z-score based heatmap illustrating the differences between IDH1 mutant samples and IDH1 WT counterparts.  
A. Analysis using Proteome Profiler Mouse Cytokine Array on supernatants from KRAS;TP53;IDH1-tumor-derived 
cell lines, B. RNA-seq results derived from samples from KRAS;TP53;IDH1-tumor. C. Assessment of Ccl17 level 
evaluation via qPCR from KRAS;TP53;IDH1 samples. Each data point signifies an individual mouse.  
* = p ≤ 0.05 (one-way ANOVA with post hoc Tukey’s test). D. IHC evaluation highlighting CCL17 presence in 
KRAS;TP53;IDH1 tumor samples, left: representative images of tumor samples, right: corresponding 
quantification. Each data point represents a field of view, * = p ≤ 0.05, ** = p ≤ 0.01 (one-way ANOVA with post hoc 
Dunnett’s test). 

 
The take-home message from this section of the study is the identification of CCL17 as 

a potentially key player in the immunosuppressive environment of IDH1 mutant tumors, which 
could be a target for therapeutic intervention.  

Such detailed analysis is essential to unveiling novel treatment strategies by delving 
into the therapeutic vulnerabilities driven by 2-HG. This approach not only opens the door to 
innovative therapies but also emphasizes the nuanced interplay between genetic mutations 
and the immune environment, paving the way for precision medicine in iCCA treatment. 
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4.5.  IDH1 mutations in tumorigenesis: genomic to functional insights 
 

4.5.1. Beyond major players: IDH1 and its partners in iCCA 
 

My research also focused on unraveling how IDH1 mutations interact with other 
genetic alterations in driving or modulating iCCA progression, thereby dissecting their roles in 
2-HG driven tumorigenesis. To this end, I utilized the cBioPortal, an open-access platform for 
exploring multidimensional cancer genomics data. This resource aggregates data from 
consortium projects and individual studies, enabling analysis of genetic correlations and 
patient outcomes. 

The analysis conducted on patient data through cBioPortal revealed an expected co-
occurrence between KRAS and TP53 mutations [305], which are also well-established drivers 
of iCCA in murine models [262]. However, in human datasets, IDH1 mutations appeared to be 
mutually exclusive with these, suggesting a potential functional redundancy (Table 15). 
Additionally, IDH1 mutations showed a tendency to co-occur with mutations in AT-rich 
interactive domain-containing protein 1A (ARID1A), BAP1, and Protein polybromo-1 (PBRM1) 
(Table 15 and Figure 23A), indicating potential cooperative roles in iCCA progression [305]. 

 
Table 15. Genomic associations: decoding the interactions in iCCA. 
Analysis based on data from cBioPortal based on query combining available iCCA cases (collectively 782): JHU, 
Nat Genet 2013; MSK, Clin Cancer Res 2021; MSK, Hepatology 2021; Mount Sinai 2015; Shanghai, Nat Commun 
2014.   

log2 odds ratio p-value q-value tendency 

KRAS TP53 1.378 0.001 0.006 co-occurrence 

IDH1 TP53 -1.175 0.007 0.021 mutual exclusivity 

IDH1 KRAS -0.595 0.383 0.466 mutual exclusivity 

IDH1 ARID1A 0.734 0.054 0.102 co-occurrence 

IDH1 BAP1 0.371 0.392 0.466 co-occurrence 

IDH1 PBRM1 0.414 0.404 0.466 co-occurrence 

 
Addressing the discrepancies between mouse model findings and human genomic 

signatures, my study has evolved from solely focusing on the KRAS;TP53 model to developing 
models that more accurately mirror the genomic traits seen in human iCCA cases with IDH1 
mutations. This involves integrating IDH1 mutations with oncogenic events from human 
datasets or those known to drive iCCA in mice, thereby enhancing the insights gained from the 
KRAS;TP53 model. 
 

4.5.2. Mimicking patient-specific genomic patterns 
 

With the goal of mimicking the genetic landscape of human iCCA, I created models that 
combined IDH1 (either WT or R132C) with alterations in Pbrm1, Arid1a, and Bap1 utilizing 
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CRISPR/Cas9 system via HTVi. Surprisingly, this combination did not lead to any tumor 
formation within an 18-month period (data not shown).  

In an attempt to increase the oncogenic potential, I introduced additional mutations, 
namely disruption of either Tp53 or Pten (Phosphatase and tensin homolog). Notably, Pten 
disruption resulted in hepatomegaly which emerged after about 40 weeks, overshadowing any 
discernible effect of Idh1 mutation (Figure 23B), which was evidenced by the lack of difference 
in survival of tumor-bearing mice and the histology of livers from these animals. 

 

 
 
Figure 23. Comparative analysis of survival and histopathology in distinct iCCA mutations. 
A. Mutation prevalence in selected genes associated with iCCA, cBioPortal, iCCA cohort (MSK, Hepatology 2021), 
412 samples. B. Left: Kaplan-Meier survival curve for ARID1A;BAP1;PBRM1;PTEN;IDH1 tumor-bearing mice, right: 
representative histopathological H&E images from the cohort, scale bar: 300 μm. C. Left: Kaplan-Meier survival 
curve for ARID1A;BAP1;PBRM1;TP53;IDH1 tumor-bearing mice, right: representative histopathological H&E 
images from the cohort, scale bar: 300 μm. 

 
Introducing the Tp53 gene disruption resulted in tumor growth after roughly 20 weeks, 

but these tumors, specific to the IDH1 R132C condition, presented in the lumbar region and 
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resembled chondrosarcoma (Figure 23C). While the role of IDH1 R132C in chondrosarcoma is 
established [132], this was not the primary focus of my iCCA-centered research.  

The results highlighted the unpredictability of genetic interactions in oncogenesis. 
Despite advanced genetic tools, replicating the complex interplay of mutations found in human 
cancer remains a challenging endeavor. This underscores the need for continuous refinement 
of experimental models to better understand and mimic the genomic landscape of iCCA. 

 

 
 
Figure 24. Disruption of expected cyst formation in mice bearing NICD;AKT;IDH1 tumors. 
A. Schematic representation of the HTVi experimental setup. B. Survival rates of mice bearing NICD;AKT;IDH1 
tumors. C. Representative images of obtained tumors. Top: brightfield, middle: H&E, bottom: NICD; scale bar: 300 
μm. D. Western blot analysis of NICD;AKT;IDH1 tumor tissue samples. 

 

4.5.3. Investigating alternative murine iCCA models in vivo beyond KRAS;TP53 
 

To further explore the role of IDH1 mutations in iCCA, I investigated their interplay with 
the NOTCH and AKT pathways, well-established oncogenic precursors to CCA in mouse models 
[306]. The method involved using a HTVi to introduce a combination of Notch Intracellular 
Domain (NICD), the constitutively active form of AKT, myristoylated AKT, and either IDH1 
(either WT or R132C) into mice (Figure 24A). This combination was expected to induce cyst 
formation, a precursor to tumor development. There was no difference in survival rates 
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between mice with IDH1 WT and IDH1 R132C when combined with NICD and AKT, as all of 
them were sacrificed 10 weeks after HTVi (Figure 24B).  
 

 
 
Figure 25. Influence of NICD overexpression on KRAS;TP53;IDH1 tumor derived cells. 
A. Representative images portraying viability of KRAS;TP53;IDH1 tumor-derived cell lines upon NICD 
overexpression. B. Quantitative assessment of cell viability, denoted as a fold change relative to the baseline set 
by empty vector (EV) transduction. C. WB analysis highlighting NICD and HES1 expression shifts following NICD 
overexpression in KRAS;TP53;IDH1 cell lines. 

 
A notable finding in this model was the unexpected tumor morphology.  

The NICD;AKT;IDH1 WT tumors developed as anticipated, with the liver being populated  
by cysts. In contrast, the NICD;AKT;IDH1 mutant tumors exhibited a morphology  
resembling that typically seen in AKT-only tumors. This was particularly striking as the 
histological analysis revealed a complete absence of cyst formation in the NICD;AKT;IDH1 
mutant group (Figure 24B&C).  

To further understand these results, I validated the expression of NICD. IHC and WB 
analyses showed that NICD, and its downstream target HES1 [307], were absent in the 
NICD;AKT;IDH1 R132C tissue samples. This finding suggests that the expression of  
IDH1 R132C and/or the accumulation of 2-HG may be mutually exclusive with NICD expression 
(Figure 24C&D), which could explain the absence of the cyst formation.  

Moreover, I attempted to replicate the in vivo conditions in vitro by acquiring tumor-
derived cell lines from NICD;AKT;IDH1 tumors. However, this proved unsuccessful, as the 
unique cystic morphology was only observed in the context of IDH1 WT, leaving no 
comparative baseline for the mutant condition. 

Adapting to these challenges, I utilized KRAS;TP53;IDH1 tumor-derived cell lines, 
transducing them with a vector carrying the NICD overexpression cassette. This experiment 
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focused on the comparison between IDH1 WT and IDH1 R132C. The results were revealing: 
KRAS;TP53 cells with Idh1 mutation showed a reduced ability to form colonies upon NICD 
overexpression compared to their IDH1 WT counterparts (Figure 25A&B).  

While NICD overexpression's impact was evident in this context, and NICD 
overexpression was validated in all KRAS;TP53 cell lines, discerning a consistent pattern of NICD 
target expression proved challenging. For instance, HES1, used as a representative example, 
did not show a clear expression pattern (Figure 25C). This suggests the possibility of 
compensatory mechanism or a disruption in the NOTCH signaling pathway. 

Overall, these results indicate an unforeseen and complex interaction between IDH1 
mutations and key oncogenic pathways, influencing tumor morphology and cellular behavior, 
and potentially altering the course of iCCA progression. 
 

4.6.  Exploring vulnerabilities of IDH1 mutant iCCA 
 

Recognizing the hallmark characteristics of IDH1 mutations in certain iCCAs, there 
exists a strategic opportunity to target this unique genetic signature in tumor cells, while 
aiming to preserve normal tissue. Driven by this hypothesis, I designed a series of experiments 
to address this from different angles.  

 

4.6.1. Decoding 2-HG-driven genetic dependencies 
 

To understand the unique vulnerabilities introduced by IDH1 mutations in iCCA,  
I sought to decode the genetic dependencies driven by the 2-HG. Utilizing the DepMap portal 
database, a repository of large-scale genetic datasets, I identified genes whose suppression or 
loss leads to detrimental effects on cancer cell viability specifically present or notably 
intensified in the presence of 2-HG.  

 

 
 
Figure 26. Unraveling 2-HG driven genetic dependencies in iCCA cell lines.  
A. Schematic representation of the experimental process employed to uncover genetic dependencies influenced 
by the presence of 2-HG. B. Comparative analysis of dependency scores in iCCA cell lines harboring IDH1 
mutations (SNU1079 and RBE) in comparison to the IDH1 WT control (HuCCT1). 
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The study focused on two human iCCA cell lines, SNU1079 and RBE, each harboring 

distinct IDH1 mutations (IDH1 R132C and IDH1 R132S, respectively). These mutations endow 
the cells with the capability to produce 2-HG, rendering them perfect subjects for this 
investigation [308].  

Dependency scores in CRISPR/Cas9 loss-of-function screens signify the importance of 
genes for cell survival or growth. A negative score indicated a gene’s critical role, with a 
threshold of -0.5 marking significant cell dependency (Figure 26A). This filtering criterion 
narrowed the gene list to 265, which was further refined to 92 after excluding genes also 
essential to the iCCA IDH1 WT cell line (HUCCT1) [309].  

A pivotal criterion in this selection was the enrichment of these genes in liver-
associated lineages, which ensured that the candidate targets were pertinent to liver tumors, 
thus enhancing the translational potential of my findings. This rigorous process spotlighted 
nine primary candidate genes for deeper exploration (Figure 26B). Experimental validations 
prompted a particular focus on AHCYL1 (Adenosylhomocysteinase hydrolase-like protein 1), 
TNS3 (Tensin 3), ITGAV (Integrin alpha V), and ITGB5 (Integrin subunit beta 5). 

To place these genetic dependencies in the context of gene expression, RNA-seq data 
was analyzed, which revealed an upregulation of the candidate genes in KRAS;TP53; 
IDH1 R132C tumors (Figure 27A). To determine if this analysis could be applicable to a murine 
in vivo system and to further elucidate the functional consequences of these genes within the 
context of the KRAS;TP53;IDH1 model, competition assays were conducted.  
 

 
 
Figure 27. Insight into gene expression patterns and perturbation effects in KRAS;TP53;IDH1 tumors. 
A. Z-score heatmap visualization of expression patterns of nine candidate genes in KRAS;TP53;IDH1 WT and 
mutant tumors. B. Representative competition assay results following the CRISPR/Cas9-mediated disruption by 
two independent sgRNAs targeting a specific candidate, assays are performed in two distinct KRAS;TP53;IDH1 WT 
(top) and IDH1 R132C (bottom) primary tumor-derived cell lines; sgRosa26 and sgRpa3 are used as negative and 
positive controls, respectively. 
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Figure 28. Assessing genetic dependencies: effects of candidate gene deletion on viability of 2-HG producing cells. 
Colony formation assay results for SNU1079, RBE, HT1080 and primary tumor-derived KRAS;TP53;IDH1 WT and 
R132C cells upon CRISPR/Cas9-mediated knock-out of A. TNS3 and AHCYL1 (Tns3 and Ahcyl1 for murine cell lines), 
B. ITGAV and ITGB5 (Itgav and Itgb5 for murine cell lines).  
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These assays entailed mixing GFP-positive CRISPR/Cas9-edited tumor-derived cells with 
unedited parental cells to track competitive growth dynamics. However, these assays did not 
demonstrate significant growth differences between primary tumor-derived IDH1 R132C cell 
lines and their IDH1 WT counterparts (Figure 27B). 

Seeking to reconcile these findings with the DepMap analysis, I proceeded to evaluate 
the impact of gene disruptions on cell viability of established human cell lines whose data was 
used for the initial analysis, SNU1079 and RBE, through colony formation assays. Additionally, 
I incorporated HT1080, a chondrosarcoma cell line with the same IDH1 mutation as SNU1079 
[155] to provide insights into the broader implications of 2-HG accumulation beyond just iCCA. 
Furthermore, murine tumor-derived iCCA cell lines from KRAS;TP53;IDH1 tumors were also 
maintained in this experiment. 

Intriguingly, CRISPR/Cas9-mediated knock-outs of TNS3 and AHCYL1 led to reduced 
viability in both SNU1079 and RBE cell lines, underscoring their potential as therapeutic targets 
(Figure 28A). Conversely, for ITGAV and ITGB5 I noted reduced viability of SNU1079 but not 
RBE cells (Figure 28B). I found that HT1080 remained unaffected by the disruption of TNS3 and 
AHCYL1 but exhibited sensitivity to disruption of ITGAV and ITGB5. This suggests that, despite 
sharing the IDH1 mutation with SNU1079, HT1080 cells may have distinct cellular mechanisms 
or pathways influenced by these genes.  

Furthermore, when considering all four candidate genes (Tns3, Ahcyl1, Itgav, and 
Itgb5), it became evident that there were no marked differences in the effects of gene  
knock-outs when comparing IDH1 R132C cell lines with IDH1 WT counterparts. 

These experiments emphasize that the presence and accumulation levels of 2-HG in 
different cellular contexts can lead to varied effects, influenced by a complex interplay of 
genetic, epigenetic, and metabolic factors. This variability points to the intricate and nuanced 
nature of cellular responses to 2-HG, highlighting the necessity for a thorough investigation 
into how these factors collectively shape the biological outcomes in different cell types and 
conditions. 

In summary, my research into iCCA cell lines highlights AHCYL1, TNS3, ITGAV, and ITGB5 
as potential therapeutic targets, underlining the importance of cellular context in refining 
cancer therapy strategies and advancing targeted treatment development. 
 

4.6.2. Immunotherapeutic potential: harnessing IDH1 mutants in iCCA  
 

This study phase focused on the potential of immunotherapy to target IDH1 mutations 
in iCCA, specifically exploring the use of IDH1 mutants' unique neoantigen properties for 
developing cancer vaccines.  

Collaborating with Michael Platten's team at the DKFZ, I employed synthetic peptides 
to activate dendritic cells [310], aiming to produce T- and B-cells targeting cancer cells [311], 
building on previous work on IDH1 R132H mutant tumors of central nervous system  
[231], [312].  
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Figure 29. Assessing the efficacy and impact of R132G vaccination on IDH1 mutant tumors. 
A. Analysis of mutation-specific IFN-γ response to IDH1 peptides post-vaccination of A2.DR1 mice with R132G 
peptide. Splenocytes were restimulated with indicated peptides (black: IDH1 WT, purple: IDH1 R132G, grey: 
DMSO as a vehicle control, and light grey: PMA with ionomycin as a positive control). Left: quantification of ELISpot 
analysis, normalized against MOG control, an unspecific peptide. Each bar represents a single mouse. Error bars 
represent mean + standard deviation from technical replicates, right: visualization of representative results from 
ELISpot of an A2.DR1 R132G vaccinated mouse. B. Experimental workflow for preventive vaccination with the 
R132G peptide vaccination, followed in experiment A: by HTVi injection of the KRAS;TP53;IDH1 WT or 
KRAS;TP53;IDH1 R132G cocktail, and in experiment B: by subcutaneous injection of A.2DR1 KRAS;TP53;IDH1 
tumor-derived cells. C. Kaplan-Meier survival curve for R132G-vaccinated KRAS;TP53;IDH1-tumor bearing mice. 
D. Growth curves of flank tumors of R132G- and sham-vaccinated KRAS;TP53;IDH1 R132G-tumor bearing mice. 
Each line represents an individual flank tumor. 
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In this experimental model, A2.DR1 mice, which express human-like MHC I and II 

molecules, were immunized with iCCA-specific IDH1 peptides exhibiting structural 
resemblance to the IDH1 R132H prototype, because they only differed in the amino acid 
sequence at the R132 position, aligning with target mutations. These peptides were 
administered in a Montanide-ISA51 emulsion to enhance the immune response [313], followed 
by booster doses to fully prime the immune system. The immune response was measured 
using the ELISpot assay, which quantifies IFN-γ production by splenocytes after ex vivo 
stimulation with the peptides.  

Among the tested peptides, the R132G peptide emerged as particularly notable, 
eliciting a strong, consistent and specific immune response compared to stimulation with the 
IDH1 WT peptide, suggesting its potential as an iCCA-specific immunogenic epitope  
( 

Figure 29A).  
Following the protocol established by Schumacher et al. [231], I tested the efficacy of 

the R132G peptide in a preventive vaccination setup combined with the HTVi model  
( 

Figure 29B, experiment A). However, the peptide did not confer the expected 
protection to mice bearing KRAS;TP53;IDH1 R132G tumors after preventive vaccination, 
despite its promising ex vivo efficacy. The survival of both IDH1 mutant and WT tumor-bearing 
mice was approximately 7 weeks ( 

Figure 29C). 
Acknowledging the liver’s unique immune-privileged status [314], which could have 

dampened the immune response and affect the efficacy of immunotherapy [315], I adapted 
the experimental approach. Instead of the HTVi method, I administered KRAS;TP53;IDH1 
R132G tumor-derived cells from A2.DR1 subcutaneously after the preventive vaccination 
protocol ( 

Figure 29B, experiment B). This modification, however, did not alter the outcome; the 
R132G peptide still did not demonstrate the anticipated in vivo immunogenicity and was not 
able to prevent or inhibit tumor growth of KRAS;TP53;IDH1 R132G in comparison to the sham 
control ( 

Figure 29D).  
In summary, the investigation into the immunotherapeutic potential of IDH1 mutants 

in iCCA revealed a promising avenue through the R132G peptide's immunogenic response. Yet, 
the complexity of the liver's (immune) environment and the challenges of translating ex vivo 
efficacy to in vivo effectiveness became apparent. These findings, while not conclusive, provide 
direction for future research and underscore the need for continued exploration and 
refinement of strategies.
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5. Discussion 
 
IDH1 mutations are pivotal in several cancer types, notably in iCCA [132]. These 

mutations are the most prevalent genetic alteration in iCCA, leading to the abnormal 
production of 2-HG [316], which has been shown to play a significant role in cancer 
development and progression [132]. While iCCA is relatively rare, occurring in a limited number 
of individuals annually [317], its incidence is increasing [318], [319], [320]. Despite it, treatment 
options for iCCA remain limited [120], [123], underscoring the critical need for targeted 
therapies and further research in this area. 
 

5.1.  Influence of Idh1 mutations on iCCA histopathology 
 

Examining various IDH1 mutations in a background of altered KRAS and Tp53 genes,  
I found that iCCA-specific mutations (R132C, R132G, R132L) led to high 2-HG production, while 
the R132H mutation yielded moderate levels of this oncometabolite. This finding is crucial as 
increasing 2-HG levels seemed to dictate the phenotype in KRAS;TP53;IDH1 cohort.  

Firstly, high level of 2-HG in IDH1 R132C and R132G mutant tumors were correlated 
with shorter survival times in mice, in contrast to their IDH1 WT counterparts. Conversely, the 
R132H mutation, which resulted in moderate 2-HG levels, was not associated with such drastic 
survival reduction.  

This pattern of 2-HG production was observed in both serum and tumor protein 
extracts, consistent with previous research on mutant IDH1 catalytic activity [228]. The 
literature also supports the association between IDH1 mutations in iCCA and the detection of 
2-HG in plasma [321] and serum [322], where its levels are indicative of early disease 
progression.  

The clear link between the increased production of 2-HG and reduced survival in the 
KRAS;TP53 cohort, highlights the importance of 2-HG as a potential biomarker for iCCA. 
Further, it suggests that monitoring 2-HG levels in blood could be a less invasive, yet practical 
approach for early detection, continuous monitoring, and evaluating therapeutic responses. 

Furthermore, my results pointed to enhanced kinetochore metaphase signaling in IDH1 
mutants, as identified through RNA-seq analysis, suggesting a potential mechanism for the 
aggressive nature of these tumors. This finding is consistent with the known characteristics of 
rapidly proliferating tumors [278], [279]. Moreover, the elevated expression level of 
proliferation marker observed in IDH1 R132C and R132G mutants via phospho-H3 staining 
underscore the pivotal role of 2-HG in influencing tumor behavior and survival outcomes in 
these tumors characterized by high 2-HG accumulation.  

Interestingly, IDH1 R132C mutants, in comparison to IDH1 WT, exhibited increased 
levels of phospho-H2A.X, highlighting a significant difference in DNA damage response 
between the IDH1 mutant and WT forms in this context. The decrease in G2/M damage 
checkpoint regulation observed in the RNA-seq data may indicate a mechanism through which 
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IDH1/2 mutations contribute to tumor aggressiveness and poor prognosis, hinting at possible 
DNA damage checkpoint evasion, genomic instability, and accelerated proliferation of DNA-
damaged cells [221], [323]. This aspect is particularly noteworthy as it aligns with previous 
results regarding the contribution of these mutations to genomic instability in iCCA [324]. 
Additionally, IDH1/2 mutations are linked with enhanced hypermethylation at specific genomic 
loci, potentially contributing to the genomic instability observed in iCCA [325]. 

Overall, the impact of IDH1 mutations on cancer proliferation and progression is 
complex and highly context-dependent. While Wang et al. [173] demonstrated that IDH1/2 
mutations correlate with better outcomes in iCCA, this may be misleading due  
to the grouping of IDH1 and IDH2 mutations. In contrast, other studies [130], [326], [327], 
[328], [329], [330] and Molenaar et al.’s meta-analysis [331] strongly suggest the  
necessity of analyzing IDH mutations independently, revealing no significant correlation 
between IDH1 mutations alone and clinical outcomes like overall survival (OS) and  
progression-free survival (PFS). Additionally, the frequency of IDH1 mutations differs in fluke-
infected versus non-infected iCCA patients, further indicating environmental factors' role in 
disease outcomes [128], [332]. 

In case of chondrosarcomas, both IDH1 and IDH2 mutations, particularly the prevalent 
IDH1 R132C mutation, are consistently associated with worse OS compared to WT IDH [333], 
[334]. This fact underlines the importance of differentiating between IDH1 and IDH2 mutations 
in cancer studies to accurately assess their impact.  

In contrast, IDH mutations in gliomas are associated with better patient outcomes,  
with longer OS and PFS, regardless of the tumor grade [167], [211], [335], [336], [337], [338], 
[339], [340], [341], [342], [343], [344]. However, it is particularly notable that secondary 
glioblastoma, a more aggressive brain tumor, often develops from lower-grade gliomas  
that frequently harbor IDH mutations [345]. This difference could be attributed to the  
specific IDH1 R132H mutant in gliomas, which is known for lower 2-HG production  
compared to iCCA-specific mutations, thus emphasizing the distinctive and nuanced role of  
2-HG levels. 

It is important to note that the influence of IDH1 R132C and R132G mutant effects on 
iCCA progression might be more straightforward to assess in the KRAS;TP53 model, as  
this model reduces the number of confounding factors such as external risk factors  
or preexisting inflammatory conditions. This focus on a direct comparison of mutations 
provides clarity in understanding their individual impacts, but it also means that it might  
not be capturing the full complexity of iCCA progression. Considering the various factors  
that can influence disease outcomes in iCCA underscores the complexity of its  
progression, particularly in relation to IDH1 mutations. 

In conclusion, broadly generalizing different IDH1 mutations in iCCA could  
potentially obscure their individual impacts on tumor progression, as aptly emphasized by 
Grassian et al. [346]. Differentiating between mutation types (R132C, R132G, R132L, etc.) is 
imperative for understanding their specific effects and developing effective treatments. 
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5.2.  Idh1 mutations and the induction of hypermethylation state in iCCA 
 

The role of 2-HG in inhibiting α-KG-dependent dioxygenases, impacting TET enzymes 
and histone demethylases [156], [316], [210], [347], [348], leads to hypermethylation in both 
histones and DNA [156], [210]. This process is crucial, as it can alter regions governing cellular 
functions.  

In the KRAS;TP53 cohort, IDH1 mutants showed marked hypermethylation, where 
almost all DMRs showed increased methylation. This finding aligns with Wang et al., who found 
that IDH1 mutations in iCCA are correlated with hypermethylation patterns. They also 
observed that methylation patterns in iCCA are similar to those found in gliomas [349], 
speculating that the divergent target genes in “different tumor types may reflect differences 
in chromatin modifications or accessibility to TET dioxygenases between distinct mature cell 
lineages”.  

The distribution of DMRs across chromosomes in KRAS;TP53 IDH1 mutant tumors 
illustrates a global epigenetic alteration, a common feature in many cancers [350]. These 
changes can simultaneously affect multiple genes and pathways, adding to cancer's complexity 
and heterogeneity.  

Promoter region methylation, making up 45% of DMRs, typically suppresses gene 
transcription, impacting various cellular processes [351], [352] and tumor progression via 
silencing of tumor suppressor genes [353], [354], [355]. Conversely, the remaining 55% of 
DMRs outside promoter regions, including 17% in distal intergenic areas, may shape chromatin 
architecture and affect gene expression over large genomic areas [356]. Gene body 
methylation, representing almost 21% of DMRs, can modulate gene expression and splicing 
patterns, leading to diverse mRNA and protein isoforms [357], [358], [359], [360]. Additionally, 
over 13% of DMRs in the first intron may interfere with promoter functionality and splicing, 
adding complexity to gene regulation and expression outcomes [356], [359], [360], [361]. 
These methylation patterns suggest a complex impact on gene expression and functionality in 
IDH1 mutants, ranging from direct transcriptional repression to subtler effects on gene 
functionality. 

The influence of 2-HG influence extends also to histone methylation, affecting key 
epigenetic markers like H3K9me3 and H3K27me3 [276], [277], as they are pivotal for cell fate 
decisions and differentiation, are known to be affected by 2-HG accumulation [217], [274], 
[275]. I observed H3K9me3 and H3K27me3 accumulation in IDH1 mutant tumor-derived 
primary cells, but no differences in tumor samples from KRAS;TP53;IDH1 tumors. The 
differences between in vivo and in vitro highlight the challenges of studying oncometabolites 
in the tumor microenvironment. 

While I have identified distinct methylation landscapes in mutant IDH1 versus WT IDH1 
tumors, further research is necessary to fully grasp these changes and their impact on cellular 
pathways and tumor behavior. Nonetheless, this supports existing knowledge about 2-HG-
induced hypermethylation and underscores potential therapeutic strategies targeting these 
epigenetic alterations. 
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5.3.  The role of 2-HG as differentiation modulator in iCCA 
 

Using HTVi and the Sleeping Beauty Transposon, my study expanded upon  
O'Dell et al.’s iCCA model [262], highlighting the role of IDH1 mutants in liver cancer. Of note, 
the HTVi approach targets primarily hepatocytes [74], [77] which is a crucial aspect especially 
when considering the cellular origin of iCCA. 

Examining KRAS;TP53;IDH1 tumors created using this method, I have observed notable 
histological changes in IDH1 mutant tumors compared to IDH1 WT counterparts, particularly 
in glandular structures and stromal responses. These changes correlate with increased KRT19, 
indicating a shift towards cholangiocytic characteristics in all IDH1 mutant tumors. This 
supports the notion that 2-HG impairs cellular differentiation, leading to neoplasms from 
dysfunctional precursor cells [362], [363], [364]. It also contributes to the growing body of 
knowledge challenging the traditional view that only hepatocytes lead to HCC and 
cholangiocytes to iCCA [91], [93], [365]. 

Furthermore, notable upregulation of not only KRT19 but also SOX9 suggests significant 
cellular reprogramming, indicative of hepatic lineage switching where hepatocytes may 
transform into cholangiocytic-like cells, leading to iCCA [366], [367], [368]. This also aligns with 
existing research indicating that liver cancer can initially form as undifferentiated tumors 
which, upon specific perturbations such as modifying expression of APC and NICD, can evolve 
into forms like HCC or iCCA, respectively [365].  

Thus, the presence of IDH1 mutants and the subsequent accumulation of 2-HG appear 
to be key drivers in the cellular transformation from hepatocytes to the cholangiocytic lineage, 
offering insight into the development process of iCCA. Of note, this phenomenon was observed 
in all mutant IDH1 tumors independently of the specific type of Idh1 mutation they possessed, 
suggesting that even moderate levels of that oncometabolite can introduce a phenotype 
switch towards cholangiocytes. 

While there was a significant correlation between the presence of 2-HG and the 
upregulation of KRT19 and SOX9 in all KRAS;TP53;IDH1 tumors, an inverse trend was noted for 
HNF4α, albeit it was not significant. This partially aligns with a previous study demonstrating 
that IDH2 and 2-HG inhibit liver progenitor cell differentiation and promote tumor metastasis 
[186]. It is important to note that this paper primarily analyzed the effects of the IDH2 R140Q 
mutant, which has been shown to be less catalytically active than even IDH1 R132H [369]. The 
latter is known for producing moderate levels of 2-HG compared to iCCA-specific mutations.  

These observations hint at a complex interplay of 2-HG with cellular processes, with  
its concentration dictating divergent paths in cancer development. A gradient effect  
could be postulated – where lower concentrations of 2-HG potentially inhibit hepatocytic 
differentiation, but as the levels of 2-HG escalate beyond a certain threshold, the inhibition of 
hepatocytic differentiation diminishes due to the robust upregulation of cholangiocytic lineage 
expression markers. 

Building on research linking 2-HG-induced methylation to cellular differentiation [204], 
[346], [370], I also explored the potential mechanistic link between 2-HG accumulation, DNA 
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hypermethylation, and phenotypic changes in KRAS;TP53;IDH1 tumor development. Despite 
2-HG being a known inhibitor of TET2 activity [371], my study using CRISPR/Cas9 disruption of 
Tet2 and/or Tet1 in combination with KRAS;TP53 background did not reveal strong interactions 
between Idh1 mutations, Tet gene disruption, and tumor phenotypes, challenging the initially 
hypothesized mimicking of 2-HG-induced phenotype in such a context. 

Notably, the only significant phenotypic change was in Tet1&Tet2-disrupted tumors 
where KRT19 expression was increased, suggesting a shift towards a cholangiocytic trait. This 
implies that increased DNA methylation alone may not fully replicate the 2-HG-driven 
phenotype. 

Additionally, literature indicates that 2-HG and mutant IDH expression can enhance 
repressive histone methylation, hindering cellular differentiation or triggering 
dedifferentiation in cancer models [33], [44], [61]. This mechanism might explain the 
hepatocytic characteristics observed in this study, though significant differences related to 
methylation marks associated with 2-HG accumulation were noticeable primarily in the context 
of primary tumor-derived cell lines and not in tumor tissue itself. It is essential to recognize 
that the specific process of transdifferentiation in the setting of IDH mutation is still not fully 
understood. 

Interestingly though, mutant IDH1 R132C has been shown to promote cartilage 
differentiation in mesenchymal stem cells but inhibits osteogenic properties, potentially 
contributing to the lack of osteosarcomas with this mutation, preferentially forming 
chondrosarcomas [372].  

This research underscores the importance of understanding tumor-driven cellular 
differentiation changes for therapeutic applications [373], [374], [375], [376] and reveals how 
mutant IDH1 and/or 2-HG accumulation disrupt cellular differentiation in liver cancer, 
indicating that 2-HG-induced hepatocytes can undergo transformation into cholangiocytic-like 
tumor cells in vivo. The dual impact of 2-HG on both hepatocytic and cholangiocytic marker 
expression highlights its complex and pivotal role in cancer progression, where its 
concentration-dependent effects have far-reaching implications for tumor development and 
behavior, specifically by focusing on the underlying mechanisms of cellular transformation and 
lineage determination. 
 

5.4.  2-HG accumulation and its effects on the glycosylation landscape in iCCA 
 
In the KRAS;TP53;IDH1 model, significant morphological differences between IDH1 WT 

and mutant tumor samples, particularly robust stromal reactions and complex glandular 
morphologies, are linked to altered glycosylation processes. I have observed consistent 
upregulation of glycosylation-related molecules such as carbohydrates, mucins, GAGs, and 
particularly sulfated GAGs in mutant IDH1 samples. 

Glycosylation, a crucial post-translational modification, involves the attachment of 
carbohydrates to proteins or lipids, leading to the formation of glycoproteins and 
proteoglycans, such as mucins and GAGs, respectively [377], [378]. These complex molecules 
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play pivotal roles in various cellular functions, including signaling, adhesion, and facilitating cell-
cell and cell-matrix interactions, processes crucial for tumor growth and metastasis [187], 
[378], [379], [380], [381], [382], [383], [384], [385], [386], [387], [388], which are potentially 
upregulated in IDH1 mutant tumors.  

RNA-seq data supports this, indicating an increase in GAG biosynthesis, especially 
chondroitin and heparan sulfates. These sulfates are essential components of the ECM in 
context of liver cancer and play critical roles in cell signaling, adhesion, growth, and the 
remodeling of the TME [389], [390].  

Interestingly, the upregulation of glycosylation-associated processes was observed only 
in iCCA-specific IDH1 mutants (R132C, R132G, R132L) but not IDH1 R132H which points to 
mutation-specific effects on glycosylation pathways, potentially due to variations in enzymatic 
activity or metabolic byproducts of these mutations. While specific research linking 2-HG 
directly to glycosylation changes in iCCA is limited [391], the well-documented influence of  
2-HG on metabolic pathways in cancer [392], [393], [394], and of metabolic changes on 
glycosylation [395], [396], [397], [398] suggests a possible indirect association. 

The impact of 2-HG on glycosylation processes could potentially explained by  
its capability to inhibit α-KG-dependent enzymes. Specifically, Fe(II)/α-KG-dependent-
hydroxylases, as referenced in the work of Simmons et al., may influence glycosylation by 
modulating nucleotide sugar metabolism [399]. This modulation affects the availability of sugar 
substrates for glycosylation, indirectly influencing glycosylation processes in cells. On the other 
hand, α-KG-dependent dioxygenases, as explored by Jia et al., may also modulate glycosylation 
through protein hydroxylation, affecting protein structure and function, thus altering 
glycosylation patterns and related enzymatic activities [400]. 

The altered enzymatic function of mutant IDH1 may also have broader metabolic 
repercussions, hypothetically increasing the availability of metabolic intermediates necessary 
for glycosylation processes. Grassian et al. highlight the role of IDH1 mutations in shifting citric 
acid cycle dynamics, potentially impacting glycosylation via altered energy states and precursor 
availability [401]. Elevated glucose metabolism in mutant IDH1 cells, as shown by Fujiwara et 
al., suggests an increased substrate availability for glycosylation due to a surplus of glucose-
derived sugar moieties [402].  

Furthermore, the disruption of NADPH homeostasis due to the synthesis of 2-HG by 
IDH1 mutants, as noted by Gelman et al., could affect the pentose phosphate pathway, crucial 
for nucleotide sugar metabolism and thus essential for glycosylation processes [403]. 
Concurrently, alterations in glutamine metabolism, as indicated by Reitman et al., could 
influence glycosylation substrate pools, particularly affecting UDP-N-acetylglucosamine 
synthesis [404]. These metabolic effects could be the underlying cause of altered glycosylation 
processes in iCCA-specific IDH1 mutant samples.  

In conclusion, these findings highlight a clear link between IDH1 mutants and 
emergence of aberrant glycosylation processes in this iCCA model, affecting the tumor's 
architectural features. This underscores the potential role of glycosylation in shaping both 
biochemical and physical aspects of the TME, impacting cellular functions, and influencing 
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tumor growth and metastasis. These insights emphasize the importance of glycosylation 
patterns as critical diagnostic and prognostic markers [388], [405], [406], [407], underscoring 
their potential utility in IDH1-mutant iCCA.  

 

5.5.  Idh1 mutation affects tumor microenvironment 
 

5.5.1. 2-HG as driver of fibrotic stroma formation 
 
One of the striking findings is the marked increase in stromal populations in the 

KRAS;TP53 tumors with IDH1 iCCA-specific mutations compared to their IDH1 WT 
counterparts. This is evidenced firstly by the elevated abundance of fibroblastic signature on 
the RNA level and further confirmed by a significant upregulation in the expression of markers 
of activated fibroblasts and myofibroblasts, α-SMA [283] and DES [282], respectively. 

Research indicates that hepatic stellate cells (HSCs) in the liver, when activated, can 
differentiate into fibroblasts, leading to a proliferation of contractile and fibrogenic cells that 
significantly impact cancer progression [408]. Further studies attributed an important role to 
HSCs in promoting cholangiocarcinoma cells through cytokine-dependent pathways, also 
indicating their potential transition into activated fibroblasts [409], [410]. Additionally, the 
interplay between HSCs and myofibroblasts in promoting tumorigenesis in the liver has been 
documented [411]. In KRAS;TP53 IDH1 mutant tumors, an increased presence of α-SMA- and 
DES-positive cells suggests HSC differentiation into fibroblasts, highlighting TME complexities 
in iCCA. 

Furthermore, the transformation of fibroblasts into cancer-associated fibroblasts 
(CAFs) within iCCA is significant, marked by α-SMA and PDGFR-α expression [412].  
Co-culturing fibroblasts with iCCA cells can induce this transformation, promoting tumor 
growth [413]. The presence of CAFs contributes to increased proliferation, migration, and 
invasion of iCCA cells, and promotes tumor growth in mouse models [414], [415]. This 
transformation process is a key aspect of the iCCA TME, affecting disease progression and 
therapeutic outcomes, offering another perspective on the observed stromal phenotype in 
mutant IDH1 tumors. 

The enhanced expression of DES also points to an increase in myogenic fibroblasts. It 
has been shown that bile duct isolates can differentiate into myofibroblasts [416]. The increase 
in α-SMA and DES suggests a shift towards a more fibrotic stroma in the TME, which 
contributes to tumor stiffness [417]. In the liver environment, stiffness activates HSCs, driving 
their differentiation into myofibroblasts and in turn exacerbating liver fibrosis [418]. 
Additionally, fibrosis stimulates mesothelial cells to differentiate into myofibroblasts, adding 
another layer to the complexity of TME interactions [419].  

Considering the stronger α-SMA increase compared to DES in terms of fold-increase in 
IDH1 mutant KRAS;TP53 tumors in comparison to their IDH1 WT counterparts, one could 
speculate that 2-HG triggered upregulation of α-SMA-positive cells which leads to increased 
DES-positive cells as TME stiffness and fibrosis escalate. 
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Notably, the upregulation of α-SMA and DES was observed in iCCA-specific IDH1 
mutant tumors, but not in those with IDH1 R132H mutant. The divergent effects of 2-HG might 
be contingent on the cell of origin in the TME [420], or alternatively, a certain threshold of  
2-HG accumulation might be required to trigger the fibrotic stroma phenotype, a  
threshold not reached in IDH1 R132H mutants that produce only moderate levels of this 
oncometabolite.  

While the general influence of 2-HG on the TME has been documented in various 
cancers, and there is abundant evidence of fibrotic stroma development in iCCA, the specific 
link of 2-HG to the stromal phenotype in iCCA represents a novel finding. The enrichment of 
activated fibroblasts and myofibroblasts, combined with increased fibrosis, emphasizes the 
potential of targeting these stromal components. Targeting agents that can modulate the 
activity of fibroblasts or degrade fibrotic components may augment the effectiveness of other 
therapies, including immunotherapy [421]. 

A unique aspect in the KRAS;TP53;IDH1 model is the selective activation of stromal cells 
without increased vascularization, suggested by unchanged endothelial markers in the context 
of mutant IDH1. This highlights a distinct pathophysiological aspect of iCCA, where 2-HG affects 
TME without vascular changes. Understanding this selective activation could inform targeted 
treatments focusing on stromal components. However, the absence of angiogenesis might also 
be attributed to rapid tumor formation in the KRAS;TP53;IDH1 model. 

This research emphasizes the nuanced understanding of the TME in iCCA, particularly 
the role of 2-HG, and the potential of targeting stromal cells to improve therapeutic outcomes. 
Future studies should explore the long-term effects of stromal activation on angiogenesis and 
investigate targeted therapies disrupting fibroblasts' pathological contributions to iCCA 
progression. 
 

5.5.2. The role of 2-HG in extracellular matrix remodeling 
 

Proteomic analysis of ECM-enriched KRAS;TP53;IDH1 tumor samples revealed 
significant ECM composition changes in IDH1 mutant tumors. These alterations include  
notably upregulated pathways related to integrins, leukocyte extravasation, neutrophil 
activity, particularly in releasing NETs, and various interleukins when compared to IDH1 WT 
counterparts.  

A marked increase in neutrophil degranulation activities in these KRAS;TP53;IDH1 
mutant tumors along with the augmented presence of LY6G-positive cells suggests  
an intensified inflammatory response with profound effects on the ECM [422]. Notably, 
neutrophils can form NETs, which play a pivotal role in suppressing T-cell responses  
within the TME, thus promoting tumor growth via metabolic and functional exhaustion of 
these cells [423]. 

NETs also contribute to tumor cell proliferation, migration, and increased  
metastatic burden, particularly in hepatic metastases [424], [425], [426], [427]. The elevation 
in GM-CSF in IDH1 mutant tumors, associated with granulocyte differentiation [62],  
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potentially contributing to this observed phenotype. Additionally, IPA revealed an increase in 
immune activity in IDH1 mutant tumors, evidenced by a surge in interleukins such as IL-6, IL-8,  
and IL-13, which are known to play roles in inflammation and immune modulation [291], [295], 
[428], and a decrease in granzyme A signaling indicating impaired immune surveillance [429]. 

This inflammatory response, coupled with immunosuppression, mirrors dynamics seen 
in other cancers [430]. Chronic inflammation can also trigger HSCs to differentiate into 
myofibroblast-like cells [431], potentially explaining the fibrotic stromal phenotype exhibited 
by KRAS;TP53;IDH1 mutant tumors. 

Beyond that, 2-HG is also known to disrupt collagen maturation via inhibiting  
α-KG-dependent enzymes, leading to upregulated collagen isoforms and ECM remodeling 
[432], [433]. This results in ECM strengthening and simultaneous breakdown, characteristic of 
a rapidly evolving TME [434] which is notably evident in the KRAS;TP53;IDH1 mutant tumors 
as well. Additionally, the neutrophil degranulation can contribute to ECM remodeling through 
specific matrix-remodeling enzymes and NETs [435].  

Ultimately, ECM fortification exhibited by collagen fibril assembly, an effort to 
introduce rigidity to the matrix [436], can be counterbalanced by the degradation of collagen 
and HS-GAGs, facilitated by enzymes present in the ECM [436], [437], [438], which creates 
spaces exploitable by migrating tumor cells [439]. Beyond that, the upregulated integrin 
signaling pathway, crucial for cell-ECM communication and adhesion, underscores this 
continuous matrix reconfiguration. These cited studies could explain the outcomes observed 
in proteomic analysis of KRAS;TP53;IDH1 tumor samples, highlighting the intricate balance 
between ECM fortification and degradation as a pivotal aspect of tumor progression and 
metastasis. 

Furthermore, CAFs, whose possible presence was observed in IDH1 mutant KRAS;TP53 
tumors, play a role in regulating the collagen biosynthetic pathway, impacting tumor growth 
and promoting drug resistance in cancer cells [440]. These fibroblasts within iCCA secrete high 
levels of IL-6 [441], [442], possibly explaining the increased abundance observed in the 
proteomic analysis. 

 Interestingly, the findings from this study contrast with those of Amankulor et al., who 
described that IDH1 R132H mutation leads to downregulation of leukocyte chemotaxis and 
suppression of the tumor-associated immune system in gliomas [443]. Conversely, the  
iCCA-specific IDH1 mutants in this study demonstrated an enhanced effect on leukocyte 
extravasation. This divergence suggests that varying tissue concentrations of 2-HG can result 
in different downstream effects, despite a similar overarching outcome of 
immunosuppression. 

In summary, these experiments demonstrate a complex interplay between IDH1 
mutations, ECM dynamics, and immune modulation in the liver cancer TME. These mutations 
in the context of KRAS;TP53 foster an environment conducive to cellular adhesion, matrix 
deposition, structural reconfiguration, and immune evasion, highlighting the need for further 
research into the molecular mechanisms driving these alterations in tumor progression and 
therapy. 
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5.5.3. 2-HG as immune infiltration modulator 
 

This study provides a detailed examination of immune cell infiltration in IDH1 mutant 
tumors within a KRAS;TP53-driven tumor development context, revealing distinct patterns of 
immune modulation compared to IDH1 WT counterparts. 

Using CCA-specific matrix, established by Nishida et al. [297], I observed 
downregulation of immune checkpoint molecules and genes linked to MHC class I presentation 
in IDH1 mutant tumors, indicating potential immune evasion. This finding aligns with the work 
of Amankulor et al., who demonstrated similar effects of IDH1 mutations on the repression of 
the tumor-associated immune system in gliomas [443].  

Increased T-cell infiltration, indicated by CD3 and CD4 staining, suggests a more active 
immune environment in IDH1 mutant tumors, except for those with the IDH1 R132L mutant, 
which exhibited increase only in the abundance of CD3 marker. While CD3 and CD4 are 
markers for T-cells and helper T-cells, respectively [301], the specific role and impact of this 
infiltration in the context of IDH1 mutant tumors remains unclear, highlighting a gap in current 
literature. 

Upregulation of genes associated with MHC class II antigen presentation in the IDH1 
mutant tumors' RNA-seq data could indicate either a compensatory mechanism or an effort to 
enhance helper T-cell responses. However, this might lead to an immunosuppressive 
environment, especially if Tregs are preferentially activated, which are known for their role in 
suppressing immune responses [444].  

It is particularly noteworthy to highlight the increased Treg signatures and  
FOXP3 staining, in the KRAS;TP53 IDH1 R132C and R132G mutants. In stark contrast,  
tumors with the IDH1 R132L mutation showed a significant increase in infiltration by  
CD8-positive cell populations. Prominence of CD8-positive cells, known as key players in 
combating tumors [302], indicates a more aggressive immune response against R132L mutant 
tumors, suggesting that this IDH1 mutant may create a TME more favorable for  
immune-mediated tumor suppression. This could explain the delayed tumorigenesis in 
KRAS;TP53;IDH1 R132L mutant-bearing mice compared to those with IDH1 R132C and R132G 
mutations. 

Conversely, IDH1 R132H mutant tumors showed increased CD3 and CD4 markers, 
suggesting a more active or primed TME in relation to helper T-cell infiltration. Especially since 
it was observed without notable differences in CD8 and FOXP3 levels. Similarly to IDH1 R132L, 
IDH1 R132H tumors also exhibited survival rate comparable to IDH1 WT tumors. This similarity 
could be attributed to the helper T-cell infiltration and the probable activation of anti-tumoral 
functions [445], [446], [447]. 

Furthermore, as explained earlier, iCCA-specific IDH1 mutant tumors have altered 
glycosylation, which is known to contribute to immune responses [383], [384]. Specific 
glycosyltransferases modify cell surface glycosylation, enabling cancer cells to either evade 
immune detection [448], [449] or engage it [450], [451], [452]. This potentially contributes to 
the immunosuppressive phenotype exhibited by Treg abundance in case of IDH1 R132C and 



 

  82 

R132G mutant tumors. Conversely, there is an immunostimulatory response characterized by 
the presence of CD8-positive or CD4-positive T-cells in case of IDH1 R132L and R132H mutant 
tumors, respectively. 

In contrast, some studies suggest that IDH1/2 mutant gliomas typically exhibit lower 
immune infiltration compared to WT tumors [453], [444], [454], [455], [456], with a notably 
low representation of Tregs [457]. This includes a study by Ren et al., reporting a positive 
prognosis correlation with increased NK cell infiltration in these gliomas [458]. Furthermore, 
Wang et al. found that IDH1 mutant glioblastomas are characterized by increased tumor-
associated macrophages/microglia infiltration and CD8-positive T-cell enrichment [459], while 
in KRAS;TP53;IDH1 tumors abundance of CD8-positive T-cells was affected exclusively in IDH1 
R132L tumors.  

Despite variations between some studies, overall, in IDH mutant gliomas 2-HG 
generally acts as immunosuppressive agent posing a significant challenge to 
immunotherapeutic approaches in these tumors [460], [461], contributing to the so called 
'immune-desert' microenvironment [462], [463]. The discrepancy between gliomas and  
IDH1 mutant KRAS;TP53 tumors in this context might be attributed to differences in tumor 
types or stages, as discussed by Bindea et al. [464], and specific mutations within the IDH 
genes. 

Collectively, these findings suggest that there is a gradient of immune responses where 
IDH1 R132H and IDH1 R132L might stimulate anti-tumoral immune response, while IDH1 
R132C and IDH1 R132G conversely trigger pro-tumoral immune response. 

This variability underscores the importance in distinguishing between specific type of 
amino acid substitution in the IDH1 gene, as each mutation leads to distinct downstream 
effects on the immune landscape. Furthermore, these immune dynamics imply that IDH1 
mutant tumors may respond variably to immunotherapies, highlighting the need for 
personalized treatment strategies based on specific IDH1 mutations. However, it is crucial to 
acknowledge that these observations require further validation and exploration. The 
complexity of tumor-immune interactions, influenced by diverse IDH1 mutations, necessitates 
extensive research to confirm these findings and to understand their implications fully in 
clinical setting. 

Additionally, the elevated levels of CCL17 in KRAS;TP53 IDH1 R132C and R132G mutant 
tumors, suggest a role for this cytokine in shaping the immune dynamics within the TME, with 
tumor cells likely responsible for its production. The observed increase in FOXP3-positive Tregs, 
especially in IDH1 R132C and R132G mutant tumors, further underscores an 
immunosuppressive environment. This environment is likely facilitated by the tumor-derived 
CCL17's recruitment of Tregs [465], [466], [467]. 

In conclusion, this study contributes to understanding the unique immune landscape 
shaped by individual IDH1 mutations, particularly the role of CCL17 in the immunosuppressive 
environment of IDH1 mutant tumors. These insights highlight complex changes in immune 
dynamics and gene expression patterns and underscore the potential for novel treatment 
strategies targeting factors like 2-HG and CCL17. 
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5.6.  Exploiting IDH1 mutation-induced vulnerabilities in iCCA 
 

5.6.1. Leveraging IDH1 mutations for their neoantigen properties  
 

This study explores the immunotherapeutic potential of targeting IDH1 mutations in 
iCCA, particularly for cancer vaccine development leveraging IDH1 mutant neoantigen 
properties. Our novel approach in iCCA treatment strategies, which was inspired by the work 
of Schumacher et al. [231], involved synthetic peptides to target iCCA cells with IDH1 
mutations. 

The focus was on peptide R132G, chosen for its strong immunogenic response in 
preliminary assays. However, translating this ex vivo efficacy to in vivo models proved 
challenging. Despite the R132G peptide's promising immune response in vitro, its effectiveness 
in a preventive vaccination setup was less pronounced. The survival outcomes in the 
KRAS;TP53;IDH1 HTVi mouse model did not reflect the anticipated protective effect of the 
R132G vaccine for the IDH1 R132G tumor-bearing mice. This observation is pivotal, considering 
the liver's unique immune-privileged status, formidable challenge for immunotherapy [468], 
[469], [470], [471] and is known for reducing effectiveness of immune-based cancer 
treatments [7], [471], [472]. 

In order to circumvent the potential confounding factors stemming from the liver’s 
immune-privileged status and more effectively address the question of the R132G peptide's 
immunogenic capacity in vivo, I transitioned from HTVi to a subcutaneous injection approach 
using tumor-derived KRAS;TP53;IDH1 R132G cells. Even with this altered model, the modest 
success of the preventive vaccination protocol with R132G peptide suggests inherent barriers 
posed by this setup. A contributing factor to this limited efficacy might be 2-HG, known for its 
potential role in immune evasion [473], [474], [475].  

This challenge is exacerbated by the fact that cells employed for the allograft, 
possessing a KRAS;TP53 background in the tumor model, might intrinsically promote tumor 
growth, a factor that could undermine the tested immunotherapy's effectiveness. KRAS, a 
genetic enhancer of cellular proliferation, resistance to apoptosis, and metabolic adaptations, 
contributes to tumor growth [476], [477]. Similarly, the knock-out of Tp53, a critical regulator 
of genomic stability, further complicates matters by enabling uncontrolled cell division, evasion 
from apoptosis, and increased DNA-damage tolerance [478].  

In conclusion, while the study successfully demonstrated the immunogenicity of the 
R132G peptide variant in vitro, its efficacy in vivo in the KRAS;TP53 context was limited. Despite 
these limitations, the findings do not undermine the potential of IDH1 mutants as viable targets 
for cancer vaccines in iCCA. Instead, they underscore the complexities and challenges inherent 
in developing effective immunotherapies. This is particularly pertinent given that IDH1 
inhibitors are already being utilized in clinical settings [207], [244], [479].  

The unique immune environment of the liver and the difficulties in translating in vitro 
findings to effective in vivo treatments are significant obstacles that need to be addressed. 
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Therefore, further research and refinement of immunotherapeutic approaches are essential 
to fully exploit the therapeutic potential of targeting IDH1 mutations in iCCA. 
 

5.6.2. 2-HG-driven genetic vulnerabilities 
 
Investigation into the genetic dependencies in IDH1 mutant iCCA cells reveals 

significant insights into the vulnerabilities conferred by the oncometabolite 2-HG. By utilizing 
the DepMap portal database, critical genes impacting cell viability in a 2-HG-dependent 
manner were identified. These genes, including AHCYL1, TNS3, ITGAV, and ITGB5, are potential 
therapeutic targets in the IDH1 mutant context. 

AHCYL1 senses intracellular SAH levels, a molecule pivotal in methylation and cellular 
signaling, influencing autophagy and broader cellular functions [480], while TNS3 is associated 
with cellular processes such as migration, which is integral for tumor metastasis [226], [481]. 
The integrin subunits, ITGAV [482] and ITGB5 [483], on the other hand, represent gatekeepers 
of cellular interactions, mediating cell-to-matrix interactions, a key factor in tumor invasiveness 
and angiogenesis. 

The integration of CRISPR/Cas9 screening data from Depmap with KRAS;TP53;IDH1 
RNA-seq results provided a comprehensive perspective on the role of these genes in iCCA cell 
survival. The observed upregulation could therefore present a strategic target; speculatively, 
by selectively inhibiting the expression and function of these genes, it could be possible to 
induce a detrimental effect on the cancer's progression. Such targeted approaches could 
potentially disrupt key survival pathways in iCCA cells, offering a novel avenue for therapeutic 
intervention in this challenging cancer type. 

However, the competition assay using KRAS;TP53 tumor-derived cells did not show 
significant differences between IDH1 mutant and IDH1 WT cells upon knock-out of individual 
genes of interest. This result countering the hypothesis, might be, as explained before, 
attributed to the overexpression of KRAS and disruption of Tp53. This background which 
intrinsically promotes proliferation could makes it challenging for 2-HG presence to 
significantly influence these already hyperactive cells, obscuring phenotypic differences both 
in vitro and in vivo. 

In the next step, I shifted focus from murine cell lines to established human cell lines. 
This shift enabled examination of the differential responses of iCCA cell lines SNU1079 and RBE 
to CRISPR/Cas9-mediated gene knock-outs, providing valuable insights. 

The reduced viability in both cell lines following TNS3 and AHCYL1 knock-outs  
suggests these genes are crucial for cell survival across different cell types, highlighting  
their potential as broad-spectrum therapeutic targets. Conversely, the distinct responses to 
ITGAV and ITGB5 knock-outs – reducing viability in SNU1079 but not in RBE – underscore the 
unique cellular pathways specific to each cell line. This variation emphasizes the necessity of a 
nuanced approach in targeting these genes, considering the specific cellular context of each 
cancer type. 
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Responses in HT1080 cells, a chondrosarcoma line with the expression of IDH1 R132C 
mutant, further demonstrate that cellular responses can vary significantly even with common 
genetic mutations. This cell line displayed lack of sensitivity to TNS3 and AHCYL1 knock-outs 
and decreased viability upon ITGAV and ITGB5 disruption. This variation points to the unique 
molecular pathways in different cancer types and the influence of co-existing mutations or 
epigenetic modifications. 

This part of the study sheds light on how 2-HG affects genetic dependencies in IDH1 
mutant iCCA, identifying key genes for potential targeted therapies. Further research is needed 
to understand their roles and develop effective treatments, opening new paths for precision 
medicine in iCCA with IDH1 mutations. 
 

5.7.  IDH mutations in iCCA: partnerships with oncogenic pathways 
 

The critical involvement of IDH1 mutations in iCCA is evident through comprehensive 
genomic data from sources like cBioPortal. These mutations are mutually exclusive with 
established iCCA drivers like KRAS and TP53 in human datasets, suggesting a unique 
tumorigenesis pathway in IDH1-mutated iCCA, contrasting with murine models.  
This highlights a potential functional redundancy and the importance of human-centric models 
in understanding iCCA pathogenesis. Additionally, the co-occurrence of IDH1 mutations  
with ARID1A, BAP1, and PBRM1 mutations indicates possible synergistic effects in 
tumorigenesis, underlining the need for a comprehensive understanding of genetic interplays 
in cancer. 
 

5.7.1. Replicating patient-specific genomic patterns in iCCA research 
 

The development of mouse models incorporating human iCCA-specific  
genetic patterns, particularly the combination of IDH1 (WT or R132C) with Pbrm1, Arid1a,  
and Bap1 mutations, aimed to provide a more accurate representation of the human  
disease. This approach, however, served as a reminder of the complexity and unpredictability 
of genetic interactions when no cancer development was observed upon introduction  
of Pbrm1, Arid1a, and Bap1 knock-outs in combination with IDH1 WT or IDH1 R132C via HTVi 
even after 18 months.  

The introduction of additional CRISPR/Ca9-mediated mutations such as Tp53 or Pten 
deletions in order to improve the tumorigenicity led to divergent outcomes like 
chondrosarcoma-like tumors or hepatomegaly, respectively, both of which deviate from the 
typical iCCA phenotype.  

These results illustrate the challenges in replicating the intricate genetic landscape of 
human cancers in animal models [484], [485], [486] and highlight the need for ongoing 
refinement of these models to achieve more predictive insights into iCCA pathogenesis, 
particularly in the context of IDH1 mutations. 
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5.7.2. Challenges in mimicking iCCA with IDH1 mutations in mouse models 
 

The alternative to exploring the genetic patient-specific genomic patterns in iCCA 
involves employing additional to KRAS;TP53 iCCA in vivo mouse models to investigate the role 
of Idh1 mutations in this tumor type. Utilizing the HTVi, NICD and constitutively active AKT 
were introduced, a technique widely recognized for simulating iCCA features [487]. This 
approach combined NICD;AKT with either the IDH1 WT or R132C, ultimately providing valuable 
insights into the interplay between IDH1 mutations and the NOTCH and AKT signaling 
pathways. 

The NOTCH and AKT pathways are recognized as oncogenic drivers in CCA models [487] 
and play crucial roles in cell differentiation, proliferation, and survival [488], [489], [490], [491], 
[492], [493], [494]. Synergistic overexpression of NICD and constitutively active form of AKT 
[495], disrupts hepatic cell dynamics, leading to early tumorigenic events such as cyst 
formation, a key precursor in tumor development [496], [497], [498], [499], [500].  

Interestingly, the absence of cyst formation in NICD;AKT mice with mutant IDH1 
suggests a unique IDH1 mutation influence, potentially disrupting the NOTCH signaling 
pathway, as indicated by the absence of NICD and its downstream target HES1 in tissue 
analyses. 

Experiments in vitro with tumor-derived KRAS;TP53;IDH1 cells have shown distinct 
behaviors between WT and mutant IDH1 upon overexpression of NICD, suggesting a potential 
inhibitory interaction with 2-HG accumulation on cell viability and proliferation. 

While there are multiple reports of NOTCH signaling pathway relevance to iCCA, 
including its critical role in the development and progression of the disease by driving the 
transformation of liver cells into malignant cholangiocytes [501], [502], influencing tumor 
characteristics, and as such representing a potential target for therapeutic intervention [503], 
[504], the role of IDH1 mutations in this context remains much less understood.  

This broader gap in knowledge necessitates further research to understand the 
potential interplay between IDH mutations, particularly the effects of the interplay between  
2-HG and the NOTCH signaling pathway not only in iCCA but perhaps across other tumor types. 
These findings suggest a complex and nuanced role for IDH1 mutations in iCCA, with the 
observed mutual exclusivity between NICD and IDH1 mutant representing a novel discovery.
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6. Summary and outlook 
 

In conclusion, this research significantly advances our understanding of IDH1 mutations 
in iCCA, shedding light on the molecular mechanisms specific to this kind of tumors and 
unraveling the complexities of IDH1 mutations in a broader cancer context. As such, it 
significantly contributes to currently limited body of knowledge regarding the context-specific 
emergence of IDH1 mutations across various tumor entities and their unique contributions to 
the pathogenesis of iCCA. 

Utilizing HTVi, this study elucidated the critical role of 2-HG accumulation in promoting 
rapid tumor cell proliferation, steering cells towards a more cholangiocytic phenotype, and 
remodeling the TME. This remodeling fosters both immune evasion — by releasing CCL17 and 
thus attracting Treg cells — and inflammation by activating neutrophils (Figure 30). These 
insights highlight potential avenues for novel cancer treatment strategies. 

Additionally, the novel link between 2-HG accumulation and the accelerated stromal 
deposition in iCCA, marked by activated fibroblasts and increased fibrosis, presents as another 
potential therapeutic target. The role of 2-HG as a biomarker, particularly for early detection 
and diagnosis, further amplifies the impact of this research. 

 

 
 
Figure 30. Dynamic changes in the TME stemming from 2-HG accumulation. 
Created in Biorender. 

 
Looking forward, this thesis lays a solid foundation for further exploratory studies into 

IDH1 mutations and 2-HG's broader implications in iCCA and possibly other cancers. It 
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underscores the importance of continued innovation in model development, therapeutic 
targeting, and the strategic use of biomarkers in early cancer detection and treatment. 

By acknowledging limitations and proposing future directions, this study not only opens 
new avenues for investigating IDH1 mutations and 2-HG in iCCA and beyond, but also makes a 
profound contribution to the battle against this complex disease.  
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