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Abstract 
 

Liver Cancer is the sixth leading cause of cancer death worldwide. Over 80 % of 

all diagnosed liver cancer types are Hepatocellular carcinoma (HCC) or 

Cholangiocarcinoma (CCA). Both tumors are often diagnosed in an advanced 

disease stage with a poor prognosis. The increasing prevalence of HCC and 

CCA, including the challenges surrounding their diagnosis, management, and 

limited treatment options, have increased the urgency first to find additional 

molecular targets, and secondly, to develop novel therapeutic strategies.  

This study explored two novel therapeutic concepts for the systemic treatment of 

HCC and CCA. For the first concept, we investigated the stimulation of adenosine 

receptor 3 (ADORA3). We could show that an antiproliferative effect of tumor 

cells after stimulation of ADORA3 was directly dependent on the presence of the 

receptor. Preliminary published data stated an overexpression of ADORA3 in 

HCC. In contrast to these data, we found a heterogenous expression level, 

comparable to non-malignant tissue samples, which might be important in the 

decision, which patients are suited for treatment strategies including ADORA3 

activation. Furthermore, we could show that ADORA3 agonist Namodenoson 

induces the alteration of epigenetic modifying factors, including a broad 

downregulation of different histone deacetylases (HDACs).  

Supporting these observations, we further show, that the co-treatment using 

ADORA3 agonists and different histone deacetylase inhibitors (HDACi) led to a 

synergistic inhibition of HCC or CCA cell proliferation. Additionally, this effect 

could also be shown in ex vivo cultured patient-derived organoids. These results 

suggest that combining an ADORA3 agonist with an HDACi may be a promising 

new treatment option for a selected group of patients. 

In the second set of experiments, we targeted direct AKT and HDAC inhibition as 

a novel therapeutic strategy and investigated the effect of the cotreatment against 

three significant hallmarks of HCC and CCA: unrestrained proliferation, invasion 

and metastasis, and cell death resistance. In cell lines from both tumor entities, 

we observed that the combination with different HDACi, compared to the mono-

treatments, showed an increased inhibition of cell proliferation, a reduction in the 
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ability of the cells to migrate and an induction of apoptosis. We also observed 

that our combination treatment simultaneously inhibited the AKT dependent 

PI3K/AKT/mTOR pathway and as a new observation the AKT independent 

PI3K/SGK1/mTOR pathway. The combinations were observed to be synergistic 

in defined settings.  

The present study has identified two promising new combination strategies for 

the treatment of HCC and CCA and provided preliminary evidence for carrying 

out further investigations in preclinical and clinical studies. 
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Zusammenfassung 
 

Über 80 % aller an primärem Leberkrebs erkrankten Menschen haben ein 

hepatozelluläres (HCC) oder ein cholangiozelläres (CCA) Karzinom. Die weltweit 

steigende Prävalenz des HCCs und des CCAs, die Herausforderungen rund um 

ihre Diagnose sowie die eingeschränkten Therapiemöglichkeiten, haben die 

Dringlichkeit erhöht, neue molekulare Angriffspunkte zu erforschen und neue 

Therapieansätze zu entwickeln.  

Die vorliegende Dissertation untersucht zwei neue systemische 

Therapiekonzepte zur Behandlung des HCCs und CCAs. 

Im ersten Konzept wird die Adenosin Rezeptor 3 (ADORA3) Aktivierung im HCC 

und CCA näher untersucht. Dazu wurde im ersten Schritt erarbeitet, dass die 

tumorhemmende Wirkung der ADORA3 Aktivierung rezeptorabhängig ist.   

Veröffentlichte Daten weisen auf eine Überexpression von ADORA3 im HCC hin. 

Im Gegensatz dazu zeigt die vorliegende Arbeit eine heterogene Expression des 

Rezeptors in tumoralem Gewebe verglichen mit nicht-malignen Gewebeproben. 

Diese Beobachtung könnte in Zukunft von entscheidender Bedeutung sein, bei 

der Beantwortung der Frage, welche Patienten für die vorgeschlagene 

Behandlung geeignet sind. Des Weiteren wird dargestellt, dass der ADORA3-

Agonist Namodenoson zu einer Veränderung epigenetische Modulatoren führt 

und insbesondere eine breite Herunterregulierung verschiedener Histon-

Deacetylasen (HDACs) induziert. Basierend auf diesen Beobachtungen wird 

weiter aufgezeigt, dass die Kombination eines ADORA3-agonisten mit 

verschiedene Histon-Deacetylase-Inhibitoren (HDACis) zu einer synergistischen 

Hemmung der untersuchten HCC und CCA-Zelllinien führt. Die erhöhte Anti-

Tumor-Wirkung, der ADORA3-Agonist/HDACi Kombination, wird abschließend in 

von HCC-Patienten stammenden Organoiden untersucht. Zusammenfassend 

deuten die Ergebnisse darauf hin, dass die Kombination eines ADORA3-

Agonisten mit einem HDACi eine erfolgsversprechende neue Behandlungsoption 

für eine ausgewählte Patientengruppe mit HCC oder CCA sein könnte.  

Im zweiten Therapiekonzept wird die kombinierte Hemmung der Proteinkinase B 

(AKT) und die Hemmung der HDACs untersucht. Hierbei wird der Fokus auf die 
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Veränderungen in drei entscheidende Tumormerkmale im HCC und CCA gelegt: 

ungehemmte Proliferation, Migration/Invasion und Metastasierung sowie die 

Resistenz gegen Zelltod. In beiden Tumortypen wird veranschaulicht, dass die 

Kombination verglichen zur Monotherapie, eine stärkere Hemmung der 

Zellproliferation, eine Verringerung der Migrationsfähigkeit der Zellen und eine 

Induktion von Apoptose bewirkt. Darüber hinaus wird verdeutlicht, dass die 

Kombinationen synergistisch sind. Im Gegensatz zur Monotherapie wird 

veranschaulicht, dass die Kombinationen gleichzeitig sowohl den AKT-

abhängigen PI3K/AKT/mTOR Signalweg als auch den AKT-unabhängigen 

PI3K/SGK1/mTOR Signalweg hemmen.  Abschließend wird mit aus Patienten 

stammenden Organoiden die tumorhemmende Wirkung der AKTi/HDACi 

Kombination untersucht. 

 

Zusammenfassend erschließt die vorliegende Dissertation zwei potenzielle 

Kombinationstherapien gegen HCC und CCA und liefert erste vielversprechende 

Ergebnisse und eine Evidenz für weitere präklinische und klinische Studien.  
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1. Introduction 

1.1. Primary Liver Cancer 

Primary liver cancer (PLC) remains one of the most frequently diagnosed 

malignant tumors globally. Slung and colleagues reported that PLC is the sixth 

leading cause of cancer mortality worldwide, with over 905.000 new cases and 

830.000 deaths in 2020 (1, 2). Looking at the global burden of liver cancer in the 

last three decades, Lin and colleagues reported an increasing trend with nearly 

twice the number of incident cases and death cases (from 452.688; 1990 to over 

800.000; 2017) (Fig. 1) (3). Along with other studies (1, 4) projecting the 

development of PLC until 2030, Valery et al. recently predicted increasing rates 

of PLC predominantly among men, in the western countries (5). In this pursuit, 

there is a continuous need to investigate the causes and treatment options of the 

disease. PLC summarizes a heterogeneous group of malignant tumors, each 

based on the type of cells that become cancerous. The most common (75%) 

primary malignant liver tumor is hepatocellular carcinoma (HCC). HCC arises 

Figure 1. Changes in PLC incidence and in death rate (ASDR: Age standardize death rate) from 1990 
to 2017 (Figure adopted from Lin et al. 2020). 

 
Figure 2. Changes in PLC incidence and in death rate (ASDR: Age standardize death rate) from 1990 
to 2017 (Figure adopted from Lin et al. 2020). 
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from hepatocytes in the liver or progenitor cells, albeit the latter to a lesser extent 

(6, 7). The second most diagnosed form of PLC is cholangiocarcinoma (CCA, 

12%). CCA arises from cholangiocytes, which line the bile duct (8). Other Forms 

of PLC, including hepatic hemangiosarcoma and mixed HCC-CCA, account for 

less than 1 percent of all cases (6, 9). Two other rather sporadic kinds of PLC are 

fibrolamellar HCC and Hepatoblastoma. The last one is the most common 

primary liver cancer in children, accounting for only about 1% of pediatric cancer 

types (10). 
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1.2. Hepatocellular Carcinoma  

HCC is the most common form of primary liver cancer. Summarizing publications 

around HCC from the last decade, there has been remarkable progress in 

understanding its epidemiology, risk factors, and molecular profiles. Further, 

there is an ongoing effort to translate research outcomes and implicate programs 

around HCC prevention, detection, diagnosis, surveillance, and treatment. 

 

1.2.1. Epidemiology and Etiology of HCC 

HCC incidences remain high with nearly 800.000 new cases per year worldwide 

(11). Recent predictions show that more than 1 million patients will die per year 

from liver cancer by 2030 (2, 5, 12). HCC is progressively prevalent in the older 

population (> 60 years) after longstanding chronic liver disease, with men being 

disproportionally more affected than women (2).  Regional and ethnical variations 

of HCC mortality are dependent on the level of exposure to environmental and 

infectious risk factors, the accessibility to healthcare resources, the ability to 

detect HCC at an early stage and provide the appropriate curative treatment. The 

leading causes of HCC are hepatitis B or C (HBV, HCV) viral infections, 

coinfection with hepatitis D (HDV), alcohol abuse, smoking, nonalcoholic fatty 

liver disease in patients with metabolic syndrome, and diabetes (11). Other 

(co)factors such as aflatoxin B1, contaminated water with hepatotoxic 

microcystins, and betel nut contribute to HCC development and increase the 

disease's incidence if other common risk factors are present (13, 14). Patients 

with chronic hepatitis of any cause or cryptogenic cirrhosis have an increased 

risk of developing HCC.  

 

1.2.2. HCC Molecular Pathogenesis 

HCC is a quite heterogeneous cancer with a solid relationship between molecular 

and pathological features. Hepatocarcinogenesis is a complex multistep 

biological process that can either arise in the presence of underlying chronic liver 

disease and cirrhosis or as a malignant transformation of hepatic adenomas. In 
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cirrhosis, up to 32% of dysplastic nodules transform to HCC over time. Hepatic 

adenomas can be grouped into HNF1A, CTNNB1, JAK/STAT, Sonic Hedgehog 

mutation-driven, and unclassified adenomas (15). Whole exome and genome 

sequencing have highlighted some of the most important signaling pathways 

frequently altered in HCC, such as telomere maintenance, Wnt/ß-catenin, 

P53/cell cycle regulation, MAP kinase and AKT/mTOR regulated pathways as 

well as pathways modulated by epigenetic modifiers (15).  

1.2.3. Diagnosis and management of HCC 

HCC mainly progresses silently, especially in cases where there is still sufficient 

liver function. Impaired liver function, which is a sign of an underlining advanced-

stage disease, accumulates various symptoms such as upper right abdominal 

pain, hepatomegaly, or jaundice (16). Imaging studies (ultrasonography, 

computed tomography scanning, and magnetic resonance imaging) and 

laboratory tests for immunohistochemical markers (alpha-fetoprotein (AFP)-level, 

HepPar1, albumin, fibrinogen, a1-antitrypsin, glypican-3) are tools that are 

applied for HCC diagnosis. Based on the HCC stage, the liver function, the 

patient's performance status, physical abilities, and environmental conditions, 

guidelines recommend different treatment options. A diagnosis at an early stage 

allows curative treatments such as resection, liver transplantation, or local 

ablation, which lead to an extended survival (>6 years) and a recurrence rate of 

about 70% (17). Patients diagnosed with an intermediate stage HCC and Child-

Pugh class A graded liver function are candidates to receive transarterial 

chemoembolization (TACE), which can prolong survival for about 2- 3 years (18). 

Advance stage HCC or patients who progress after TACE receive systemic 

therapies (molecular targeted therapies, immune checkpoint inhibitor or a 

combination of both) with an overall survival of more than two years.  

1.2.4. Treatment of HCC 

Sorafenib, an angiogenic receptor tyrosine kinase (RTK) inhibitor, was the 

standard first-line treatment of choice for over one decade. A significant overall 

survival benefit could be shown compared to a placebo group (10.7 months 
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versus 7.9 months) (19). Most first-line therapeutic options tested in numerous 

clinical trials remained inferior to sorafenib for a long time. Lenvatinib however, a 

small molecule type V tyrosine kinase inhibitor was found to be non-inferior to 

sorafenib with a median overall survival of 13.6 months versus 12.3 months for 

sorafenib (11). Beside targeting tyrosine kinases other molecular target were 

poor in the context of HCC treatment. This lack of diverse molecular targeted 

treatment options summarizes a long-lasting gap in the management of 

advanced HCC (20). Only recently, the introduction of immune checkpoint 

inhibitors has revolutionized the management of HCC. Immune tolerance in HCC 

generally occurs due to myeloid-derived suppressor cells (MDSCs), alterations 

of immune checkpoint molecules such as cytotoxic T-lymphocyte antigen 4 

(CTLA-4), programmed cell death protein 1 (PD-1) and an enrichment of T-

regulatory cells (Tregs). Agents against CTLA-4 (tremelimumab), PD-1 

(nivolumab, pembrolizumab) or its ligand PD-L1 (atezolizumab, durvalumab) 

have been investigated in HCC (21). The combination of atezolizumab, an anti 

PD-L1 antibody, and bevacizumab, an anti-VEFG antibody in a study, improved 

overall survival from 13.4 to 19.2 months compared to sorafenib (22) and was 

approved as a new first-line therapy by the European Commission in November 

2020. In later stages, after progression during the treatment with sorafenib, the 

multi-kinase inhibitors regorafenib, cabozantinib, as well was the anti-VEGFR2-

antibody ramucirumab (the latter only for patients with >400ng/ml AFP) are 

approved drugs (11, 18). Although all available approved tyrosine kinases, 

antiangiogenic molecules and immune checkpoint inhibitors have improved HCC 

treatment, not all patients with HCC can benefit from these therapies. The 

molecular heterogeneity that contributes to the development of HCC is not 

sufficiently targeted to date. It is therefore inevitable for future therapeutic options 

to identify and investigate on novel targets and promising compounds for future 

treatment. Further, taking into consideration that the recent breakthrough in the 

treatment of advanced HCC was accomplished with the combination of the 

compounds atezolizumab and bevacizumab it seems that a single drug may not 

be sufficient for the treatment of HCC. Therefore, future investigations for the 

systemic treatment of advanced HCC focus on combination therapies. 
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1.3. Cholangiocarcinoma 

Cholangiocarcinoma comprises a heterogeneous group of biliary 

adenocarcinomas. It accounts for about 20 % of the primary hepatobiliary 

malignancies and is thus the second most common cancer found in the liver 

behind HCC. With a consistently increasing incidence worldwide and despite the 

advances in knowledge, diagnosis, and therapy, CCA remains a challenging 

disease with poor prognostic outcomes.  

1.3.1. Epidemiology and Etiology of CCA 

Globally, with about 0.3 - 6 incidences per 100.000 inhabitants per year and 1 - 

6 death cases per 100.000 inhabitants per year, there is an increasing trend in 

CCA occurrence. In general, CCA mortality was higher in men than women 

comparing countries in Asia versus western countries (23). Several risk factors 

are associated with CCA development. Variations in incidence reflect changes in 

local risk factors. Risk factors are alcohol abuse, smoking, infection with HBV or 

HCV, liver cirrhosis, obesity, diabetes mellitus, congenital hepatic fibrosis. 

Exposure to toxic agents such as dioxin and thorothrast and infections caused by 

liver flukes such as Clonorchis sinensis or O. viverrini. as well as genetic 

predisposition plays an increasing role in CCA development (8, 24, 25). Khan and 

colleagues described that polymorphism in genes involved in xenobiotic 

detoxification, DNA repair, multidrug resistance, immune response, and folate 

metabolism increase CCA initiation (24).   
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1.3.2. CCA Development and molecular pathogenesis 

CCA can be subdivided into three main variants depending on where they 

anatomically originated: intrahepatic (iCCA), perihilar (pCCA), and distal (dCCA) 

cholangiocarcinoma (Fig. 2). pCCA and dCCA are also referred to as 

extrahepatic CCA (eCCA). Intrahepatic CCA can form at any intrahepatic biliary 

tree and subdivides into small-duct iCCA and large-duct iCCA. Small duct iCCA 

characteristics are isocitrate dehydrogenase (IDH1, IDH2) mutations or fibroblast 

growth factor receptor 2 (FGFR2) fusions. Large duct iCCA, and eCCA 

demonstrate a high frequency of KRAS, TP53, and ILF3 mutations. pCCA 

emerges at both hepatic duct sites, and dCCA arises at the common bile duct. 

Cells of origin are tissue-specific stem and progenitor cells, giving rise to different 

subtypes of cancer. CCA's three main growth patterns are mass-forming, 

referring to a mass lesion in the hepatic parenchyma, periductal-infiltrating iCCA, 

which grows alongside the duct wall, and intraductal-growing CCA that growths 

inside the duct lumen (Fig. 2) (8, 25). 

CCA carcinogenesis depends on the cancer type background, which includes its 

genetic, epigenetic, histological, morphological, biological, and clinical features. 

CCA mainly arises after excessive exposure to mediators of biliary inflammation 

and cholestasis such as interleukin-6 (IL-6), Tumour Necrosis Factor-ɑ(TNF-ɑ), 

    

Figure 3 Different location of Cholangiocarcinoma (CCA) on the biliary tree (Figure adopted from Banales et 
al. 2020). 

 
Figure 4 Different location of Cholangiocarcinoma (CCA) on the biliary tree (Figure adopted from Banales et 
al. 2020). 
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Cyclo-oxygenase-2 (COX2) and Wnt. Prolonged exposure to these mediators 

results in progressive mutations of tumor-associated suppressor genes, proto-

oncogenes, DNA mismatch-repair genes, the modulation of several signaling 

pathways, and subsequently cholangiocyte transformation (26). Further, 

accumulating bile acids from cholestasis and, consequently, the reduced pH 

leads to activation of the RAS-MAPK, PI3K-AKT-mTOR, and NF-κB pathways 

that encourage cell proliferation, migration, and survival (8, 26).  

 

1.3.3. Diagnosis and management of CCA 

CCA at an early stage is mostly asymptomatic. eCCA frequently shows jaundice, 

weight loss, pale stools, and dark urine as symptoms. iCCA, on the other hand, 

is mostly accidentally diagnosed since it appears with relatively nonspecific 

symptoms such as malaise, abdominal pain, nausea, and weight loss. Currently, 

there is no standard guideline for the early detection of CCA. Its diagnosis is 

managed by combining different tools: first, the clinical presentation of tumor 

markers (Carbohydrate antigen 19-9, circulating nucleic acid found in biofluids) 

or frequently found mutations (KRAS, IDH1, FGFR2). Second, imaging 

information using US, contrast-enhanced US (CEUS), CT, and MRI. Third, 

histopathological or cytological analysis are implied (8, 27). CCA shows various 

differentiation grades: poor, moderate, and well. Those with low-grade or well-

differentiated type have a better prognosis and lower incidence of distal 

metastases than with high-grade carcinomas. Surgical resection combined with 

adjuvant treatment is currently the only curative option for early staged CCA. 

Since CCA diagnosis mainly occurs at an advanced stage, metastasis 

presentation and disease progression only enable 25% of patients to undergo 

surgical treatment (28-30). Patients with advanced CCA have limited options 

regarding systemic treatments. 
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1.3.4. Treatment of CCA 

The first-line treatment of choice for an advanced and unresectable 

cholangiocarcinoma is based on the combination of gemcitabine and cisplatin 

(31). The FOLFOX (folonic acid, fluorouracil, and oxaliplatin) therapy is 

recommended as a second-line treatment. Studies around the FOLFOX 

treatment regime have improved the survival outcome of patients progressing on 

cisplatin/gemcitabine (32). A variety of studies are currently focusing on novel 

targeted therapies. Promising targets are the JAK/STAT3 pathway, inhibition of 

IDH1/2 mutation or targeting cancer-associated fibroblast (27). Only recently, the 

FGFR-selective TKIs pemigatinib and infigratinib were approved by the Food and 

Drug Administration (FDA) for a subgroup of patients with a fibroblast growth 

factor receptor 2 (FGFR2) fusion gene (33-35). 

Additionally, other studies favor combined therapeutic approaches (36). To 

conclude, current management of CCA is constantly improving, however, long-

term outcomes are still limited. Novel insights and new emerging molecular 

targeted therapies are therefore urgently needed. 

 

 

 

1.4. Identifying future molecular targeted therapies for HCC and 
CCA 

Next-generation sequencing (NGS) studies have emphasized HCC and CCA 

molecular heterogeneity (37, 38). Currently only two targeted therapies have 

been approved for the treatment of advanced CCA and at present, approved 

molecular targeted therapies in HCC mainly include multikinase inhibitors, 

antiangiogenic, and immunotherapy agents. There is therefore an unmet need to 

develop additional novel therapeutic agents which could potentially augment the 

presently available options, with the goal of improving the survival of more 

patients with advanced HCC or CCA. Scientific investigations should therefore 

address this gap and identify promising new targets or find applicable novel 

treatment regimens. 
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In this pursuit, first approaches were already made. The need for alternative 

targets is being addressed in several preclinical and clinical studies. Targeting 

HCC with combination therapies, such as the combination of antiangiogenic 

agents with immune-checkpoint inhibitors (ICIs), the combination of two ICIs and 

the combination of targeted agents in conjunction with surgery or other loco-

regional therapies, have been extensively investigated and have proved to show 

satisfactory treatment results than monotherapies (39). Other therapeutic 

combinations such as durvalumab with tremelimumab (40) used against 

melanoma or Lenvatinib with pembrolizumab (41) used against renal cell 

carcinoma are approaches that were recently published to be promising for HCC.  

1.4.1. Epigenetics and HDAC inhibition in HCC and CCA 

Epigenetic changes are heritable changes of the chromatin structure, but not in 

the DNA sequence, that influence the accessibility of the transcriptional 

machinery to DNA and thereby affecting transcription, DNA repair, or replication.  

Histone acetylation and deacetylation play an important role in HCC and CCA. 

Histone acetylation regulates the activation of a gene by transferring an acetyl 

group (–CH3CO) from the acetyl-coenzyme A (acetyl-CoA) to the amino group of 

a lysine residue. Three types of histone acetyltransferases (HATs) mediate 

acetylation. They belong to the Gcn5-related N-acetyltransferase (GNAT), MYST 

and CREB-binding protein (CBP)/p300 family (42). Acetylation affects the 

interaction between DNA and histone by changing the positive charge on the 

lysine residue and thus promoting structural changes of chromatin. The acetyl 

group added can further be recognized by bromodomain (BRD)-containing 

proteins (acetyl-lysine binding proteins) such as the bromodomain and extra 

terminal domain (BET) bromodomain proteins BRD2, BRD3, and BRD4, which 

also promotes open chromatin (42, 43). The counterpart of HATs are histone 

deacetylases (HDACs) which remove acetyl groups from lysine residues. There 

are four classes of HDACs (I, II, III, and IV) known to date. Their classification 

depends on sequence similarities and cofactor dependency. Class I, II, and IV 

HDACs are Zn+-dependent. HDACs 1, 2, 3, and 8 are expressed in the nucleus 

of all cells and belong to Class I.  Class II HDACs can be subdivided into IIA 
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(HDACs 4, 5, 7, and 9) and IIB (HDACs 6 and 10).  They move between 

cytoplasm and nucleus, and whereas HDAC IIA is primarily expressed in the brain 

and heart, HDAC IIB is mainly found in the testis, liver, and kidney. Class III 

encompasses the so-called Sirtuins (SIRT 1-7), which are NAD+ dependent and 

have a very distinct catalytic mechanism for deacetylation compared with other 

classes of HDACs. Class IV has only one identified member, HDAC11. Its 

expression was reported in the smooth muscle, heart, kidney, and brain (44-46). 

Of note, HATs and HDACs were also described to interact with non-histone 

proteins, including tumor suppressors and oncogenes such as p53, Rb, and Myc. 

They hereby regulate protein stability, DNA binding, protein-protein interaction, 

enzymatic activity, or protein localization (45).  

Epigenetic modulations through various mechanisms are frequent events in HCC 

and correlate with poor patient prognosis (47). The underpinnings behind HDAC 

contribution to hepatocarcinogenesis or cholangiocarcinogenesis are highly 

complex and not fully understood. Different HDACs (SIRT1, 2, 7 and HDAC 1, 2, 

4, 5) have been reported to be significantly overexpressed in HCC and to 

correlate with a poor disease outcome by promoting pro-oncogenic events such 

as cell cycle progression, apoptosis evasion, adaptation to hypoxia and metabolic 

reprogramming (48). HDAC8 overexpression was reported to promote 

proliferation in HCC (49). HDAC11 was found to regulates glycolysis through the 

LKB1/AMPK signaling pathway and thus maintain HCC stemness (50).  

Alterations in key oncogenes of CCA such as KRAS, TP53, IDH1/2 were shown 

to trigger the activation of epigenetic modifiers (writer, readers, and erasers), 

leading to changes in the expression of mediator genes involved in stemness or 

survival (51-53). Two preclinical studies of HDACs in CCA tumorigenesis state 

that overexpression of Class 1 HDACs correlates with advanced tumor staging, 

increased lymph node metastases, and increased microscopic vascular tumor 

infiltration and thus with a poor prognosis (54, 55).  

The majority of currently approved HDAC inhibitors (HDACis) are for the 

treatment of cutaneous T-cell lymphoma and peripheral T-cell lymphoma 

(HDACi: Vorinostat, Romidepsin). As single agents, histone deacetylases 

inhibitors (HDACis) have demonstrated to be well-tolerated depending on the 
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doses applied and not toxic to normal tissues in preclinical studies (56, 57). Phase 

I clinical studies with Romidepsin (58), Belinostat (59) and Panobinostat (60, 61) 

in different solid cancer types showed encouraging anticancer activity. 

Subsequent evaluation as monotherapies in phase II trials against solid tumors 

however, demonstrated modest responses in a negligible number of patients and 

most importantly they inhibitors induced severe side effects (62-65). In HCC 

preclinical models, Pan-HDAC inhibitor (HDACi) Panobinostat was shown to 

regulate cell proliferation and angiogenesis and to induce apoptosis (66, 67). 

Only one clinical trial, which evaluated the effect of HDACi inhibitor Belinostat as 

a single agent in HCC patients was completed. Yeo et al. demonstrated that, after 

treating patients with unresectable HCC in a Phase I/II clinical trial, HDACi 

Belinostat led to a progression-free survival (PFS) and an overall survival (OS) of 

2,64 % and 6.6 months respectively. They showed that HR23B expression 

correlated with disease stabilization (68). For CCA, even though experimental 

studies on the effect of epigenetic drugs on CCA in vitro exist (69-71), clinical 

trials are limited. It can be summarized that despite all evidence of benefit in 

preclinical studies, HDACis as monotherapy have had limited success in clinical 

trials, showing only modest responses, especially in solid tumors, and they were 

reported to induce adverse effects. These disadvantages could be resolved, at 

least in part, by combining HDACis with other anticancer drugs. Successful 

examples of HDAC inhibitors in the treatment of solid tumors when combined with 

other agents exist. Dizon et al., Bitzer et al., and other studies have demonstrated 

that HDACis in combinations enhanced the therapeutic efficacy compared to their 

effect as monotherapy, and fewer adverse effects, were observed (72-76).This 

approach appeared to substantially improve the conventional treatment effect in 

many cancer studies because of synergistic or additive anti-tumor effects. These 

studies suggest that HDACis play a key part in inducing clinical response rates 

in the clinical setting. Novel investigation using HDACis for the treatment of solid 

tumors such as HCC and CCA should therefore consider combining them to other 

agents to increase clinical response. 
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1.4.2. Adenosine receptor signaling  

The adenosinergic system is a significant regulator element in various 

physiological and pathological conditions. Adenosine is an ubiquitous 

endogenous signaling molecule. Under physiological conditions, adenosine 

originates intracellularly from the hydrolysis of AMP and S-

adenosylhomocysteine (SAH). Extracellular adenosine comes from the external 

transport of intracellularly generated adenosine or is generated through 

dephosphorylation of its precursors: ATP, ADP, and AMP. This transport is 

mediated by concentrative nucleoside transporter (CNTs) and equilibrative 

nucleoside transporters (ENTs) (77). Adenosine binds to four subtypes of 

adenosine receptors (ADORA) of the large G-protein-coupled receptor (GPCR) 

family, ADORA1, ADORA2A, ADORA2B, and ADORA3. All receptors are 

expressed in different tissues throughout the body. Structurally, all receptors 

Figure 5 Overview of ADORA3 intracellular signaling. Receptor activation mediates the disassociation of 
Gi and Gq protein from the Gßγ subunit. The Gi and Gq subunits further regulate the phosphatidylinositol 
3‑kinase (PI3K) / protein kinase B (AKT), c-Jun N-terminal kinase 1/2 (JNK1/2), mitogen‑activated protein 
kinase (MAPK), nuclear factor-κB (NFκB) / cMyc and glycogen synthase kinase 3β (GSK-3β) / β-catenin 
pathway (Figure adopted from Borea et al. 2018). 

 
Figure 6 Overview of ADORA3 intracellular signaling. Receptor activation mediates the disassociation of 
Gi and Gq protein from the Gßγ subunit. The Gi and Gq subunits further regulate the phosphatidylinositol 
3‑kinase (PI3K) / protein kinase B (AKT), c-Jun N-terminal kinase 1/2 (JNK1/2), mitogen‑activated protein 
kinase (MAPK), nuclear factor-κB (NFκB) / cMyc and glycogen synthase kinase 3β (GSK-3β) / β-catenin 
pathway (Figure adopted from Borea et al. 2018). 
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possess a seven-helix transmembrane domain which is linked by three 

intracellular and three extracellular loops. Physiologically ADORA1 and ADORA3 

mediate their signaling through Gi and Go members of the GPCR family, which 

leads to the decrease of adenyl cyclase (AC) activity and cAMP levels. ADORA2A 

and ADORA2B, on the other hand, stimulate AC activity leading to increasing 

cAMP activity. Both pathways subsequently activate a plethora of mediators. 

Different studies on the receptors´ involvement in pathological conditions such as 

tissue protection, liver fibrosis, anti-inflammation, or cancer exist (78-80). 

Adenosine receptor 3 (ADORA3) signaling is an essential factor in tumor biology 

that affects the immune system by modulating the tumor microenvironment and 

intracellular signaling cascades in tumor cells (81, 82). The gene encoding for 

ADORA3 is widely expressed in various primary cells, cell lines, and tissues, 

including the brain, heart, lung, and liver. ADORA3 generally triggers various 

intracellular signaling events. Receptor stimulation and subsequent reduction in 

cAMP level can trigger Phospholipase C (PLC), calcium production, and 

phospholipase D (PLD) production through monomeric G protein RhoA, thus 

affecting the Mitogen‑activated protein kinase (MAPK) and phosphatidylinositol 

3‑kinase (PI3K)/protein kinase B (AKT) pathway (83). On the other hand, 

reduction in cAMP also results in protein kinase A (PKA) inhibition, which via 

protein kinase B (PKB) inhibit nuclear factor (NF)-B signaling and promotes 

glycogen synthase kinase (GSK) - 3ß (Fig. 3) (77, 84, 85). ADORA3 has been 

extensively investigated as a potential drug target during the last decade (77, 84, 

86-88). Interestingly, muscle cells secrete natural agonists to ADORA3 with an 

antitumor effect that seems to account for the rarity of tumor metastases in 

striated muscles (89). ADORA3 was described to be overexpressed in tumor 

tissues from small groups of patients with mesothelioma (90), thyroid (91), breast 

or colon cancer (92, 93).  

In HCC several observations concerning ADORA3 have been reported. In a 

cohort of 21 patients with HCC, the intratumoral ADORA3 mRNA expression was 

found upregulated compared to adjacent tissue (85), however data on the protein 

level have not been reported for human-derived tumors before. ADORA3 
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stimulation with the specific agonist Namodenoson (CF102) in preclinical models 

accelerated mitosis with an improved regeneration after partial hepatectomy (94).  

The stimulation of ADORA3 has already reached clinical testing for non-alcoholic 

steatohepatitis (NASH) and HCC (95, 96). Namodenoson has been applied in a 

phase II study with 78 patients with Child-Pugh B advanced HCC (96). At first 

glance, with OS of 4.1 months for patients with Namodenoson compared to 4.3 

months with placebo, this study did not reach its primary endpoint of a statistically 

significant OS difference. Despite this negative result, Namodenoson led to an 

objective response in single patients and a positive efficacy signal for the group 

of patients with Child-Pugh B7 with a 12-month survival rate of 44%, compared 

to 18% in the placebo group (96).  

Data on the role of ADORA3 in CCA have not been reported yet. 

These early clinical results show that stimulation of ADORA 3 is feasible and safe, 

even in patients with reduced liver function. However, the further development of 

this approach requires a more detailed characterization of cellular responses of 

liver cancer cells to stimulation of ADORA3. These insights could help 

discriminate between responding and non-responding tumors and could lead to 

new drug combinations to enhance beneficial antitumor effects in HCC and CCA. 

1.4.3. PI3K/AKT/mTOR signaling in HCC and CCA 

The PI3K/ AKT/mammalian target of rapamycin (mTOR) pathway is a commonly 

aberrant signaling pathway in HCC (11) and CCA (97).  

AKT, a serine/threonine (Ser/Thr) protein kinase, plays a crucial role as a central 

regulator in this pathway. It exists in three isoforms: AKT1, 2 and 3 and has three 

structural relevant domains, the amino-terminal pleckstrin homology (PH) 

domain, a central domain, and a carboxyl-terminal regulatory domain. The PH 

domains of each isoform are structurally divergent. Two phosphorylation events 

are crucial for AKT to attain full function. For AKT1, Phosphorylation at Thr 308, 

by phosphoinositide-dependent kinase-1 (PDK-1), and at Ser 473, by mammalian 

target of rapamycin complex 2 (mTORC2) are crucial. All the other isoforms have 

homologous sites for Ser/Thr phosphorylation. AKT regulates several cellular 

processes such as cell survival by directly inhibiting pro-apoptotic proteins, cell 
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growth, proliferation, genome stability, and glucose metabolism. Protein 

phosphatases such as protein phosphatase 2A (PP2A), PH domain leucine-rich-

repeat-containing protein phosphatase 2A (PHLPP2), and phosphatase and 

tensin homolog (PTEN) mediate the negative feedback regulation of AKT (98).  

The importance of AKT in HCC and CCA has been demonstrated in different 

studies. Boyault et al. and Zhou et al. reported that overexpression of AKT, which 

was found in two subgroups of HCC, correlated with disease characteristics and 

poor survival (99, 100). Dysregulations in this pathway were found to mediate 

resistance to therapeutic agents (101-103). Kunter, Mroweh and colleagues as 

well as Dokduang et al. have demonstrated that the overactivation of the AKT 

signaling pathway is crucial in promoting and sustaining a highly proliferative 

status in HCC (98, 104) and CCA (105), respectively. Positive immunostaining 

for AKT and its phosphorylated form (p-AKT) has been reported with higher rates 

in neoplastic cells compared to the surrounding normal and dysplastic epithelium 

(106). The hyperproliferative stage of tumorigenic cells and the elevated 

oncogenic signaling is partly responsible for the tumor cell ability to resist cell 

apoptosis and activate anti-apoptotic mechanisms that contribute to its survival. 

Frequent mutations found in patients with HCC (PTEN (107)) and CCA (K-Ras 

(108)) trigger AKT overactivation to support aberrant proliferation and 

antiapoptotic signaling in tumorigenesis (109). Beside the direct involvement of 

the AKT signaling pathway in tumor growth, different mechanisms were 

described to use the AKT signaling axis to promote HCC (110, 111) and CCA 

(112, 113) progression. Epithelial-mesenchymal transition (EMT) broadly 

regulates the multistep mechanism of migration, invasion and metastasis in 

cancer. Yothaisong et al. as well as other studies associated the aberrant 

activation of AKT signaling to an invasive, metastatic and drug resistant cancer 

phenotype (97, 114-116).  

Evidently, it can be suggested that direct inhibition of AKT may be a promising 

therapeutic option. Interestingly however, current inhibitors of the 

PI3K/PTEN/AKT/mTOR pathway focus on PI3K or mTOR as molecular targets. 

Inhibiting mTOR however, was shown to enhance diverse regulating feedback 

loops, that reduce its antiproliferative potential (117). One of this feedback loops 
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is the activation of AKT, which results from the inhibited mTOR dependent 

negative feedback on AKT (118). In this context most recent studies suggested 

that a dual AKT/mTOR inhibition may be more favorable (119). MK2206 is an 

allosteric AKT inhibitor that is correctly evaluated in different clinical trials. Out of 

50 clinical trials assessing the effect of MK2206, 21 used MK2206 as a 

monotherapy. Out of these 21 studies 1 study was withdrawn and 5 terminated 

due to discouraging results, related toxicity, or limited activity. Out of the 15 

remaining studies only 6 studies posted results and discussed them in respective 

publications. Of note, all 6 published studies reported dose limiting toxicities for 

MK2206, albeit well tolerated. Further all of them concluded that MK2206 

monotherapy only generate modest results mostly due to incomplete or 

inadequate target inhibition (120-125).  

The possibility of directly targeting AKT signaling in HCC and CCA has been 

addressed in several preclinical studies (126-128). Approaches to translate 

promising preclinical observations into clinical studies using AKT inhibitors, led to 

early termination of the studies due to discouraging results and severe adverse 

effects (NCT01239355) or missing clinical activity (129). After conducting a 

phase-II study with the AKT Inhibitor MK-2206 in patients with Advanced Biliary 

Cancer, Ahn et al concluded that further development of AKT inhibitors may need 

to focus on combinations with other molecular targeted agents, conventional 

cytotoxic chemotherapy, and prospective patient selection (129). 

The combination of AKT inhibitor MK2206 and HDACis was shown effective in 

different models of solid tumors. Buglio et al. showed that patients with relapsed 

or refractory Lymphoma could benefit from the combination of MK2206 and 

HDACi Vorinostat. This combination was associated to an increased PARP 

cleavage and induction of apoptosis (125, 130). Promising results were observed 

in pancreatic cancer (131) and Prostate cancer(132). Janku et al. reported in a 

case study that 2 patients with advanced HCC could benefit from the 

combinatorial therapy with the PI3K/AKT/mTOR inhibitor sirolimus and 

Vorinostat(133). To our knowledge there is no report about the efficacy of the 

combination treatment of a direct AKT inhibitor such as MK2206 and HDACis in 

HCC and CCA. 
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1.5. Aim of the study 

ADORA3 activation, direct AKT inhibition, and HDAC inhibition have been 

identified as promising targets and investigated in liver cancer. However, current 

studies with respective drugs as single agents were disappointing. A recent 

clinical investigation on ADORA3 activation in HCC patients using the agonist 

Namodenoson, did not meet its primary endpoint, which was an improved overall 

survival, even though it was effective in a selected group of patients. This trial 

and other preclinical studies demonstrated that the underpinnings of ADORA3 

stimulation in HCC and CCA still need to be elucidated.  

Direct AKT inhibition using the agent MK2206 was repeatedly shown to be 

promising in vitro, but to date missing clinical activity or discouraging results were 

stated in two clinical trials in liver cancer, thus arising the need to combine it to 

another agent. HDAC inhibitors as single agents are generally recognized as 

effective drugs against hematological tumors, but only modest success has been 

reported in solid tumors. Bitzer et al. as well as other studies presented evidence 

that combining HDAC inhibitors to other targets increased the overall success 

rate. The effect of AKT and HDAC co-inhibition in HCC and CCA has not been 

investigated so far. In this pursuit, the aim of the presented study was to explore 

the role of ADORA3 in HCC and CCA and investigate novel combination 

treatment approaches for the treatment of HCC and CCA. To achieve these aims 

the following objectives were performed:  

1. Explore the role of ADORA3 in HCC and CCA by analyzing and 

comparing its expression in healthy vs. tumor tissue. 

2. Investigate molecular mechanisms triggered after ADORA3 stimulation 

with the selective agonist Namodenoson. 

3. Explore the potential benefit of simultaneous ADORA3 activation and 

HDAC inhibition as novel treatment strategy for HCC and CCA.  

4. Investigate the effect of an AKT/HDAC co-inhibition on three different 

hallmarks of cancer: sustained proliferation, evaded apoptosis, and 

promoted cell migration.  

5. Explore the molecular underpinnings of AKT/HDAC co-inhibition. 
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2. Material and Methods 
 

2.1. Material 

All mentioned materials were utilized according to the instructions of the 

manufacturers. 

 

2.1.1. Chemicals and working Material 

Chemicals and working materials were purchased from the following companies: 

AGFA, Amersham, Bioscience, Biozym Scientific, Bio-Rad, Boehringer 

Mannheim, FalconTM, GE Healthcare, Hycultec, ThermoFischer Scientific, 

Millipore, Life technologies, Promega, Qiagen, Roche, Carl Roth, Sarstedt, 

StarLab, Sigma-Aldrich/Merck, Santa Cruz Biotechnology, Selleckchem Tocris, 

Wertheim. Exceptions will be hinted specifically.  

 

2.1.2. Drugs 

All Drugs used are summarized in Table 1.  

 

Table 1. Compounds used in this study. 

Name Provider (Cat. No.) 

Namodenoson (CF102) Hycultec (HY12365) 

Piclidenoson (CF101) Tocris (1066) 

MRE3008F20 Hycultec (HY103178) 

MK2206 Hycultec (HY10358) 

Perifosine Santa Cruz Technology (sc-364571) 

Ipatasertib Selleckchem (S2808) 

Resminostat Hycultec (HY-14718A) 

Vorinostat Hycultec (HY-15149) 

Belinostat Hycultec (HY-10225) 

Romidepsin Hycultec (HY-15149) 
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2.1.3. Biological Materials 

Cell lines 

All Cell lines used in this study are listed in Table 2. Cell lines were purchased at 

the German Collection of Microorganisms and Cell Culture (DSMZ), the Riken 

Cell Bank (Riken), the American Type Culture Collection (ATCC) or obtained from 

laboratories of our cooperation partners (Dr. Daniel Dauch/ Prof. Dr. Lars Zender 

or Prof. Dr. Nisar Malek).  

  

Table 2. Cell lines 

Name Source 

Human Cell lines 

Huh7 Hepatocellular Carcinoma (DSMZ) 

HepG2 Hepatoma (DMSZ) 

JHH1 
Hepatocellular Carcinoma (Prof. Dr. Lars 

Zender – Cell line was re-authentified) 

RBE Cholangiocarcinoma (Riken) 

HUCCT1 Cholangiocarcinoma (Riken) 

TFK-1 Cholangiocarcinoma (DSMZ) 

SZ1 
Cholangiocarcinoma (Prof. Dr. Nisar 

Malek) 

 

 

Organoids 

The organoids used were generated and established as previously described by 

the laboratory of Markus Heim, Biomedicine Department Basel (Basel, 

Switzerland) (134).  

 

2.1.4. Antibodies and Enzymes 

All primary and secondary antibody used for Immunoblotting or TMA staining are 

summarized in Table 3.  
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Table 3. Antibodies and Enzymes 

Primary Antibodies 

Antigen Species 
Dilution 

(Application) 

Provider (Name) 

ADORA3 Rabbit 
1:500 (WB, 

IHC) 

SAB (Signalway) 

(35615) 

Ac-Histone H3 mouse 
1:1000 (WB) Santa-Cruz 

sc-56616 

PARP Rabbit 
1:500 (WB) Cell Signaling 

(9542) 

Cleaved PARP (Asp214) Rabbit 
1:1000 (WB) Cell Signaling 

(5625) 

Phospho-p70 S6 Kinase 

(Ser371) 
Rabbit 

1:1000 (WB) Cell Signaling 

(9208) 

Phospho-mTOR (Ser 2481) Rabbit 
1:1000 (WB) Cell Signaling 

(2974) 

mTOR Rabbit 
1:1000 (WB) Cell Signaling 

(2983) 

Phospho-AKT (Ser473) Rabbit 
1:1000 (WB) Cell Signaling 

(4060) 

Phospho-AKT (Thr308) Rabbit 
1:1000 (WB) Cell Signaling 

(4056) 

Pan-AKT Rabbit 
1:1000 (WB) Cell Signaling 

(4685) 

SGK1(Ser78) Rabbit 
1:1000 (WB) Cell Signaling 

(12103) 

p53 mouse 
1:500 (WB) Santa-Cruz 

sc-126 

Phospho-4E-BP1 (Thr37/46) Rabbit 
1:1000 (WB) Cell Signaling 

(2855) 

-Actin Mouse 
1:5000 (WB) Cell Signaling 

(3700) 
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Secondary Antibodies  

Anti-rabbit IgG – HRP Donkey 1:10000 ThermoScientific 

Anti-mouse IgG – HRP Donkey 1:10000 ThermoScientific 

FITC-conjugated anti-Rabbit 

IgG 
Goat 

1:1000 ThermoScientific 

 

 

2.1.5. Nucleotides 

All Nucleotides used are summarized in Table 4. 

 

Table 4. Nucleotides 

Oligonucleotides for qPCR 

Oligoname Sequence (5’ – 3’) Reference 

HDAC1-F CATCTCCTCAGCATTGGCTT (135) 

HDAC1-R CGAATCCGCATGACTCATAA (135) 

HDAC2-F ATGAGGCTTCATGGGATGAC (135) 

HDAC2-R ATGGCGTACAGTCAAGGAGG (135) 

HDAC3-F CTGTGTAACGCGAGCAGAAC (135) 

HDAC3-R GCAAGGCTTCACCAAGAGTC (135) 

HDAC4-F CTGGTCTCGGCCAGAAAGT (135) 

HDAC4-R CGTGGAAATTTTGAGCCATT (135) 

HDAC5-F GAACTGGGCATGGCTCTTG (135) 

HDAC5-R GGGAACCATCCTTGGAAATC (135) 

HDAC6-F GCGGTGGATGGAGAAATAGA (135) 

HDAC6-R CCGGAGGGTCCTTATCGTAG (135) 

HDAC7-F CCTGCTGTTGTCACCGC (136) 

HDAC7-R TCCTCTCCAGCTCAGAGACC (136) 

HDAC8-F GCGTGATTTCCAGCACATAA (135) 

HDAC8-R ATACTTGACCGGGGTCATCC (135) 

HDAC9-F GCCCACAGGAACTTCTGACT (135) 
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HDAC9-R GAACTCTAAGCCAGATGGGG (135) 

HDAC10-F GAACAGCCACATCCAGGG  (135) 

HDAC10-R CCTCTTAGATGGGATGCTGG (135) 

HDAC11-F AAGGAAGTTGGGGAGGAAGA (135) 

HDAC11-R GCACACGAGGCGCTATCTTA (135) 

GAPDH-F AGAAGGCTGGGGCTCATTTG (136) 

GAPDH-R AGGGGCCATCCACAGTCTTC (136) 

 

 

2.1.6. Media and Buffers 

Media 

Cell culture media and additives were purchased from Gibco, Invitrogen, Tocris, 

PeproTech or Sigma unless stated otherwise. Plasticware was obtained from 

Corning, Falcon, Nunc and PAA. 

 

Organoid Culturing Media 

Media used for organoid generation and maintenance are summarized in table 5.  

 

Table 5. Composition of media for human liver cancer organoid generation and culture. 

Basal Media 

Substances Concentration 

Collagenase V 2.5 mg/ml 

DNase 0.1 mg/ml 

Earle’s Balanced Salt Solution (EBSS) 1x 

Human Expansion Medium (HEM) 

Advanced DMEM/F-12 - 

B-27 1x 

N-2 1x 

Nicotinamide 10 mM 

N-acetyl-L-cysteine 1.25 mM 

Gastrin 10 nM 



2. Material and Methods 

 37 

Forskolin 10 µM 

A83-01 5 µM 

EGF 50 ng/ml 

FGF10  100 ng/ml 

HGF 25 ng/ml 

Rspo1 1 µg/ml 

Penicillin/Streptomycin 50 units/ml 

 

 

 

Buffer 

Self-made and ready-to-use buffers used in this study are summarized in table. 

6.  

 

Table 6. Buffers 

Self-Made Buffers 

Name (1 liter) Composition 

1x Tris-buffered saline (TBS) 
50 mM Tris, 150 mM NaCl, 

adjust pH with HCL to pH 7.6 

1x Tris-buffered saline + tween20 (TBST) TBS 1x + 0.1% Tween20 

1x Running Buffer 

30.3 g TRIS, 144 g Glycine, 10 g 

SDS Fill with Millipore water and 

adjust pH to 8.3 – 8.5 

1x Transfer Buffer 
48 mM Tris-HCl (pH 8.3), 39 mM 
glycine, 20 % methanol, 0.037 % 

SDS 

Ready-to-use buffers 

Name Provider 

RestoreTM Plus Western Blot Stripping 

Buffer 
ThermoScientific 

RIPA lysis buffer Sigma-Aldrich 

ClarityTM Western ECL Blotting Substrates BioRad 

NuPage Protein Loading Buffer ThermoScientific 
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2.1.7. Kits and Arrays 

All kits used in this study are summarized in Table 7.  
 
Table 7. Kits and Arrays 

Kits 

Name Provider 

PierceTM BCA Protein Assay ThermoScientific 

Nucleospin® RNA purification Kit Machery-Nagel 

QuantiTect reverse transcription QIAGEN 

Pierce™ SuperSignal™ West Femto, 

Rabbit Fast Western Blot Kit 
ThermoScientific 

Annexin V-FITC/PI staining kit BD Biosciences 

OptiView DAB TMA detection kit Roche 

Arrays 

PI3K/AKT/mTOR RTTM ProfilerTM PCR 

Array 
QIAGEN 

 
 
 

2.2. Methods 

2.2.1. Cell Culture 

HepG2, Huh7, HUCCT1, RBE, and JHH1 were cultured in Dulbecco's modified 

Eagle medium (DMEM, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) with 

10% fetal bovine serum (FBS, Sigma-Aldrich; Merck KGaA, Darmstadt, 

Germany). TFK1 and SZ1 cells were cultured in RPMI-1640 medium containing 

10% FBS. All cells were cultured in a humidified incubator (37°C, 5% CO2) and 

regularly tested to be negative for mycoplasma contamination. 

 

2.2.2. Generation of human HCC and CCA organoids from human liver 
biopsy samples 

All organoids were generated and established as previously described by the 

laboratory of Markus Heim, Biomedicine Department Basel (Basel, Switzerland) 
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(134). Briefly, human tissues were from patients undergoing diagnostic 

ultrasound-guided needle liver biopsy at the University Hospital Basel. All 

patients included were informed and signed to an ethically approved consent. 

Cylindrical biopsies for an organoid generation were collected in advanced 

DMEM/F-12 (GIBCO) on ice, digested to small cell clusters in digestion solution 

at 37 °C. Finally, those clusters were embedded in BME2 (Cat. No. 3533-005-02, 

Trevigen®) droplets and incubated to solidify. Droplets were covered with human 

expansion/culture medium (HEM). Organoids were cultured in a humidified 

environment (37°C, 5% CO2), and media was changed every 3 - 4 days.  

 

2.2.3. Drug's preparation 

All substances were dissolved in DMSO at 10 mM stock aliquots and stored at 

- 20 °C. Working concentrations of the compounds were freshly prepared from 

the stock for each experiment. Compounds were added to the corner of the well 

and mixed gently for distribution.  

For the experiments on the ability of MRE308F20 a ADORA3 antagonist to 

reverse observed effects after the incubation with Namodenoson an ADORA3 

agonist, cells were pretreated with the antagonist first for 30 min. before adding 

the agonist. 

 

2.2.4. Cell viability assays 

Human cell lines were plated in 24-well plates (3×104 cells per well) and adhered 

for 24 h. After 24 h medium was changed before the addition of any compound. 

Substances and DMSO control (Ctrl.) were prepared in serum-free DMEM, and 

cells were treated accordingly. Cell viabilities were determined after an incubation 

time of 72 h, employing the Sulforhodamine B assay (SRB, which measures the 

remaining cell mass (137)). For SRB assay, cells were washed twiced with PBS, 

fixed with cold 10 % trichloroacetic acid (TCA, Cat. No. T6399, Sigma) and dried 

at 55°C. Fixation solution was collected separately. Thereafter, cells were stained 

with SRB staining solution (0.4 % Sulforhodamine B; HY-D0974, Hycultec, in 1 % 
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acetic acid; Cat. No. 1000631011, Sigma). Staining solution was washed out with 

tap water. After drying overnight, the stain was solubilized in 10 mM Tris base, 

pH 10.5. The optical density was measured at a wavelength of 550 nm in a 

microtiter plate reader. Differences in cell mass were obtained by comparing 

DMSO treated control wells to drug-treated wells. DMSO controls were set to 

100 %.  

For organoid cultures, cell viability was measured using CellTiter-Glo 3D reagent 

(Promega). Single-cell suspensions of tumor organoids were plated in 384-well 

plates at a density of 1000 cells per well. After two days of recovery and formation 

of 3D structure, drug solution was added to treatment wells, and DMSO was 

added to controls. After six days of treatment, cell viability was measured using 

CellTiter-Glo 3D reagent following provider instructions. Luminescence was 

measured on a Synergy H1 Multi-Mode Reader (BioTek Instruments). Results 

were normalized to the vehicle (=100 % DMSO). Curve fitting was performed 

using Prism (GraphPad) software and the nonlinear regression equation. All 

experiments were performed at least two times in duplicate or as indicated in the 

figure legends. 

 

2.2.5. Colony formation assay 

Cell lines (10×103) were suspended and incubated in an upper layer containing 

0.35 % agarose (Lonza Rockland, Inc.) in DMEM supplemented with Pen/Strep 

(Sigma), 20% FBS (Sigma), and the drug used or DMSO as control. The mixture 

was added on top of a layer of 0.7 % basal agar in DMEM with 20 % FBS, which 

was added to a six-well plate and placed at room temperature until the agarose 

solidified. The wells were then overlaid with a solution of 1 ml of DMEM containing 

10 % FBS Pen/Strep and Drug without agarose to prevent wells from drying out. 

The upper medium was changed after ten days. The colonies grew for 21 days 

and were then stained with NBT (nitrobluetetrazolium, Sigma) for two days, 

photographed, analyzed, and counted using ImageJ software. Colonies larger 

than 0.15 mm in diameter were scored. 
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2.2.6. Cell migration assay 

All cells were seeded in 12-well plates for the migration assay and allowed to 

grow to 80 % confluence, respectively. Initially, the confluent monolayers of the 

cells were gently scratched alongside the middle line of the well using 200 μl 

pipette tips under an angle of around 30 degrees. Then, cells were washed briefly 

with pre-warmed PBS to remove cell debris and dead cell. Fresh media was then 

added, and cells were treated with the indicated concentrations of Drugs. Wound 

images were taken using a regular inverted microscope (Carl Zeiss, Göttingen 

Germany) at 0 h and 48 h, respectively. The migration index was calculated using 

the following formula:  Area migrated by the cells (A) = (Wound Area at 0 h – 

Wound Area at 48 h), which is then expressed as % wound closure. Three 

independent repeats were carried out for analysis. Results are shown as mean ± 

SEM. 

 

2.2.7. Flow Cytometry: detection of Apoptosis by Annexin V Staining 

Annexin V-FITC/PI staining assay was performed according to the 

manufacturer's instructions. Briefly, cells (1.5 x 105 per well) were grown in 12-

Well Plates and treated as indicated for 48h. After the respective treatments, the 

supernatant of each well (including floating apoptotic cells) was collected, and 

the adherent cells were trypsinized and then collected to the same tube. The 

tubes were centrifuged for 5 mins at 1000 rpm. The supernatant was discarded, 

the cell pellet was gently washed once with PBS. After another round of 

centrifugation, the pellet was re-suspended with 1 ml 1X Binding Buffer at a 

concentration of approximately 1 x 106 cells/ml. Cells were then incubated with 

fluorescein isothiocyanate (FITC)-labeled Annexin V (10 μg/mL) and PI 

(20 μg/mL) at 37°C for 20 min in the dark, and signal detection was performed 

using Flow Cytometer FACS Canto II (BD Biosciences, Heidelberg, Germany) of 

the FACS core facility at the University Hospital in Tuebingen. Result analysis 

was made with FlowJoTM v.10.7 (FlowJo, LLC, Ashland, USA). Quantification of 

apoptotic cells was performed using Graphpad Prism. 
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2.2.8. Immunoblotting 

For western blot analysis, treated cells were washed once with PBS lysed on ice 

with 100 μl RIPA lysis buffer supplemented with 0.1 % HaltTM protease and 

phosphatase inhibitor cocktail and 0.1 % Phenylmethylsulfonyl fluoride per well. 

Cell lysates were collected in tubes and sonicated (Bandelin Sonoplus) for 5 

seconds at 20 kHz. Cells were then incubated on a rotating wheel for one hour 

at 4 °C then centrifuged at 12,000 g for 7 min at 4 °C. The supernatants were 

used for western blot analysis. The protein concentration was determined with 

the Pierce BCA Protein Assay Kit using BSA at different concentrations as the 

standard to generate a regression curve. At least 20 µg of protein was mixed with 

NuPage sample buffer supplemented with 50 µM DTT. Protein lysates including 

NuPage were boiled at 94 °C for five min. 20 to 40 μg of cooked protein was 

loaded onto 4-12 % SDS-PAGE gels and then transferred to polyvinylidene 

difluoride (PVDF) membranes (Millipore). After blotting, membranes were 

blocked with 5 % nonfat milk in TBST for one hour and incubated with the 

respective diluted primary antibodies at 4 °C overnight. The membranes were 

incubated with the appropriate secondary antibodies for one hour the next day. 

An ECL chemiluminescence detection kit was used to detect signals following the 

manufacturer's recommendations.  

For weak antibodies, the Pierce™ SuperSignal™ West Femto, Rabbit Fast 

Western Blot Kit was used. Briefly, primary antibodies were diluted with the 

antibody diluent solution provided which the kit. The solution was added to the 

membrane directly after blotting without any blocking step. After 24 h of 

incubation at 4 °C with the primary antibody, the antibody was removed, stored 

and the prepared Fast Western optimized HRP / Peroxide working mix was 

directly added to the membrane as recommended by the manufacture. Finally, 

after incubation with the HRP / Peroxide mix for 30 min, the membrane was 

washed twice with the provided wash solution and detected using a 1:1 mix of 

the SuperSignal West Femto Luminol/Enhancer Solution.  

The film was exposed to the membrane for 1 – 60 minutes and processed with 

the AGFA developer solution. Detected signals were fixed using the AGFA 
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fixation solution. Films were then washed once in tap water and dried for further 

analysis. The β-actin antibody confirmed equal protein loading.  

For testing different Antibodies on one membrane, bound antibodies on the 

membranes were removed by washing with the RestoreTM Plus Western Blot 

Stripping Buffer twice (10 min each time) and washing with TBS-T twice (10 min 

each time), then, the blotted membranes were re-blocked and re-probed with 

other antibodies as previously described. 

For quantification, stained band intensities were analyzed and compared using 

Image Lab software (Bio-Rad Laboratories), Image J and GraphPad Prism 

version 9. 

 

2.2.9. Quantitative Real-time PCR (qPCR) 

To assay gene expression level under different treatment conditions, total RNA 

was isolated from control and treated cells using the NucleoSpin® RNA 

purification Kit following the manufacturer's instructions. RNA concentrations 

were quantified with a Nanodrop spectrophotometer. Samples with a 260 / 280 

ratio of about 2.0 were accepted as pure. 1 µg of RNA was reversed transcribed 

to complementary-DNA using QuantiTect Reverse Transcription Kit following 

manufacturer's instructions. Selected genes were amplified and analyzed using 

corresponding oligo (dt) primers, an SYBR™ Select Master Mix (ThermoFisher 

Scientific), and the LightCycler 480 System (Roche). Amplification was performed 

after a 10 min. hold stage at 95 °C and 40 cycles of denaturation at 95 °C for 

15 s, followed by a 1 min. annealing and elongation phase at 60 °C. The melting 

curve data were collected to check primer quality and specificity. Each cDNA 

sample was analyzed as triplicate, the housekeeping gene GAPDH and 

corresponding samples with no cDNAs were included as controls. Relative 

quantities of the transcript were determined using GAPDH as a reference and 

normalized relative to the untreated control using the 2-ΔΔCt method. Results are 

presented relative to the mean of GAPDH (138, 139). 
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2.2.10. RT2-Profiler PCR 

RT2 ProfilerTM PCR Array analysis was performed with extracted total RNA from 

treated cells. Briefly, the total RNA was reverse‑transcribed as described above, 

and the resulting cDNA was analyzed with a 96-well plate RT2 ProfilerTM 

quantitative PCR array. The array includes 84 critical genes of the pathway of 

interest. Each gene is prepared in one well. 5 wells are used for housekeeping 

genes, 1 well for genomic DNA control, 3 wells as reverse transcription controls 

and another 3 wells as positive PCR controls. Amplification was performed 

according to the vendor’s instructions using the LightCycler 480 System (Roche) 

and 45 cycles. Gene expression levels were analyzed using the spreadsheet-

based tool provided by the vendor. A sum of 12 96-Plates of the PI3K/AKT/mTOR 

pathway were used. 6 plates for each cell line and 3 replicates for each condition. 

Two conditions were tested: AKTi alone as control vs. the combination 

AKTi/HDACi. Data from the combined treatment were collected and normalized 

based on the Ct values of the housekeeping genes included in the arrays and 

further normalized to the monotherapy (AKTi) as control. The fold-change of gene 

expression was calculated using the 2-∆∆Ct method.  

 

2.2.11. Synergy Screening 

Two different models were used to assess synergistic interactions.  

The first model is the simplified high single agent (HSA) synergy model (140), 

which is used when two drugs are analyzed at one specific concentration 

respectively. This model, which is also referred to as the Gaddum's non-

interaction model, defines a synergistic combination effect as beneficial outcome 

on top of what is observed for each individual drug at the dose used in the 

combination. Briefly, for synergistic interaction the effect of the combination 

should be more then additive (Fig. 4). 
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Figure 7. Schematic description of the highest single agent synergy model. The model is based on the 
comparison of the expected additive effect (EAE) of each individual drug to the gained effect in the 
experimental setting. The EAE is the sum of the effect observed of each individual drug at the tested 
concentration. The gained experimental effect can be lower than the expected additive effect (< EAE), the 
same as the expected additive effect (= EAE), or higher than the expected additive effect (>EAE). A 
combination is considered synergistic when the gained effect is higher than the EAE. 

The second model is the zero-interaction potency (ZIP) model. This model was 

used when comparing two drugs at different concentrations. Briefly, the model 

takes into consideration, that two non-interacting drugs acquire changes in their 

potency (the amount of compound that is needed to produce a certain effect) 

when combined. This change in the drugs potency is best observed when 

different concentration of the drugs are tested. In this model synergy is calculated 

by comparing the changes in potency of the dose-response curves. 

Before analysis the optimal dose range and the IC50 values were determined for 

each cell line individually. ADORA3 agonist or AKT inhibitor (Drug 1) and HDACis 

(Drug 2) combination screens were performed in 5 × 6 dose-response matrices 

or as indicated. All tested cell lines were treated with drugs one and two at the 

indicated concentrations.  
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Drug synergy scores (δ-scores) were generated using the online version of 

SynergyFinder 2.0 (141-144). The degree of a drug combination effect or synergy 

is visualized as an interactive landscape over the dose matrix. To show the 

average of all δ-scores over the dose-response matrix -values were calculated. 

An overall synergy score (-value) lower than -10 is considered an antagonistic 

combination, between -10 and 10 is considered additive and above 10 

synergistic. (https://synergyfinder.fimm.fi/synergy/synfin_docs/). 

 

2.2.12. Tissue Microarray Staining 

TMA from paraffin blocks was retrieved from the Institute of Pathology archives 

at the University of Tuebingen as previously described (145). The ethics 

committee of the Medical Faculty approved this analysis (880/2020BO2). The 

stainings were performed at the Institute of Pathology in Tuebingen. Briefly, the 

analysis included samples from 36 patients with HCC and 51 patients with CCA. 

For each patient, a total of 3 slides representing tumor tissue and three slides 

with normal liver tissue were investigated. For immunohistochemistry, the primary 

antibody ADORA3 (Signalway antibody) was applied. Tissue sections were 

pretreated with EDTA buffer solution (pH 8.6) at 95 °C for 32 min. The detection 

kit required for staining was the OptiView DAB. The detection of ADORA3 was 

analyzed per high power field (magnification x400), and for the semi-quantitative 

evaluation, a score between 0 (no ADORA3 detectable) and 3 (strong ADORA3 

signal) was attributed to each evaluable tissue core. In case of a discrepancy 

between the scores of evaluable slides, the patient sample's highest score was 

taken. 

2.2.13. Immunofluorescence staining of cells 

Tumor cells were grown on sterilized coverslips in 12-well plates. For staining, 

media was removed, and the wells gently washed with prewarmed PBS. The cells 

were then directly fixed with 70 % ethanol for 15 min. After fixation, cells were 

permeabilized and blocked with a solution of 10% goat serum and 0.1 % Tween 

20 for 20 minutes at RT and then stained at 4 °C overnight with the primary 
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antibody ADORA3 (rabbit) diluted in blocking buffer. The primary antibody was 

removed, and the wells were washed thrice. Thereafter, the secondary antibody 

FITC-conjugated goat anti-rabbit antibody was applied for one hour in the dark at 

RT. After further washing, DAPI was added for nuclear staining. The images were 

acquired using the laser scanning confocal microscopy Zeiss LSM 710. 

 

2.2.14. Short Interfering (si-) RNA mediated Gene Knockdown 

For si-RNA experiments, cells (4x105) were seeded in 6-Well-Plate and allowed 

to grow up to 70 % confluent. After 24 h, cells were transfected using Silencer® 

Select ADORA3 siRNA (Cat. AM16708, Thermo Fischer Scientific) and 

Lipofectamine 3000 reagents (Cat. No. L3000015, ThemoFisher Scientific) 

according to the manufacturer's instructions. Briefly, 7.5 µl Polyfectamine 3000 

reagent per well was diluted with 250 μl of serum-free medium for 10 min at room 

temperature. 100 µM siRNA stock was generated by adding 50 µl RNAse-free 

H2O to 5 nmol siRNA. A final concentration of 800 nM siRNA per well was used. 

siRNA master mix was prepared by diluting siRNA to serum-free medium and 

P3000TM Reagent (250 µl/well). Polyfectamine solution (250 μl) was added to the 

diluted siRNA. After incubation for 15 min at room temperature, the DNA-lipid 

complex was added to each well containing 0.5 ml of complete medium. The final 

volume was 1 ml. After 48 h of incubation at 37 °C medium was changed, and 

transfected cells were treated accordingly for another 72 h.  

 

2.2.15. RNA-Seq Analysis and Bioinformatics 

Transcriptome analysis was performed after total RNA extraction and purity 

control as described in the section 6.2.9. Analysis was further performed using 

the Flow-Cell (400 Clusters, 75 BP, single-ended) reverse transcription technique 

(146) and Illumina Sequencing on an Illumina MiSeq machine at the Department 

of Medical Genetics and Applied Genomics, University Hospital Tuebingen, 

according to the manufacturer's guidelines. Bioinformatic and differential 
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expression analyses were performed in cooperation with the Quantitative Biology 

Center (QBIC) at the University of Tuebingen.  

 

The Nextflow-based nf-core RNA-Seq pipeline release 1.3 https://github.com/nf-

core/rnaseq1 was used for the bioinformatics analysis. An aggregation of the 

bioinformatics workflow analysis was conducted by MultiQC v1.72 (147). 

FASTQC3 (148) was used to determine quality of the FASTQ files. Subsequently, 

adapter trimming was conducted with Trim Galore v0.5.04 (149). STAR v2.6.1d 

(150) aligner was used to map the reads that passed the quality control to the 

human genome GRCh 38 (Ensembl release 92). The evaluation of the RNA-seq 

experiment was performed with RSeQC v3.0.0 (151) and read counting of the 

features (e.g. genes) with featureCounts v1.6.4 (152) For differential expression 

analysis, the raw read count table resulting from featureCounts is processed with 

the R package DESeq2 v1.22.1 (153). Graphs were also produced in the RStudio 

v1.1.456 with R version 3.5.1 (2018-07-02) mainly using the R package ggplot2 

v3.1.1. Final reports were produced using the R package rmarkdown v1.13, with 

the knitr v1.22 and DT v0.6 R packages. The sample similarity heatmap was 

created using the edgeR R package. 

 

Gene set enrichment analysis (GSEA) is a computational tool used to identify 

functional enrichment by comparing genes of interest with predefined gene sets. 

A gene set is a group of genes that shares localization, pathways, functions, or 

other features. Gene set enrichment analysis (GSEA) was performed using the 

Bioconductor package fgsea (154). All human gene sets from Molecular 

Signatures Database (MSigDB) gene sets (155) were examined. The p-value 

(<0.05) and the false discovery rate (FDR) <0.2, were used to select statistically 

significant gene sets.  

 

The analysis of active transcriptional binding sites was performed as previously 

described (156, 157). Briefly the g:PROFILER web tool uses regulatory motifs of 

the TRANSFAC database version 2015.3 and compares it to the input gene list 

to make computational predictions of binding sites in gene promoters. 
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2.2.16. TCGA-LIHC RNA-Seq tissue biopsy data  

Through the recount2 project portal, gene counts (version 2) of the TCGA-LIHC cohort 

were obtained (https://jhubiostatistics.shinyapps.io/recount/) (158). Samples from 

patients were used only when both HCC and adjacent healthy liver tissue samples were 

available. Thus in total, 50 HCC samples and 50 adjacent healthy tissue samples were 

included in the analysis. For the differential expression analysis, the R package DESeq2 

v1.30.1 with R version 4.0.3 was used. The p-values were corrected for multiple testing 

using the Benjamini-Hochberg method (159) For the plot, the gene counts were 

converted to transcript per million (TPM) values by utilizing the median transcript length 

for each gene, determined using GTFtools (160). The plots were created using the 

Python package seaborn v0.10.1 with Python version 3.8.3. 

 

2.2.17. Statistical analysis 

When comparing multiple groups, p values were calculated with a two-way 

analysis of variance. An unpaired t-test was used to determine statistical 

differences between two groups compared once. Other statistical tests used are 

specified in the Results section and the figure legends. All analyses were 

performed using GraphPad Prism v.8.0 (GraphPad Software, Inc., La Jolla, CA, 

USA). Results in the figures are expressed as mean values with their standard 

errors. In all presented figures, p-values > 0.05 were marked as non-significant 

(n. s.), and p-values  0.05 were considered as statistically significant differences 

and indicated accordingly. 
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3. Results 

3.1. Adenosine receptor 3 modulation in liver cancer 

3.1.1. Heterogeneous level of ADORA3 in healthy liver, HCC and CCA 
tissues 

To explore the role of ADORA3 in HCC and CCA we investigated its presence in 

HCC and CCA patient-derived tissue samples by an immunohistochemical 

analysis.  

This experiment was performed in cooperation with the Institute of Pathology at 

the University Hospital in Tuebingen.  

We used tissues microarrays (TMAs) of patients with HCC and CCA and stained 

them for ADORA3. The semiquantitative analysis comparing triplicates, 

differentiated between “strong” (3), “moderate” (2), “weak” (1) and “negative” (0) 

(Fig. 5). Briefly, the highest stain and thus the highest number in the set of 3 

replicates was chosen for each patient. Notably, most of the normal 81 liver 

samples had a “strong” (3) receptor level and no normal liver tissue was graded 

as “negative” (0). Surprisingly, in contrast to a published assumption, both tumor 

types, HCC (n=36) and CCA (n=50) showed a heterogeneously distributed level 

of ADORA3 expression (Fig. 6). Most notably we even found that some HCC and 
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CCA patients did not expressed the receptor at all. Since our observation was in 

contrast to the hypothesis that ADORA3 is overexpressed in tumors compared to 

normal tissue (161), we wanted to explore whether we would have similar findings 

using a different experimental setting. We therefore investigated on the gene 
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Figure 9 Comparison of semi 
quantitative stainings for 
ADORA3 expression between 
healthy liver tissue, CCA and 
HCC samples. Data represent the 
average of individual 
semiquantitative scores between 
0 (negative), 1 (weak), 2 
(moderate) and 3 (strong) for 
ADORA3 staining of normal liver 
(n=81), CCA (n=50) and HCC 
(n=36) samples. The result of 
each sample is shown. 

Figure 8 Tissue Microarray (TMA) of patient-derived samples of HCC and CCA tumors. TMA were stained 
for ADORA3 expression and scored semi quantitatively with negative, weak, moderate, and strong. 
Representative stains out of triplicates are shown as an example. Pictures for this analysis were taken at 
the Institute of Pathology of the University Hospital Tübingen. 
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expression of ADORA3 using TCGA patient data and RNA-Seq tissue biopsy 

data (Fig. 7 A/B). 
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The TGCA-LIHC analysis of a public available data source was performed in 

collaboration with the quantitative biology center (QBIC) and biopsy data from 

A) 

HCC (n=50) 
adjacent normal liver tissue (n=50) 

B) 

Figure 10 Comparison of ADORA3 m-RNA expression in different tissue samples. A) TCGA-LIHC cohort 
violin blot analysis of 50 normal tumor adjacent tissue and 50 tumor tissue samples from HCC patients. 
Gene counts were exported from the recount2 project portal. For the differential expression analysis, the 
R package DESeq2 was used. Gene expression data is shown as transcripts per million (TPM). The p-
values were corrected for multiple testing using the Benjamini-Hochberg method. Statistical analysis 
indicate a significant difference between both cohorts (p < 0.05 = *) (B) ADORA3 expression in RNA-Seq 
liver tissue biopsies in normal liver (n=13), tumor adjacent liver tissue (n=117) and tumor (n=121). Gene 
expression data is shown as TPM. Statistical analysis was performed using one-way ANOVA. Asterisk 
indicates that the differences are not significant (ns). 
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patients were generated at the Department for Biomedicine in the group of Prof. 

Dr. Markus Heim, Basel, Schweiz, and analyzed by myself during my research 

stay at the laboratory in Basel.  

Data are presented as transcripts per million (TPM), which is the relative 

abundance of a transcript among a population of sequenced transcripts. Figure 

7A shows a significant difference between HCC and adjacent tumor tissue. Of 

note, the gene coding for ADORA3 was observed to be significantly (p<0.05) 

more expressed in the normal adjacent tissue. Figure 7B further shows that there 

was no significant expression of the ADORA3 gene when comparing normal liver 

tissue versus tumor samples or tumor adjacent liver tissue versus tumor samples. 

These results support the observation that the ADORA3 gene is not generally 

overexpressed in HCC.  

3.1.2. ADORA3 is ubiquitously expressed in HCC and CCA derived 
established cell lines.  

The first results indicate that ADORA3 is not generally overexpressed in CCA or 

HCC tissues. To investigate on the molecular mechanistic trigged after ADORA3 

activation we first aimed to test and identify which HCC and CCA cell lines 

synthesized ADORA3 proteins. Using western blot analysis, we explored 

ADORA3 protein levels in three different HCC (Huh7, JHH1 and HepG2) and 

three different CCA (HUCCT1, RBE, TFK1) human derived established cell lines.  

HCC CCA 

ADORA3 

β-Actin 

Figure 11 Western Blot analysis of ADORA3 (upper row) in different HCC (JHH1, HepG2, Huh7) and 
CCA (HUCCT1, RBE, TFK1) cell lines. Cells were grown in dishes then protein extraction and western 

blot analysis was performed. Equal protein loading was verified by beta actin staining (lower row). 
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We could demonstrate the presence of ADORA3 in all cells tested (Fig. 8).  

We further performed immunocytochemical stains of HepG2 and Huh7 cells (Fig. 

9). We could show that both cell lines expressed ADORA3, which supports our 

previous observation. To sum up, we concluded that all cell lines were suitable 

models to explore ADORA3 activation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Immunocytochemical analysis of 
ADORA3 (green) in HCC cell lines HepG2 
and Huh7. Cells lines were seeded on 
coverslips, fixed, blocked and stain with a 
primary antibody for ADORA3. For controls 
the primary antibody was omitted. After 
incubation with the primary antibody and a 
washing step, the secondary antibody was 
added to all cells.  Thereafter nuclei were 
stained using DAPI (blue). Pictures were 
taken using laser scanning confocal 
microscopy Zeiss LSM 710. Original 
magnification 40x. 
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3.1.3. ADORA3-activation mediates antiproliferative effects of 
Namodenoson in HCC and CCA derived established cell lines.  

We next investigated the cellular response to ADORA3 stimulation using the 

specific ADORA3 activator Namodenoson. To examine the effects of 

Namodenoson on liver cancer cell proliferation we firstly performed dose-

response studies.  

For these experiments we applied the sulforhodamine B (SRB) assay, which was 

developed by Skelan and colleages to measure drug-induced cytotoxicity and cell 

proliferation (137, 162). As a surrogate marker for cellular proliferation, the cell 

IC50 Value Human HCC and CCA cell line 

HCC (95% CI) CCA (95% CI) 

JHH1 69.3 (38.9 – 177.5) HUCCT1 23.9 (17.3 – 33.5) 

Huh7 31.8 (25.6 – 40.3) RBE 46.8 (33.6 – 66.7) 

HepG2 35.3 (24.1 – 54.2) TFK1 13,9 (11.9 – 15.9) 
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Figure 13 (A) Dose dependent antiproliferative effect of Namodenoson (Namo.) on HCC- (HepG2, Huh7, 
JHH1) and CCA-derived cell lines (HUCCT1, RBE, TFK1) investigated by SRB assay. Cells were seeded 
overnight, and varying concentrations (0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, and 100 μM) of Namodenoson 
were added to each well for 72h. The percentage of the cell mass as a surrogate marker for proliferation was 
determined. The curves were automatically fitted using nonlinear regression with GraphPad Prism. Nonlinear 
regression was constrained to 100 for the top and 0 for the bottom. Thereafter IC50 values were calculated.  
The dashed line represents the IC50. The dots represent the average of four independent values gained for 

each treatment condition. (B) Calculated IC50 values of Namo. treatment. 
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mass was determined after 72 h of drug treatment and relative to DMSO treated 

control cells. 

As shown in Figure 10 all cell lines showed a concentration dependent decrease 

in cell mass (Fig. 10A) with IC50 values ranging from 13.9 μM for TFK1 to 

69,3 μM for JHH1 (Fig. 10B). Since the presented study aims to combine minimal 

effect doses of compounds, we defined the minimal concentration range as the 

minimum drug concentration needed to activate the receptor and generate a cell 

mass reduction of about 10 – 20 %. The results obtained therefore suggest that 

for all cell lines, Namodenoson minimal effect concentration ranges between 5 – 

20 µM. 10 µM was therefore chosen as a suitable average concentration for the 

following experiments.  

 

3.1.4. Namodenoson mediated antiproliferative effect in HCC and CCA 
cell lines is fully receptor dependent 

To exclude off target effects, we next investigated whether the observed 

antiproliferative effect of Namodenoson depended on the receptor. In order to do 

so, we performed two inhibitory assays in HCC (HepG2) and CCA (HUCCT1) cell 

lines.  

Firstly, we pretreated the cells with MRE3008F20 (MRE.), a specific ADORA3 

receptor antagonist. We then added Namodenoson and incubated the cells for 

72h. We performed SRB assays and assessed, whether we could inhibit the 

Namodenoson antiproliferative effect. For this analysis we used MRE. 

concentrations that did not significantly affected the cell lines proliferation as 

single treatment: for HepG2 concentrations up to 0.03 µM, and for HUCCT1 

concentrations up to 0.1 µM did not influence the SRB results (Fig. 11).  
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Figure 14 Dose response study with specific ADORA3 antagonist MRE3008F20. HepG2 and HUCCT1 cells 
were seeded overnight and thereafter treated with different concentrations (0.01, 0.03, 0.1, 0.3, 1 µM) of 
MRE3008F20 for 72 h. Cell mass was determine via SRB assay. Data represent standard error of the mean 
of three independent experiments.  

As an important result, we found that the antagonist could significantly inhibit the 

antiproliferative effect observed with 10 μM Namodenoson in HepG2 (p<0.01) 

and HUCCT1 (p<0.05) cells (Fig. 12). In both cell lines Namodenoson inhibited 

cell proliferation up to 30 %. This effect was not observed in the combination with 

MRE. 

Secondly, we knocked down the receptor using RNAi technology and assessed 

whether we could inhibit the antiproliferative effect of Namodenoson.  
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Figure 15 Co-treatment of Namodenoson (Namo.) with the specific ADORA3 antagonist MRE3008F20 
(MRE.). For drug combination experiments, cells were pretreated with 0.03 μM (HepG2) and 0.1 μM 
(HUCCT1) of antagonist MRE3008F20 for 30 minutes before treatment with 10 μM Namo. or solvent as 
control for 72h. The cell mass as a surrogate marker for proliferation was determined via SRB assay. Data 
represent standard error of the mean of three independent experiments. Statistical analysis was performed 
using unpaired t-test comparing Namodenoson to the combination of Namo. + MRE3008F20 (* = p <0.05; 
** = p<0.01)). 
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Of note, ADORA3 siRNA prevented the antiproliferative effect of Namodenoson 

in both cell lines (Fig. 13). This result supports our first observation. To sum up 

we presented evidence, that the effect of Namodenoson on cellular proliferation 

was directly dependent on ADORA3.  

3.1.5. ADORA3 stimulation induces chromatin-modifying events 

The mechanism of action of Namodenoson on liver cancer cells is only partly 

understood so far. To learn more about potential mechanisms, which could help 

to identify patients that are suited for an ADORA3 stimulatory drug treatment or 

to identify possible new combination treatments, RNA-Seq was performed. RNA-

Seq data on how ADORA3 agonist Namodenoson alter the transcriptome of 

tumor cells, has not been described yet.  

Therefore, we performed a gene expression analysis in HepG2 cells treated with 

Namodenoson for 24 or 36 hours (Fig. 14A). Of the 36,521 mapped gene tags in 

HepG2 cells 682 genes (338 genes upregulated and 344 genes downregulated) 

were differently expressed after 24 h and 940 genes (445 upregulated and 495 

downregulated) were differently expressed after 36h when comparing 

Namodenoson treated cells to DMSO treated controls. Both treatment timepoints 

shared 525 genes (Fig. 14B). Genes were considered differentially expressed 

Figure 16 The antiproliferative effect of Namodenoson (Namo.) can be blocked by silencing ADORA3 using 
siRNA. HepG2 and HUCCT1 cells were transfected with ADORA3 siRNA (siADORA3) or scrambled control 
(Non-Target Ctrl). 48 h after transfection, cells were treated with 10 μM Namo. or DMSO solvent as control 
(Ctrl.) for 72 h. The cell mass as a surrogate marker for proliferation was determined via SRB assay. Data 
represent standard error of the mean of three independent experiments. Statistical analysis was performed 
using 2way ANOVA with Šídák's multiple comparisons test (**** = p<0,0001). 
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(DE) when the adjusted p-value was lower than 0.05 (padj < 0.05) and a log2FC 

of greater than 0.5 or lower then -0.5.  

 

Considering the profound alteration in gene expression within the first 24 h after 

treatment with Namodenoson and the common regulation pattern between the 

24 h and 36 h batch, which is assumed due to the high number of shared genes, 

we postulated that the observed alteration in gene expression may be due to 

changes in the amount of available transcription factor binding sites (TFBSs). To 

investigate on this assumption, we performed a computational approach using 

the g:PROFILER online tool, to predict the changes in TFBSs after the treatment 

with Namodenoson (156, 157). The differentially expressed genes found after 

A) 

B) 

HepG2 

24h - Treatment 

DMSO 
(solvent, control)    

Namodenoson 
(ADORA3 agonist) 

940 
Genes 

682 
Genes 

DMSO 
(solvent, control)    

Namodenoson 
(ADORA3 agonist) 

36h - Treatment 

24h 
Namo. vs DMSO ctrl. 

36h 
Namo. vs DMSO ctrl. 

Figure 17 Overview of RNA-Seq analysis in HepG2 cells. (A) Experimental scheme of RNA-Seq 
analysis and number of deregulated genes; 24h (blue) or 36h (green). (B) Venn diagram showing 
the amount of differently expressed genes after 24h (682 – blue circle) and 36h (940 - green circle) 
and the overlapping area, indicating the number of shared genes (525). 
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24 h (682) and 36 h (940) were used as query entry. In our query 84 TFBSs were 

predicted after the treatment with Namodenoson for 24 h. 209 TFBSs were 

predicted for the 36 h timepoints. Of note, out of the activated 84 TFBSs found 

after 24h of treatment 77 were also seen in the 36 h treatment batch (Fig. 15). 

These results support the assumption that major changes in the transcriptional 

machinery might be initiated within the first 24 h. In conclusion, the results 

underscored that the first 24 h are crucial in Namodenoson way of action and 

further they indicated that Namodenoson triggers remodeling events, that can 

lead to an increased number of TFBSs. 

 

 

The previous result implied that Namodenoson triggers remodeling events. We 

therefore postulated that Namodenoson might lead to changes in chromatin state 

Namodenoson 
(ADORA3 agonist) 

Gene list 1: 
682 Genes 

Gene list 2:  
940 Genes 

Namodenoson 
(ADORA3 agonist) 

24h - Treatment 36h - Treatment 

g:PROFILER analysis of active transcription factor binding sites (TFBSs)  

Figure 18 g:PROFILER analysis of active transcription factor binding sites(TFBSs)  after treatment with 
Namodenoson for 24h or 36h. The gene list of differentially expressed genes generated after each 
treatment timepoints where taken as Input for the g:PROFILER query. Gene list 1 form the 24 h treatment 
(blue) generated 84 TFBSs and gene list 2 from the 36h treatment (green) generated 209 TFBSs. Both 

Timepoints had 77 TFBSs in common. 
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via epigenetic remodeling events. To assess this assumption, we performed a 

gene set enrichment analysis (GSEA) (163) of the differentially expressed (DE) 

genes at 24 h with a focus on epigenetic pathways. Here we investigated the first 

point in time namely 24 h, since our previous results indicated that within the first 

24 h over 500 genes are regulated and TFBS increased, implying a very crucial 

time for Namodenoson way of action. Considering all analyzed gene sets, our 

GSEA query revealed 18 functional gene sets associated with epigenetic 

regulation pattern with p-value of < 0.05, and normalized enrichment score (NES) 

of < -1.8 or > 1.8 and a false discovery rate of < 0.2. (Table. 8). Interestingly all 

gene sets had a negative NES which shows their downregulation during the 

treatment with Namodenoson. 

Table 8. Gene set enrichment analysis of hallmark gene sets and curated gene sets for 
identification of enriched pathways. Query entry was based on all 682 significantly altered genes 
when comparing Namodenoson treatment versus DMSO after 24 hours. 18 Gene sets were 
identified. p-value (p-val.), FDR (false Discovery Rate, adjusted p-value) normalized enrichment 
score (NES). 

Gene Set Enrichment Analysis (GSEA) - Significantly regulated gene sets associated 
with epigenetic events. 

Gene Set Name p-val FDR NES 

SENESE_HDAC1_TARGETS_UP 
4,32E-
07 

7,28E-
04 -2,75 

PASINI_SUZ12_TARGETS_DN 
5,01E-
06 

4,03E-
03 -2,61 

LU_EZH2_TARGETS_DN 
8,32E-
05 

2,13E-
02 -2,33 

SENESE_HDAC1_AND_HDAC2_TARGETS_UP 
2,35E-
04 

3,30E-
02 -2,30 

PRC2_EZH2_UP.V1_UP 
5,51E-
04 

5,57E-
02 -2,22 

KHETCHOUMIAN_TRIM24_TARGETS_UP 
9,26E-
04 

7,44E-
02 -2,12 

ACEVEDO_METHYLATED_IN_LIVER_CANCER_DN 
1,15E-
03 

8,11E-
02 -2,03 

SATO_SILENCED_BY_METHYLATION_IN_PANCREATIC_CANCER_1 
1,51E-
03 

9,44E-
02 -2,08 

MISSIAGLIA_REGULATED_BY_METHYLATION_UP 
1,74E-
03 

1,02E-
01 -2,04 

SENESE_HDAC3_TARGETS_UP 
1,79E-
03 

1,03E-
01 -2,05 

GSE27434_WT_VS_DNMT1_KO_TREG_DN 
2,07E-
03 

1,09E-
01 -1,96 

LIU_SMARCA4_TARGETS 
2,50E-
03 

1,22E-
01 -1,94 

WANG_SMARCE1_TARGETS_DN 
4,90E-
03 

1,66E-
01 -1,89 

HELLER_HDAC_TARGETS_SILENCED_BY_METHYLATION_DN 
7,43E-
03 

1,97E-
01 -1,85 
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GSE26488_WT_VS_HDAC7_KO_DOUBLE_POSITIVE_THYMOCYTE_DN 
7,14E-
03 

1,95E-
01 -1,82 

HENDRICKS_SMARCA4_TARGETS_UP 
9,01E-
03 

2,11E-
01 -1,86 

CHICAS_RB1_TARGETS_SENESCENT 
3,75E-
03 

1,47E-
01 -1,99 

CHICAS_RB1_TARGETS_CONFLUENT 
4,89E-
03 

1,66E-
01 -1,87 

 

Four of the identified gene sets were highly significant with an FDR of < 0.05 (Fig. 

16, Table 8). The y-axis of the enrichment plots represents the NES. The dashes 

on the upper x-axis represent the genes included in the respective gene set. Their 

distribution from left (control site) to the right (Namodenoson site) shows that for 

SENESE_HDAC1_TARGETS_UP, PASINI_SUZ12_TARGETS_DN, 

SENESE_HDAC1_AND_HDAC2_TARGETS_UP, most genes are only found at 

the right site, meaning that the genes in those sets are only regulated in the 

Namodenoson batch and not in the control. The genes included in the set 

LU_EZH2_TARGETS_DN were found to be more distributed along the upper x-
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Figure 19 Gene Set Enrichment Analysis (GSEA) of RNASeq analysis after treatment with 
Namodenoson after 24 h. Shown are enrichment plots of the four significantly downregulated gene sets 
associated with epigenetic events. Gene sets were considered significant with a false discovery rate 
(FDR) < 0.05 and a normalized enrichment score (NES) > 1.8. 
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axis of the enrichment plot. This implies that in in both control and Namodenoson 

batch genes were found to be downregulated. Nevertheless, when comparing, 

more genes were only regulated with Namodenoson (Fig. 16). To conclude, the 

four presented enrichment plots illustrate that most of the genes included in the 

gene sets are only regulated with Namodenoson. Interestingly the 

downregulation of those gene sets is associated with an increased transcriptional 

activity (164-166).To sum up, our GSEA analysis supported the hypothesis that 

the stimulation of ADORA3 by Namodenoson leads to changes in genes that play 

a crucial role in the context of epigenetic modifications. Of note, two of the gene 

set indicate a regulation of histone deacetylases. 

Well-known enzymes in epigenetic regulations are histone deacetylases. Since 

or previous results implied a regulation of histone deacetylases, we wanted to 

investigate whether Namodenoson has an influence on the cellular expression of 

HDACs. Therefore, as the next step, we treated HepG2 cells with different 

concentrations of Namodenoson and analyzed the expression of HDAC1 to 

HDAC11 using qPCR (Fig. 17).  

Surprisingly, as results, we found a broad regulation pattern that involved all 

investigated HDACs with a downregulation after Namodenoson treatment 

independent of its concentration.  

One of the mechanisms of action of HDACs is to reverse the acetylation of lysine 

residues on histones H3, which leads to an inactive or close state of chromatin, 

Figure 20 Real-time PCR analysis of HDAC 1 – 11 mRNA in HepG2 cells treated with rising concentrations 
of Namodenoson (2.5, 5, 10 µM) for 24 h. Data represent standard error of the mean of three independent 
experiments. Statistical analysis was performed using 2way ANOVA with Dunnett's multiple comparisons 

test (**** = p<0,0001). 
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and subsequently prevents transcription factors access to the promoters of target 

genes.  

As a next step, we therefore investigated, whether the observed inhibition of 

HDACs via Namodenoson is reflected by an increased acetylation of histone H3. 

We determined the histone-H3 acetylation by Western Blot analysis (Fig. 18) and 

observed an increased level in histone H3 acetylation after the treatment with 

increasing concentrations of Namodenoson. In HepG2 cells the level of 

acetylated H3 proteins already increased during treatment with 5 µM 

Namodenoson. The same was observed in RBE cells with 10 µM Namodenoson. 

An increased alteration in H3 acetylation was still observed when the 

Namodenoson concentration was elevated to 20 µM, even though it did not 

quantify as significant for HepG2. Overall, we could show that Namodenoson 

treatment increased histone H3 acetylation, which is in line with a reduced activity 

of HDACs.  

 

 

Ac-H3 

𝛃-Actin 

HepG2 

Ac-H3 

𝛃-Actin 

Namo. (µM) 0 Ctrl.    5     10     20 Namo. (µM) 0 Ctrl.   5     10     20 

RBE 

Figure 21 Western blot analysis and quantification of histone 3 acetylation (Ac-H3) in HepG2 and RBE cells 
after 24 h of treatment with rising concentrations (0, 5, 10,20 µM) Namodenoson. (Upper part) Quantification 
of three (HepG2) or two (RBE) independent replicates. (Lower part) Representative Western blots. Arrows 
indicate the protein of interest. Statistical analysis was performed using unpaired t-test comparing treatment 
to DMSO control (ctrl.) (* = p <0.05; ** = p<0.01, ns= not significant). 
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To sum up, we found that Namodenoson triggers epigenetic remodeling 

processes, by inhibiting histone deacetylation, which might primarily lead to an 

open chromatin state and an increased number of TFBSs, which may in turn play 

an important role in the observed increased in gene expression. 

 

3.1.6. Inhibition of HDACs and ADORA3 stimulation synergize to inhibit 
cell growth in HCC and CCA cells 

We next explored the effects of Namodenoson co-treatment to approved 

inhibitors of histone deacetylases (HDACi). Since Namodenoson diminishes 

HDAC transcription, we assumed that pharmacologically inhibiting HDACs might 

enhance this effect and therefore HDAC inhibitors could be an interesting co-

treatment approach to the stimulation of ADORA3. Several HDAC inhibitors 

(HDACis) are already approved for the treatment of mainly hematological 

disorders, therefore a combination treatment could easily be translated to clinical 

studies.  

First, we performed dose-response studies to assess the cellular response of our 

cells to the treatment with different HDACis (Fig. 19). Four well studied HDACis 

were chosen: Resminostat (73), Vorinostat (167), Belinostat (68) and Romidepsin 

(168). All cell lines showed a concentration dependent decrease in cell mass after 

treatment, independently of the HDACi used. To determine a minimal effective 

concentration range for further combination experiments, the IC50 values were 

calculated. The IC50 values ranged between 1.6 – 2.1 µM for Resminostat, 1.1 

– 1.5 µM for Vorinostat 0.5 – 0.7 µM for Belinostat and 2.8 – 8 nM for Romidepsin 

(Fig. 19B). We observed that concentrations of about 1 µM for Resminostat, 1 µM 

for Vorinostat (Vori.), 0.25 µM for Belinostat and 2 nM for Romidepsin lead to a 

cell mass reduction of about 20 – 30 %. Consequently, we defined those 

concentrations as minimal effective and used them for following experiments. 

Concerning Namodenoson we chose the previously identified minimal 

concentrations of 10 and 20 µM for combination experiments. 
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Figure 22 A) Dose dependent antiproliferative effect of different HDAC inhibitors on HCC cells (HepG2 (red), 
Huh7 (green)) and CCA cells (RBE (orange), HUCCT1 (light blue)). Cells were seeded overnight, and 
varying concentrations of the HDACis (20; 10; 5; 2,5; 1,2; 0,6; 0,3; 0,15; 0,07; 0 μM for Resminostat and 
Vorinostat, 10; 5; 2,5; 1,2; 0,6; 0,3; 0,15; 0,07; 0,03; 0 μM for Belinostat and 60; 30; 15; 7,5; 3,8; 1,9; 0,9; 
0,5; 0,2; 0 nM for Romidepsin) were added for 72h. SRB assays were performed, the percentage of the cell 
mass as a surrogate marker for proliferation was determined. The curves were automatically fitted using 
nonlinear regression with GraphPad Prism. Nonlinear regression was constrained to 100 for the top and 0 
for the bottom. Thereafter IC50 values were calculated. The dashed lines represent the IC50. The dots 
represent the average of four values gained for each treatment condition. (B) The table shows the calculated 

IC50 values of each treatment. 
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IC50 Value (95% CI) Human HCC and CCA cell line 

Cells 
Resminostat 
(µM) 

Vorinostat   
(µM) 

Belinostat    
(µM) 

Romidepsin 
(nM) 

HepG2 1.6 (1.3 – 2.1) 1.1 (0.9 – 1.2) 0.5 (0.4 – 0.6) 2.8 (2.3 – 3.3) 

RBE 1.2 (1.0 – 1.3) 1.6 (1.3 – 1.9) 0.6 (0.4 – 0.8) 3.4 (2.7 – 4.1) 

Huh7 2.1 (1.7 – 2.6) 1.1 (0.9 – 1.3) 0.7 (0.5 – 0.9)  3.3 (2.8 – 3.9) 

HUCCT1 1.6 (1.2 – 2.2) 1.5 (1.3 – 1.8) 0.5 (0.4 – 0.6) 8 (6.4 – 9.9) 

A) 

B) 
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As the next step we co-treated different HCC and CCA cell lines with the four 

different HDCA inhibitors alone or in combination with two different 

concentrations of Namodenoson for 72 hours.  

We observed that for all cell lines tested, independent of the tumor type, the 

combination affected cell mass more effectively compared to the HDACi 

treatment alone. In HCC cells a significant (p<0.05 – p<0.0001) inhibition of cell 

proliferation in all cell lines was observed when 20 µM Namodenoson was 

combined to HDACis. Similar results were observed with in both CCA cell lines. 

Of note, in all cell lines tested 10 µM Namodenoson showed a significant 

inhibition of cell proliferation when combined to Resminostat (p<0.05 – p<0.001) 

or Vorinostat (p<0.05, p<0.001). The combinations to Romidepsin or Belinostat 

showed varying results. Even though the treatment with Romidepsin alone, 

showed a cell mass inhibition of over 50 % in HepG2 and HUCCT1 cells, the 

Figure 23 Combination treatment of Namodenoson and different HDACi. HCC cell lines HepG2 and Huh7, and CCA 

cell lines HUCCT1 and RBE were treated with four different HDAC inhibitors (1 µM Resminostat, 1 µM Vorinostat, 

0.25 µM Belinostat and 2 nM Romidepsin) alone or in combination with two different concentrations of Namodenoson 

(10 µM or 20 µM Namo.). SRB assays were performed, the percentage of the cell mass as a surrogate marker for 

proliferation, was determined. The effects of the Namodenoson treatment alone were compared to DMSO treated 

controls. The combination of HDACi and Namodenoson was compared to the incubation with each HDAC inhibitor 

alone. Data represent three independent experiments. Statistical analysis was performed using a 2way ANOVA with 

Dunnett’s multiple comparison test (* = p <0.05; ** = p<0.01, *** = p<0,001, **** = p<0,0001, ns= not significant). 
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addition of the ADORA3 agonist Namodenoson could still enhance the observed 

antiproliferative effect (Fig. 20).  

To further evaluate whether the observed inhibition in the combination treatments 

was synergistic, the simplified highest single agent (HSA) synergy model was 

used (140). This model, which is also referred to as the Gaddum's non-interaction 

model, defines a synergistic combination effect as beneficial outcome on top of 

what is observed for each individual drug at the dose used in the combination. 

Briefly, the combination should be more then additive to be stated synergistic.  

To apply the HSA model for synergistic interactions, we calculated the expected 

additive effect, which is the sum of the effects observed of each drug alone and 

compared it to the actually gained effect in our experiment (Fig. 21).  

Figure 20 shows the calculated expected additive effects for the HDACi/Namo. 

combination in black (HDACi+10 µM Namo.) and grey (HDACi + 20 µM Namo) 

and the gained effect of the combinations in blue (HDACi + 10 µM Namo.) and 

orange (HDACi + 20 µM Namo.). Compared are black to blue and grey to orange. 

In all cell lines we found that the gained effects of the combinations with 

Resminostat was significantly higher than the expected effects independently of 

the concentration used for Namodenoson, which according to the HSA model are 

stated synergistic interactions. The combination of 10 µM Namodenoson to 

Vorinostat was also significantly synergistic throughout all tested cell lines. 

Varying interactions were observed in der Combinations to Romidepsin or 

Belinostat in Huh7, HepG2 and RBE cells. In HUCCT1 cells the combinations 

with Romidepsin and Belinostat were observed to be exclusively additive for the 

concentrations tested. Of note, none of the gained effects was significantly below 

the expected additive effect. These results underscore that the co-treatment of 

an ADORA3 agonist with and HDACi might be a promising approach to enhance 

antiproliferative effects on HCC and CCA cells in an additive or synergistic way. 
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Figure 24 Highest Single Agent (HSA)model-based synergy analysis of HCC cell lines HepG2 and Huh7, 
and CCA cell lines HUCCT1 and RBE treated with four different HDAC inhibitors (HDACis)(1 µM 
Resminostat, 1 µM Vorinostat, 0.25 µM Belinostat and 2 nM Romidepsin) in combination with two different 
concentrations of Namodenoson (10 µM or 20 µM Namo.). The HSA synergy analysis is based on the 
comparison of the expected additive effect (EAE) (here in black for 10 µM Namo. + HDACi and grey for 
20 µM Namo + HDACi) and the gained effect from the experiments (here in blue for 10 µM Namo. + HDACi 
and orange for 20 µM Namo. + HDACi). The effects were initially measured as the reduction of cell mass in 
precent compared to DMSO treated control. Statistical analysis was performed using unpaired t-test 
comparing the EAE to the gained effect (black to blue and grey to yellow) (* = p <0.05; ** = p<0.01, *** = 

p<0,001, **** = p<0,0001, ns= not significant). 

 

All experiments so far were performed with the clinically most advanced ADORA3 

agonist Namodenoson. To investigate, whether the observed results could also 

be expanded for further ADORA3 agonists, ADORA3 agonists CF101 

(Piclidenoson) and MRS5698 were examined as a combination partner to the 

different HDACis. HepG2 and HUCCT1 were treated with either each HDAC 

inhibitor alone or in combination with each agonist as previously described for 

Namodenoson.  

The concentrations used for CF101 and MRS5698 showed a maximum reduction 

in cell mass of about 20 % ( 10 %), which render those concentration as minimal 

effective. As results in HepG2 cells, CF101 showed significant (p<0.0001) 

inhibition of proliferation when combined to Romidepsin or Belinostat. In contrast 

to our observation with Namodenoson, the combinations to Resminostat or 

Vorinostat were not significant. In HUCCT1 cell on the other hand, significant 

inhibition of proliferation was observed throughout HDACis combined to 20 µM 
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CF101 (Fig. 22A). Surprisingly, MRS5698 showed significant (p<0.001 – 

p<0.0001) downregulation of cell proliferation throughout all combinations tested 

and in both tumor types (Fig. 22B). In summary, our results firstly support our 

assumption that a selective activation of ADORA3 is substantial for the observed 

antiproliferative effect and secondly our results further show that co-targeting 

HDAC inhibition and ADORA3 activation might be an interesting new combination 

treatment in liver cancer.  

To conclude, we examine, whether the combinations CF101/HDACis or 

MRS5698/HDACis were synergistic based on the HSA model.  

Figure 23A shows the calculated expected additive effects for the HDACi/CF101 

combination in black (HDACi+10 µM CF101.) and grey (HDACi + 20 µM CF101) 

A) 

B) 

Figure 25 Combination of two different ADORA3 agonists, CF101 and MRS5698, with HDAC inhibitors. HCC 
cell line HepG2 and CCA cell line HUCCT1 were treated with four different HDAC inhibitors (HDACi) (1 µM 
Resminostat, 1 µM Vorinostat, 0.25 µM Belinostat and 2 nM Romidepsin) alone or in combination with (A) 
CF101 (10, 20 µM) and (B) MRS5698 (10, 20 µM). SRB assays were performed, the percentage of the cell 
mass as a surrogate marker for proliferation was determined. The effects of each agonist treatment on the 
tested cell lines are summarized in each control group. Here the agonist treatment was compared to DMSO 
treatment. The combination of HDACi and the respective ADORA3 agonist was compared to the incubation 
with each HDAC inhibitor alone. Data represent three independent experiments. Statistical analysis was 
performed using 2way ANOVA with Dunnett’s multiple comparison test (* = p <0.05; ** = p<0.01, *** = p<0,001, 
**** = p<0,0001, ns = not significant). 
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and the observed effect of the combinations in blue (HDACi + 10 µM CF101) and 

orange (HDACi + 20 µM CF101.) 

Figure 23B shows the same for MRS5698. 

For CF101, the interactions observed when combined to Romidepsin or 

Belinostat in HepG2 cells showed to be synergistic. In contrast to that, In 

HUCCT1 cell synergistic interaction were observed for the combinations to 

Resminostat and Vorinostat while the combinations to Romidepsin or Belinostat 

showed varying results. Interestingly, for MRS5698, throughout all combinations 

tested the gained effects were significantly higher than the expected effects  

 

(p<0.01 – p<0.0001). Conclusively all combinations with MRS5698 and HDACis 

are stated as synergistic according to the HSA model. These results emphasize 

Figure 26. Highest Single Agent (HSA)model-based synergy analysis of HCC cell line HepG2 and CCA 
cell line HUCCT1 treated with four different HDAC inhibitors (HDACis) (1 µM Resminostat, 1 µM 
Vorinostat, 0.25 µM Belinostat and 2 nM Romidepsin) in combinations with two different concentrations 
(10 µM or 20 µM) of the agonists CF101 (A) or MRS5698 (MRS.) (B). The HSA synergy analysis is based 
on the comparison of the expected additive effect (EAE) (here in black for 10 µM CF101or MRS. + HDACi 
and grey for 20 µM CF101 or MRS.+ HDACi) and the gained effect from the experiments (here in blue for 
10 µM CF101 or MRS. + HDACi and orange for 20 µM CF101 or MRS. + HDACi). The effects were initially 
measured as the reduction of cell mass in precent compared to DMSO treated control. Statistical analysis 
was performed using unpaired t-test comparing the EAE to the gained effect (black to blue and grey to 
yellow) (* = p <0.05; ** = p<0.01, *** = p<0,001, **** = p<0,0001, ns= not significant). 

A) 

B) 
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the importance of a selective activation and support the assumption that co-

targeting of ADORA3 activation and HDAC inhibition is a promising treatment 

approach. 
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3.1.7. Namodenoson and HDACi inhibit viability of patient derived HCC 
and CCA organoids.  

With the previous results we have presented evidence that co-targeting ADORA3 

activation and HDACi showed synergistic antiproliferative effects in cell lines. We 

next aimed to explore the combination of Namodenoson and HDACis in patient 

derived tumor organoids (PDOs). 

 

The following experiments were performed in cooperation with the lab of Prof. Dr. 

Markus Heim during an exchange period at the Department of Biomedicine in 

Basel. 

 

IC50 Value Human HCC and CCA Organoids 

HCC (95% CI) CCA (95% CI) 

HCC(1) 17.8 (12.2 – 27.2) CCA 6.9 (3.3 – 13.9) 

HCC(2) 15.2 (12.2 – 19.1)   

HCC(3) 10.5 (8.9 – 12.3)   
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Figure 27 (A) Dose-dependent antiproliferative effect of Namodenoson in organoids derived from three HCC 
(HCC 1-3) and one CCA patients. Organoids were seeded for 48h. Thereafter rising concentrations (0, 0.3, 
0.6, 1.3, 2.5, 5, 10, 20, 40, and 80 µM)) of Namo. were added for 4 days. Cell Viability was determined using 
the cell titer glow assay. The curves were automatically fitted using nonlinear regression with GraphPad 
Prism. Nonlinear regression was constrained to 100 for the top and 0 for the bottom. Thereafter IC50 values 
were calculated. The dashed line represents the IC50. The dots represent the average of at least four 
independent values gained for each treatment condition. (B) Calculated IC50 values of Namo. treatment. 



3. Results 

 75 

We investigated three HCC organoids (Fig. 24 HCC 1 – 3) and one organoid 

derived from a patient diagnosed with CCA (Fig. 24, CCA). We first analyzed the 

organoids responses to the different HDACis. We therefore performed dose 

response studies and calculated the IC50 values as described above (Fig. 23 

A/B).  

IC50 Value (95% CI) Human HCC and CCA cell line  

Cells 
Resminostat 
(µM) 

Vorinostat   
(µM) 

Belinostat    
(µM) 

Romidepsin 
(nM) 

HCC(1) 1.4 (1.1 – 1.8) 0.9 (0.8 – 1.2) 1.0 (0.8 – 1.2) 2.9 (2.1 – 3.8) 

HCC(2) 0.7 (0.6 – 0.8) 0.5 (0.3 – 0.6) 0.2 (0.1 – 0.3) 2.5 (2.0 – 3.1) 

HCC(3) 4.1 (3.2 – 5.5) 1.8 (1.6 – 2.1) 0.8 (0.6 – 1.1)  5.9 (4.7 – 7.6) 

CCA 6.1 (4.0 – 7.9) 8.8 (7.3 – 10.6) 0.7 (0.5 – 1.0) 2.9 (1.8 – 4.4) 
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Figure 28 (A) Dose dependent antiproliferative effect of 3 organoids from HCC patients (HCC 1-3) and one 
organoid from a CCA patient. Organoid were seeded for 48h, and varying concentrations of the HDACs (20; 
10; 5; 2,5; 1,2; 0,6; 0,3; 0,15; 0,07; 0 μM for Resminostat and Vorinostat, 10; 5; 2,5; 1,2; 0,6; 0,3; 0,15; 0,07; 
0,03; 0 μM for Belinostat and 60; 30; 15; 7,5; 3,8; 1,9; 0,9; 0,5; 0,2; 0 nM for Romidepsin) were added for 4 
days. Cell Viability was determined using the cell titer glow assay. The curves were automatically fitted using 
nonlinear regression with GraphPad Prism. Nonlinear regression was constrained to 100 for the top and 0 for 
the bottom. Thereafter IC50 values were calculated.  The dashed line represents the IC50. The dots represent 
the average of at least four independent values gained for each treatment condition. (B) Calculated IC50 

values of Namo. treatment 
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 Interestingly, the IC50 values for all tested Organoids ranged from 6 – 20 µM. 

Comparing these IC50 range to that gained from the cell lines above, which 

ranged from 13 – 60 µM, these results suggest that the organoid might be more  

 sensitive to Namodenoson treatment. We next looked at the sensitivity of the 

four tested organoids to the HDACis (Fig. 25 A/B). 

We observed that the response to each tested HDACi was inconsistent 

throughout all tested organoids. The IC50 values ranged between 0.7 – 6.1 µM 

for Resminostat, 0.9 – 8.8 µM for Vorinostat, 0.2 – 1 µM for Belinostat and 2.5 – 

2.9 nM for Romidepsin. To conclude, the organoids showed a dose dependent 

inhibition of cell viability when treated with Namodenoson or HDACi alone. 

Concentration ranges for following experiments were identified.  

 

3.1.8.  Namodenoson/HDACi co-treatment act synergistic or additive to 
reduce viability of patient derived HCC organoids 

We then investigate the effect of combining HDACi to Namodenoson in patient 

derived HCC organoids. Briefly, five different concentrations of Namodenoson 

and six different concentrations of the HDACi were tested in a 5 x 6 matric. The 

concentrations chosen ranged around the average of the previously described 

IC50 values calculated for each drug used. The resulting 5 x 6 matrices were 

used to build synergy landscapes (Fig. 26) using the Zero interaction potency 

(ZIP) model and the “SynergyFinder” web-based program (142). Next, the the 

overall synergy score (-value) was determined for each cell line/treatment 

combination. According to the developer, drugs interaction is likely to be 

synergistic when the calculated score is > 10. For scores between 10 and -10, 

the interaction is likely to be additive and antagonistic interactions are considered 

for scores < -10.  

We observed that all combination showed an average additive effect ranging from 

-0.15 for HCC(2) to 11.95 for HCC(3). Looking at the most synergistic area 

(yellow squares) our result showed that combining Namodenoson with Vorinostat 

was synergistic for all organoids, followed by a rather additive interactions in the 

combinations with Belinostat, Romidepsin and Resminostat. Of note, none of the 

combinations showed a threshold below -10 for likely antagonistic interactions. In 
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summary, we showed that combining HDAC inhibition and ADORA3 activation 

inhibited cell viability. Conclusively, our experiments employing human derived 

organoids further suggest combining an ADORA3 agonist with an HDAC inhibitor 

as a new option to target liver cancer.  

 

Figure 29 HCC organoids from three different patients (HCC 1- 3) were used to investigate the combination 
of Namodenoson with four different HDACi drugs Vorinostat, Resminostat, Romidepsin, and Belinostat. The 
interaction of this drug combination was investigated with SynergyFinder 2.0 to visualize and explore the 
drug synergy landscapes. Organoids were seeded in a 384 well plate for 48h and thereafter treated in a 5x6 
matrix which comprised 5 different concentrations of Namodenoson (20, 10, 5. 2.5, 0 µM) and 6 different 
concentrations of the HDACis (Vorinostat, Resminostat and Belinostat with 5, 2.5, 1.25, 0.625, 0.312, 0 µM; 
Romidepsin with 3.8, 1.9, 0.95, 0.48, 0.24, 0 nM). After 6 days of treatment the tumor organoids´ viability 
was evaluated using the Cell Titer-Glow 3D cell viability assay. The resulting cell viability values of each 5 x 
6 matrices were used to build and visualize synergy landscapes using the zero-interaction potency (ZIP) 
model. The average synergy score is shown in the right lower corner of each graph, the most synergistic 
area and the corresponding synergistic area score is shown within a yellow square in each graph. Scores > 
10, the drug interactions are likely to be synergistic, 10 to -10, the interaction is likely to be additive, < -10, 
the interaction is likely to be antagonistic (https://synergyfinder.fimm.fi/synergy/synfin_docs/). 
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3.2. Combined HDAC and AKT inhibition as novel therapeutic 
strategy against HCC and CCA 

3.2.1. Dose dependent antiproliferative effect of AKT inhibitor MK2206 on 
HCC (HepG2, Huh7) and CCA (HUCCT1, SZ1) cell lines. 

To investigate the effect of AKT inhibition, the dose dependent antiproliferative 

effect of AKT inhibitor MK2206 was studied in two HCC (HepG2, Huh7) and two 

CCA (HUCCT1, SZ1) cell lines.  
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Our results showed a dose-dependent reduction of cell mass in all 4 cell lines 

(Fig. 27A). As presented IC50 values were 9.1; 7.4; 10.2; 10.1 for Huh7, HepG2, 

HUCCT1 and SZ1 cells after 72 h of exposure (Fig. 27B). 

Based on these results, and dose response as determined by IC50 values, a 

minimal-effective concentration of 5 µM MK2206, which lead to a cell mass 

reduction of about 20-30 %, in all cell lines, was chosen to be used for further 

studies.  

IC50 Value MK2206 Treatment in HCC and CCA Cell lines 

HCC (95% CI) CCA (95% CI) 

HepG2 9.1 (6.6 – 13.9) HUCCT1 10.2 (6.0 – 17.5) 

Huh7 7.4 (6.0 – 9.2) SZ1 10.1 (7.3 – 13.9) 

Figure 30. (A) represents a dose-dependent antiproliferative effect of MK2206 on HCC cells (HepG2, 
Huh7) and CCA cells (HUCCT1, SZ1). Briefly, cells were seeded overnight, and cultured in varying 
concentrations of MK2206 (0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, and 100 μM) for 72h. SRB assays 
were performed, the percentage of the cell mass as a surrogate marker for proliferation was determined. 
The curves were automatically fitted using nonlinear regression with GraphPad Prism. Nonlinear 
regression was constrained to 100 for the top and 0 for the bottom. Thereafter IC50 values were 
calculated.  The dashed line represents the IC50. The dots represent the average of three independent 
replicates gained for each treatment condition. (B) Calculated IC50 values of MK2206 treatment. 
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3.2.2. AKTi/HDACi co-treatment increased anti-proliferative effect 
compared to the monotherapies in different HCC and CCA 
established cell lines 

The next section aimed to investigate the antiproliferative effect of the 

AKTi/HDACi co-treatments compared to each monotreatment. We used the  

 

HDACis Resminostat (1 µM), Vori. (1 µM) and Belinostat (0.25 µM) and the AKTi 

MK2206 (5 µM) alone or in combinations as indicated. The concentrations 

chosen for the HDACis were adopted from our previous observations in section 

7.1.6 We investigated the response of 4 different HCC (HepG2, Huh7, 

PLC/PRF/5, Hep3B) and 4 different CCA (HUCCT1, SZ1, TFK1, RBE) 

A) B) 

Figure 31 Presented is the combination effect of AKT inhibitor (AKTi) MK2206 with HDACis (Resminostat, 
Vorinostat, Belinostat) in four different HCC (Huh7, HepG2, PLC/PRF/5, Hep3B) and CCA cell lines (HUCCT1, 
SZ1, TFK1, RBE). Briefly, cells were seeded overnight and treated with 5 µM of MK2206 or HDACi (1 µM 
Resminostat (Res.), 1 µM Vorinostat (Vori.) or 0.25 µM Belinostat (Beli.)) alone or in combination as indicated, 
for 72 h. DMSO was used as control. SRB assays were performed, the percentage of the cell mass as a 
surrogate marker for proliferation was determined. Data represent standard error of the mean of three 
independent experiments. Statistical analysis was performed comparing the combination to the monotherapy 
with HDACis and the monotherapy with MK2206 to the AKTi/HDACi co-treatment, using 2way ANOVA with 
Turkey's multiple comparisons test (*= p<0.05, ** = p<0.01, *** = p<0,001, **** = p<0,0001, ns= Not 
Significant). 
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established cell lines. Using SRB assays we compared the reduction in cell mass 

as a surrogate marker for proliferation. 

In HCC cells lines Huh7, HepG2 and PLC/PRF/5, the combination reduced 

proliferation more effectively than each monotreatment. Statistical analysis 

showed that all comparisons were significant (p<0.05 to p<0.0001). Compared to 

the HDACis alone combining HDACis to AKTi in Hep3B cell resulted in a 

significant inhibition of proliferation. Compared to the monotherapy with MK2206 

however, we observed that only the combination AKTi/Belinostat was significant 

(p<0.05) (Fig. 28A).  

For all CCA cell lines, HUCCT1, SZ1, TFK1 and RBE analysis revealed a 

significant decrease in proliferation (p<0.001) when compared to the HDACis. 

Except for the combination with AKTi/Belinostat in RBE cells, the combination 

treatment was also shown to affect proliferation more significantly than MK2206 

alone (Fig. 28B).  

In summary figure 28 illustrate that AKTi/HDACi combination affected 

proliferation significantly compared to the treatment with HDACis alone. All 

AKTi/HDACi combinations improved the antiproliferative effect of the AKTi alone, 

albeit not significantly in all settings.  

 

3.2.3. AKT inhibitors Ipatasertib and Perifosine show antiproliferative 
effects in the combination to different HDACis 

We then assessed whether the significantly reduced proliferation observed with 

the AKTi/HDACi co-treatment was dependent on the AKT inhibitor used. Two 

different AKT inhibitors were tested. Both inhibitors Ipatasertib (NCT04177108) 

and Perifosine (NCT00590954, NCT00058214), were previously investigated in 

different clinical trials in the context of cancer treatment. We used HepG2 and 

HUCCT1 cell lines and performed SRB assays. 

Looking at the treatment with Ipatasertib and Perifosine alone, our results showed 

that except for the treatment of HepG2 cells with Ipatasertib the cells showed 

similar sensitivity, with a reduction in cell mass of about 15 – 30 %. HepG2 cells 

were more sensitive to the monotreatment with Ipatasertib with about 50 % cell 
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mass reduction. Nevertheless, the combinations with the HDACis were still more 

effective than to the monotherapies.  

As shown in Figure 29A statistical comparison of all AKTi/HDACi combinations 

to Perifosine alone indicated a significant reduced proliferation in HepG2 cells. 

The comparison to the HDACi alone was not found significant for the 

combinations Perifosine/Resminostat or Perifosine/Vorinostat. 

Perifosine/Belinostat was significant in HepG2 (p<0.05) and HUCCT1 (p<0.0001) 

cells compared to the treatment with Belinostat alone. HUCCT1 cells further 

showed a significant inhibition of proliferation with the Perifosine/Resminostat 

combination (p<0.05). Except for the Perifosine/Resminostat co-treatment 

HUCCT1 also showed significant inhibition of cell proliferation compared to 

Perifosine alone.  

Using AKT inhibitor Ipatasertib, our results showed that all Ipatasertib/HDACis 

combinations were significant in both tested cell lines when compared to the 

monotherapy with the respective HDACi alone. Comparing the antiproliferative 

effect of the combinations to the treatment with Ipatasertib alone, we observed 

that except for the combination Ipatasertib/Resminostat in HepG2 cells, all other 

comparison were statistically significant (Fig. 29B).  

To sum up, HDACis combined to Perifosine or Ipatasertib negatively affected 

proliferation more significantly than the monotherapies. Our results suggest that 

effects meditated through AKT inhibition in the combination are independent of 

the applied AKTi. Of note both AKTis Ipatasertib and Perifosine were not as 

effective as MK2206. Conclusively, these results support the assumption, that 

selective co-inhibition of AKT and HDAC might be a promising new target 

combination.  
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Figure 32 Shown are the combination effects of AKT inhibitors (AKTis) Perifosine (Peri.) (A) and Ipatasertib 
(Ipa.) (B) with HDACis (Resminostat, Vorinostat, Belinostat) in one selected HCC (HepG2) and CCA cell 
line (HUCCT1). Briefly, cells were seeded overnight and treated with 5 µM of the AKTi alone or in 
combination with 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) or 0.25 µM Belinostat (Beli.). DMSO was 
used as control. SRB assays were performed, the percentage of the cell mass as a surrogate marker for 
proliferation was determined. Data represent standard error of the mean of three independent experiments. 
Statistical analysis was performed comparing the combination to the monotherapy with HDACis or the 
AKTis, using 2way ANOVA with Turkey's multiple comparisons test (* = p <0.05; ** = p<0.01, *** = p<0,001, 

**** = p<0,0001, ns= Not Significant). 

A) 

B) 
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3.2.4. MK2206 combined to HDACis act synergistic to mediate an 
antiproliferative effect 

We next investigated whether the MK2206/HDACis combinations were 

synergistic. To cover different possible combinations, we chose four different 

concentrations of MK2206 and four different concentrations of the three already 

described HDACi compounds and investigated the potential additive or 

synergistic effect of the combination therapies (Fig. 30). The chosen 

concentrations ranged around the calculated IC50 values. The resulting 4 x 4 

matrices were used to build synergy landscapes using the Zero interaction 

potency (ZIP) model with SynergyFinder 2.0 (141, 142). Briefly, the model takes 

into consideration, that two non-interacting drugs acquire changes in their 

potency (the amount of compound that is needed to produce a certain effect). In 

this model synergy is calculated by comparing the changes in potency of the 

dose-response curves between individual drugs and their combinations. Two 

HCC cell lines (HepG2, Huh7) and two CCA cell lines (HUCCT1, SZ1) were 

investigated. 

As a result, both HCC cell lines HepG2 and Huh7 showed that, except for the 

combination with Vorinostat in Huh7 (synergy score: 8.5), all treatments were 

synergistic with an average synergy score between 10.9 (Huh7) and 23.3 

(HepG2) for MK2206/Belinostat (Fig. 30A). Regarding CCA cell lines (Fig. 30B) 

HUCCT1 and SZ1, we observed that, except for the combination 

MK2206/Vorinostat in HUCCT1 cell (9.8), all combinations showed synergy 

values between 10.6 (HUCCT1) and 37.9 (SZ1), which indicate synergistic 

interactions.  

Further, looking at the most synergistic area (yellow square) we observed 

synergistic interaction throughout all cell lines tested and independently of the 

HDACi used.  

To sum up, we demonstrated synergistic interaction in 10 out of 12 comparisons. 

Regarding the most synergistic area 12/12 comparisons were synergistic. 

  



3. Results 

 85 

  

Figure 33 Shown is the analysis for synergistic interaction of the MK2206/HDACis combinations. HCC 
(HepG2, Huh7) (A) and CCA (HUCCT1, SZ1) (B) cell lines were used to investigate the combination of 
MK2206 with three different HDACi drugs Vorinostat, Resminostat, and Belinostat. We visualized and 
explored the MK2206/HDACis combinations using the web-based analytical package SynergyFinder 2.0 
synergy landscapes. Cells were seeded overnight, thereafter treated in a 4 x 4 matric which comprised 4 
different concentrations of MK2206 (10, 5, 2.5, 0 µM) and 4 different concentrations of the HDACis 
(Vorinostat and Resminostat with 5, 2.5, 0.5, 0 µM, and Belinostat with 1, 0.5, 0.25, 0 µM) for 72h. SRB 
assays were performed, the percentage of the cell mass as a surrogate marker for proliferation was 
determined. The 4 x 4 matrices were used to build and visualize synergy landscapes using the zero-
interaction potency (ZIP) model. The average synergy score is shown in the right lower corner of each 
graph (black values), the most synergistic area and the corresponding synergistic area score is shown 
within a yellow square in each graph. For scores > 10, the drug interactions are likely to be synergistic, 10 
to -10, the interaction is likely to be additive, < -10, the interaction is likely to be antagonistic 

(https://synergyfinder.fimm.fi/synergy/synfin_docs/). 

B) 

A) 
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3.2.5. MK2206/HDACi co-treatment inhibit migration in HCC (HepG2, 
Huh7) and CCA (HUCCT1, SZ1) cell lines 

AKT or HDAC overexpression have been associated with an increased migration 

potential (48, 97, 169). We aimed to investigate on how the Akti/HDACis 

combinations alter migration in HCC (HepG2, Huh7) and CCA (HUCCT1, SZ1) 

cell lines.  

We applied the wound healing (or scratch) assay in order to explore migration in 

HCC (Huh7 / HepG2) and CCA (HUCCT1 SZ1) cell lines after treatment with 

5 µM MK2206, 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.), and 0.25 µM 

Belinostat (Beli.) alone or in combinations as indicated. Briefly, we generated an 

artificial gap in the middle of a confluent cell monolayer and tracked the 

movement of cells into this gap after treatment microscopically. Pictures were 

taken directly after treatment (0 h) or after 48 h of treatment. All cell lines were 

tested at the same time. HUCCT1 cells showed 100 % confluency in the DMSO 

control after 48 h. We therefore chose 48h as the maximal observation time for 

the experiment. The migration of cells was measured comparing the two 

timepoints.  

For HCC cell lines HepG2 and Huh7, we observed that compared to MK2206 

alone, migration was reduced but did not change significantly. Interestingly, 

comparing the combinations to the HDACis alone we found that except for the 

combination MK2206/Vorinostat in HepG2 cells, all combinations significantly 

reduced the migration potential of the cell lines (Fig. 31A).  

HUCCT1 showed a significant reduction in migration independently of the 

comparison. SZ1 cells compared to that showed a significant reduced migration 

only when compared to the HDACi (Fig. 31B).  

Interestingly the combinations MK2206/Resminostat and MK2206/Belinostat 

demonstrated a significant reduced migration potential in all tested cell lines 

compared to the respective HDACi alone.  

To sum up, the results suggest, that the co-treatment significantly increased the 

inhibition of migration mediated through HDACis. Further even though the results 

indicated that AKTi MK2206 is a strong inhibitor of migration itself, the 
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combinations were still found to further decreased the migration potential albeit 

not significantly. 



3. Results 

 88 

 A) 

B) 

Figure 34 Presented is the wound healing / migration assay and its quantification. Briefly, HCC cell lines Huh7 
/ HepG2 (A) and CCA cell lines HUCCT1 / SZ1 (B) were seeded overnight to a confluent monolayer. A gap 
was generated in the middle of the monolayer. The cells were thereafter treated with 5 µM MK2206, 1 µM 
Resminostat (Res.), 1 µM Vorinostat (Vori.) and 0.25 µM Belinostat (Beli.) alone or in combinations as 
indicated.  DMSO was used as vehicle control. The yellow dotted lines represent edges of the wound. Pictures 
were taken directly after treatment (0 h) and after 48 h of treatment using a light microscope (40× 
magnification). Shown are representative pictures. The migration index (the difference in the migrated area 
comparing ctrl 0 h to 48 h of incubation) was calculated. Three independent experiments were performed. 
Statistical analysis was performed, using GraphPad Prism and one-way ANOVA with Dunnett's multiple 
comparisons test. All treatment were compared to the monotherapy with HDACis or MK2206  (* = p <0.05; ** 
= p<0.01, *** = p<0,001, **** = p<0,0001, ns= Not Significant). 
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3.2.6. MK2206/HDACi co-treatment inhibit colony formation in HCC 
(HepG2, Huh7) and CCA (HUCCT1, SZ1) cell lines 

We then assessed the long-term effect of the MK2206/HDACis combinations on 

the cells ability to proliferate and grow in colonies. The soft agar colony formation 

assay is a well-established method to determine this aspect of the tumorigenic 

potential of malignant cells. We used HCC cell lines HepG2 and Huh7 (Fig. 32A) 

and CCA cell lines HUCCT1 and SZ1 (Fig. 32B) and treated them with 5 µM 

MK2206, 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.), and 0.25 µM 

Belinostat (Beli.) alone or in combinations as indicated for a period of three 

weeks.  

We observed that in HepG2 cells all combinations led to a reduction in colony 

formation compared to MK2206 or the respective HDACi alone. Huh7 cells 

showed similar results with the combination MK2206/Vorinostat. (p<0.05 – 0.01) 

The combination MK2206/Resminostat and MK2206/Belinostat showed 

significance only when compared to the HDACi alone (MK./Res. P<0.001) or to 

MK2206 (MK./Beli. P<0.05) Notably, colonies derived from Huh7 cells were not 

only decreased in their amount but were also found to be smaller as soon as 

MK2206 was added, which indicate a reduced ability of the cells to proliferate 

(Fig. 32A).  

Except for the combination MK./Res. compared to Resminostat alone in SZ1 

cells, combining MK2206 to different HDACis significantly inhibited colony 

formation in both CCA cell lines regardless of the comparison (Fig. 32B). 

To sum up so far, we demonstrated that the AKTi/HDACi combination reduced 

the ability of HCC and CCA cells to migrate and beyond that we showed that the 

combination also reduced the cells’ ability to proliferate and to grow as colonies. 
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 A) 

B) 

Figure 35 Shown is the colony formation assay and its quantification. HCC (Huh7 and HepG2) (A) and CCA 
(HUCCT1 and SZ1) (B) cell lines were seeded in a cell-agarose suspension that contained the desired 
treatment with 5 µM MK2206, 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori) and 0.25 µM Belinostat (Beli.) 
alone or in combinations as indicated. Cells were then cultivated for 3 weeks to grow clones. After staining, 
pictures were taken manually (left) and the number of colonies was quantified using ImageJ software and 
plotted in bar graphs (right). Data represent three independent experiments. Statistical analysis comparing the 
combination to the monotherapy with HDACis or MK2206 was performed using Graphpad Prism and one-way 
ANOVA with Dunnett's multiple comparisons test (* = p <0.05; ** = p<0.01, *** = p<0,001, **** = p<0,0001, ns= 

Not Significant). 
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3.2.7. MK2206/HDACi co-treatment promote apoptosis in HCC (HepG2, 
Huh7) and CCA (HUCCT1, SZ1) cell lines. 

Evading apoptosis is a cancer hallmark that has been associated to AKT 

overexpression (128, 170) or an aberrant expression of different HDACs (171, 

172). To explore whether apoptosis play any role in the observed anti-tumor 

effects of the AKTi/HDACi cotreatment, selected hallmarks of the apoptotic 

cascade were investigated. 

Firstly, we performed an Annexin V – FITC/PI stain in HCC (Fig. 33A) and CCA 

cells (Fig. 33B) to identify externalized phosphorylserine, a marker for apoptotic 

cells. Stained cells were thereafter analyzed by flow cytometry.  

As results we observed that HepG2 cells appeared to be more sensitive to the 

procedure of sampling generation for the assay, which led to an overall increased 

number of dead cells in all three replicates. An average of 45 % of dead cells in 

the DMSO control and >90 % of dead cells in the combinations MK. + Res. and 

MK + Vori was observed.  

Nevertheless, comparing the combinations to the treatment with MK2206 alone, 

the combinations induced apoptosis significantly. The number of apoptotic cells 

compared to the respective HDAC alone appeared to be higher, but those 

changes were not statistically significant.  

In Huh7 the combination MK./Vori, and MK./Beli significantly increased the 

number of apoptotic cells (p<0.05 – 0.01) compared to the respective HDACi or 

to the AKTi. The combination MK./Res was not observed to change apoptosis 

significantly (Fig. 33A). Interestingly, in both CCA cell lines, all AKTi/HDACis 

combinations induced apoptosis significantly (p<0.001- p0.0001) in all 

comparisons (Fig. 33B).  

 

Secondly, we explored the protein level of Poly (ADP-ribose) Polymerase (PARP) 

and its cleaved version. The cleavage of PARP is a useful marker to investigate 

apoptotic cell death (173). Western blot analysis was performed in HCC cell line 

(HepG2) and CCA cell line (HUCCT1) (Fig. 34). We assessed changes in 

apoptosis by comparing MK2206 or HDACi treatment to the combinations. 

Cleaved PARP expression was quantified to full PARP. 
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As a result, in both cell lines, we observed that all combinations increased the 

expression of cleaved PARP. However not all combinations were statistically 

significant. HepG2 cells showed a significant induction of apoptosis with the 
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combination MK./Vori. (p<0.05) and HUCCT1 cells with the combinations  

B) 

Figure 36 Shown is the analysis of apoptosis in HCC (Huh7, HepG2) (A) and CCA (HUCCT1, SZ1) cell lines (B) 
after treatment with 5 µM MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat or 0.25 µM Belinostat (Beli.) 
alone or in combinations as indicated for 72 h. The level of apoptosis was measured by staining for annexin V 
and PI prior to cell sorting, using flow cytometry. Representative FACS measurements are presented (left). The 
annexin V positive early and late apoptotic cells (lower and upper right quadrant of each measurement) were 
quantified using the FlowJo™ v10.7 software and plotted in bar graphs (right).  using GraphPad Prism V9. Data 
represent standard error of the mean of three independent experiments. Statistical analysis comparing the 
combination to the monotherapy with HDACis or MK2206 was performed using Graphpad Prism and the 
Dunnett's multiple comparisons test (* = p <0.05; ** = p<0.01, *** = p<0,001, **** = p<0,0001, ns= Not 
Significant). 

A) 
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MK./Vori (P<0.01) and MK./Beli (P<0.05). To conclude, the results indicated that 

combining AKTi to HDACi induced apoptosis in HCC and CCA cell lines but also 

showed that CCA cells reacted more sensitive to the co-treatment.  

 
  

Figure 37. Shown is the western blot analysis and quantification of apoptotic marker Poly (ADP-ribose) 
Polymerase 1 (PARP) and cleaved PARP in HCC (HepG2) and CCA (HUCCT1) cells. Cells were seeded 
overnight and then treated with 5 µM MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat or 0.25 µM 
Belinostat (Beli.) alone or in combinations as indicated. Protein extraction and western blot analysis was 
performed after 72 h of treatment. β-actin was used as loading control. Data represent standard error of the 
mean of three independent experiments. Statistical analysis was performed using 2 Way ANOVA and the 
Šídák's multiple comparisons test. Changes in apoptosis were assessed by comparing the combination to 
MK2206 or each respective HDACi (* = p <0.05; ** = p<0.01, ns= Not Significant).  
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3.2.8. MK2206/HDACi drug combinations alter the PI3K/AKT/mTOR 
pathway in HCC and CCA cell lines.  

We next investigated the changes in the PI3K/AKT/mTOR pathway upon the 

combinations. Western blot analysis was performed in HCC (HepG2) and CCA 

(HUCCT1) cell line and we assessed 4 key signaling proteins of the pathway 

(AKT, mTOR, p70S6K and 4E-BP1). Analysis and quantification were performed 

comparing each combination to MK2206 or the respective HDACi alone, only 

significant changes are indicated as such.  

Upon the addition of MK2206, we observed that AKT phosphorylation at S473 

and T308 (Fig. 35 A/B, pAKT308/473 / AKT) was inhibited in both cell lines, which 

is in line with the literature. This inhibition was not altered significantly in the 

combinations, suggesting that MK2206 way of action is sustained in the 

combination with the HDACi. Comparing the combinations to the respective 

HDACi we showed that pAKT308 was significantly reduced with MK./Res. in 

HepG2 cells (p<0.05) and with MK./Beli. in HUCCT1 (p<0.05) cells. MK./Beli. 

significantly reduced pAKT473 in HepG2(p<0.05) and HUCCT1(p<0.05) cells. 

Interestingly, we further observed that the treatment with MK2206 alone did not 

inhibit mTOR activation in both cell lines (Fig. 35 A/B, pmTOR / mTOR). In 

contrast to that, except for the treatment of HepG2 cells with the Mk./Res., 

combining MK2206 to HDACis decreases mTOR phosphorylation in both cell 

lines. In HUCCT1 cells we showed that MK./Res (p<0.001) and MK./Vori. 

(p<0.05) reduced P-mTOR significantly compared to the respective HDACi. 

Similarly, we did not observe a reduced expression of phosphorylated p70S6K 

(Fig. 35 A/B, P-p70S6K / β-actin) and 4E-BP1 (Fig. 35 A/B, p-4E-BP1 / β-actin) 

during MK2206 treatment alone. Interestingly, in HUCCT1 cells, MK./Beli. 

(p<0.05) inhibited P-4E-BP1 expression and MK./Vori. (p<0.05) as well as 

MK./Beli (p<0.05) also showed a significant reduction in P-p70S6K.  

To sum up, these results indicate that inhibiting AKT may trigger an AKT-

independent signaling, which diminish its effect on cancer cells, resulting in the 

need to combine it to other therapeutic targets. Secondly, the results imply that 

combining AKTi and HDACi may inhibit this alternative AKT-independent 

pathway and thus be a promising co-treatment approach. The quantification 
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further showed that, the combination with Belinostat followed by Vorinostat 

inhibited P-AKT, P-mTOR and its substrates more effectively than MK2206 

combined to Resminostat.  
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A) 

B) 

Figure 38 Shown is the western blot analysis and quantification of signaling proteins of the 
PI3K/AKT/mTOR pathway. Protein extraction and western blot analysis of phosphorylated(P) AKT (S473), 
P-AKT (T308), (pan-)AKT, P-mTOR, mTOR, P-p70S6K and P-4E-BP1) was performed after 72 h of 
treatment with 5 µM MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) and 0.25 µM 
Belinostat (Beli.) alone or in combinations as indicated. DMSO was used as vehicle control. β-actin was 
used as loading control. Representative Western blots are shown in A and the quantification of three 
independent experiments is shown in B. Data represent standard error of the mean. Statistical analysis 
was performed using multiple t-test comparing the combination either to MK2206 or to the respective 
HDACi. Only significant differences are shown. (* = p <0.05; *** = p<0,001). 
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3.2.9. The PI3K/SGK1/mTOR pathway is inhibited during MK2206/HDACi 
co-treatment in HCC (HepG2) and CCA (HUCCT1) cells. 

To find further evidence on alternative pathways that may be activated after AKT 

inhibition, we performed an RT2 profiler PCR assay of the PI3K/AKT/mTOR 

pathway. We compared MK2206 treatment (5 µM) alone to the combination with 

Belinostat (5 µM MK + 0.25 µM Beli.). MK./Beli. was chosen because it constantly 

led to promising results in previous experiments. We aimed to identify genes in 

the PI3K/AKT/mTOR pathway that are commonly regulated in both cell lines 

when treated with the combinations compared to MK2206 alone.   

We applied a threshold of P<0.05 and a log2 foldchange of <-1.5 or >1.5 as 

suggested by the vendor. The result showed that 12 out of the 84 genes were 

1.5-fold up or down-regulation in HepG2 cells, with 8 genes up and 4 genes 

downregulated. Compared to that, 16 out of 84 genes were identified in HUCCT1 

cells, with 13 up and 3 downregulated (Table 9). The results further indicate that 

MK./Beli. treatment significantly decreased serum- and glucocorticoid-regulated 

kinase 1 (SGK1) and p53 mRNA level (Log2 fold change HepG2/HUCCT1: -

2.46/-2.07 (SGK1) -1.78/-2.5 (p53)) in both cell-lines (Table 10). Overall, these 

results implies that a common regulation upon the combination in both cell lines 

may include one or both genes.  

We next investigated SGK1 and p53 protein expression after treatment with 5 µM 

MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) and 0.25 µM 

Belinostat (Beli.) alone or in combinations as indicated (Fig. 36A). We then 

compared MK2206 treatment not only to the combination MK./Beli as it was 

performed for the RT2 profiler PCR assay but also to MK./Res. and MK./Vori. (Fig. 

36B).  

Western blot analysis and quantification showed that in HepG2 cells, p53 

expression was not significantly changed by any treatment. We observed a slight 

decrease in its expression upon MK./Beli. Further, in HUCCT1 cells, only the 

combination MK./Beli. significantly changed p53 expression (Fig. 36 A/B, p53 / β-

actin). These results imply that changes in p53 expression is rather specific to 

the MK./Beli. treatment and not a general event occurring upon AKTi and HDACi 

treatment. 
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Results in HepG2 cells showed that MK2206 alone did not alter SGK1 expression 

and that upon the treatment with HDACi Vorinostat and Belinostat alone, SGK1 

expression was increased, albeit not significantly. Interestingly, we observed that 

MK./Beli (p<0.05) and MK./Vori. (p<0.05) co-treatment significantly inhibited 

SGK1 expression.  

In HUCCT1 the treatment with MK2206 or Resminostat alone did not changed 

SGK1 expression, while a slight decrease in its expression could be observed 

with Belinostat or Vorinostat alone. Similarly, to the observation in HepG2 cells 

the co-treatment MK./Beli. and MK./Vori. significantly changed SGK1 expression 

(Fig. 36 A/B, SGK1 / β-actin).  

To conclude it seems as if MK2206 treatment does not directly trigger SGK1 

expression. However, the co-treatment MK./Beli or MK./Vori reduced SGK1 

expression significantly in both cell lines.  

 

Table 9. Shown are the results of the mTOR signaling RT2 Profiler PCR assay in HepG2 and HUCCT1 cells 
treated with 5 µM MK2206 alone or in combination with 0.25 µM Belinostat. Briefly, cells were seeded 
overnight, thereafter treated for 72 h. Cells were then harvested and total RNA was extracted and converted 
to cDNA. mTOR signaling cascade was investigated using the RT2 Profiler PCR Array. Shown are the genes 
including p-values, that demonstrated a fold change of <-1.5 or > 1.5 in HepG2 and HUCCT1 cells when 
comparing MK2206 treatment to the combination (MK2206 and Belinostat). Positive and negative fold 
changes stand for up- or down-regulation, respectively. The measurement was repeated three times for 
each cell line and the analysis was performed using the manufacturer predesigned analysis platform for the 
array. 

RT2 Profiler PCR of the PI3K/AKT/mTOR pathway 

HepG2 HUCCT1 

Symbol Log2(FC) p Value Symbol Log2(FC) p Value 

IRS1 2,30 0,00002 AKT1S1 3,89 0,01554 

RRAGC 2,18 0,00002 ULK1 3,02 0,00417 

RRAGD 2,17 0,00000 CHUK 2,89 0,00004 

RPS6KB1 2,04 0,00508 STK11 2,63 0,01451 

RHOA 1,98 0,00043 MAPK1 2,45 0,00470 

HIF1A 1,97 0,00041 PRKAB2 2,34 0,00081 

PPP2R2B 1,96 0,00865 RPS6KA5 2,33 0,00214 

EIF4E 1,63 0,01451 PIK3CD 2,07 0,00007 

TP53 -1,78 0,00069 PRKAA2 2,00 0,00993 

STRADB -2,26 0,00643 PRKCG 1,97 0,00002 

FKBP1A -2,29 0,01157 RPTOR 1,89 0,00011 
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SGK1 -2,46 0,00428 INSR 1,75 0,00404 

   DDIT4 1,71 0,00007 

   CAB39 -1,70 0,00014 

   SGK1 -2,07 0,00004 

   TP53 -2,50 0,00013 

 

 

 

 

 

 

 
 

A) 

B) 

Figure 39. Western Blot analysis of p53 and SGK1 protein expression after 72 h of treatment with 5 µM 
MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) and 0.25 µM Belinostat (Beli.) alone or in 
combinations as indicated. DMSO was used as vehicle control and β-actin was used as loading control. 
Representative western blots are shown in A and the quantification of three independent experiments is 
shown in B. Data represent standard error of the mean. Statistical analysis was performed using multiple t-
test comparing MK2206 to the MK./HDACi combinations (* = p <0.05; ns= Not Significant). 
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3.2.10. MK2206/HDACi co-treatment inhibit cell growth and alters human 
derived HCC organoids morphology.  

Finally, we investigated the combination of AKTi and HDACi in three patient-

derived HCC organoids (PDOs). The organoids were seeded and treated with 

5 µM MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) and 

0.25 µM Belinostat (Beli.) alone or in combinations as shown for 6 days. A 

qualitative analysis of growth and cell morphology was performed microscopically 

(Fig. 37).  

As results, no clear difference could be observed when comparing the DMSO 

control to the treatment with MK2206 or the HDACi alone. In contrast to that, we 

observed that six days of co-treatment with MK./HDACi affected organoid HCC 1 

– 3 growths when comparing the combinations to MK2206 alone or to the 

respective HDACi (Fig. 37). Microscopic analysis further indicated that PDOs co-

treated with MK2206 and any of the HDACi not only inhibited their growth but 

also showed shrunk and dark cells, which implied dying or death cells (yellow 

arrows). Interestingly, all combinations showed comparable results throughout all 

organoids.  
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Figure 40 Shown are representative phase contrast images of tumor-derived organoids from three different 
patients, after treatment with 5 µM MK2206 (MK.), 1 µM Resminostat (Res.), 1 µM Vorinostat (Vori.) and 
0.25 µM Belinostat (Beli.) alone or in combinations as shown. Briefly, organoids were seeded in Matrigel 
and incubated for two days before treatment for 6 days. DMSO was used as vehicle control. The Organoids 
were analyzed microscopically after treatment and pictures were taken. Images show cell type specific 

morphology & growth characteristics. Scale bar 100 µm.  
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3.2.11. MK2206/HDACi co-treatment act synergistic or additive to reduce 
viability in patient derived HCC organoids 

We next aimed to see whether the MK2206/HDACis combinations were 

synergistic in PDOs. We seeded the organoids as previously described and 

combined 5 different concentrations of MK2206 to 6 different concentrations of 

each HDACi. The chosen concentrations ranged around the calculated IC50 

values. The resulting 5 x 6 matrices were used to build synergy landscapes using 

the ZIP model the “SynergyFinder” software 2.0 (141, 142). The treatment 

matrices were then used to calculate the average synergy score (Fig. 38). Three 

PDOs were investigated  

As a result, we observed that the average synergy score, ranged between 1.2 for 

MK./Res. in HCC (3) and 11.5 for MK./Vori. in HCC(2). Interestingly only the 

combination with MK./Vori. (synergy score: 11.5) and MK./Beli. (11.0) in HCC(2) 

showed synergistic interaction with synergy values above 10. All the remaining 

interactions rather additive with synergy values between 0 and 10. 

Further, looking at the most synergistic area (yellow square) we observed that 

the combination MK./Vori. demonstrated significant interactions throughout all 

tested organoids. Following that the combination MK./Beli. showed synergistic 

interaction in 2 out of 3 organoids. No synergistic interactions were observed for 

MK./Res. Of note, none of or combination showed a threshold below -10 for likely 

antagonistic interactions. Conclusively, our experiments employing human 

derived organoids further suggest combining an AKTi with an HDACi as a new 

option to target liver cancer. 
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Figure 41 Shown is the analysis for synergistic interaction of the MK2206/HDACis combinations. Three 
HCC organoids (HCC 1-3) were used to investigate the combination of MK2206 with three different HDACi 
drugs Vorinostat, Resminostat, and Belinostat. We visualized and explored the MK2206/HDACis 
combinations using the web-based analytical package SynergyFinder 2.0 synergy landscapes. Organoids 
were seeded in a 384 well plate for 48h and thereafter treated with 5 different concentrations of MK2206 
(20, 10, 5. 2.5, 0 µM) and 6 different concentrations of the HDACis (Vorinostat, Resminostat and Belinostat 
with 5, 2.5, 1.25, 0.625, 0.312, 0 µM). After 6 days of treatment the tumor organoids´ viability was evaluated 
using the Cell Titer-Glow 3D cell viability assay. The resulting cell viability values of each 5 x 6 matrices 
were used to build and visualize synergy landscapes using the zero-interaction potency (ZIP) model. The 
average synergy score is shown in the right lower corner of each graph (black values), the most synergistic 
area and the corresponding synergy score is shown within the yellow square in each graph. Scores > 10 
indicate that the drug interactions are likely to be synergistic. Scores between 10 to -10, indicate that the 
interaction is likely to be additive and scores < -10, imply that the interaction is likely to be antagonistic 
(https://synergyfinder.fimm.fi/synergy/synfin_docs). 
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4. Discussion and outlook 
 

HCC and CCA molecular heterogeneity pose severe challenges to the success 

of currently available systemic therapies. Addressing different molecular targets 

and finding novel therapeutic agents which could potentially augment the 

presently available options, with the overall goal of improving the survival of more 

patients with advanced HCC or CCA, was identified as a gap to be addressed. 

The presented study focused on three molecular targets, ADORA3 activation, 

direct AKT inhibition and HDAC inhibition and defined two major aims. Firstly, we 

aimed to explore role of ADORA3 in HCC and CCA. ADORA3 has been identified 

as a promising target in HCC but its role is still poorly understood. To date no 

investigations have addressed the importance of ADORA3 in CCA. Secondly, we 

aimed to investigate novel combination treatment approaches for the treatment 

of HCC and CCA. The following five objectives were investigated to address 

these aims. 

 

4.1. Explore the role of ADORA3 in HCC and CCA by analyzing 
and comparing its expression in healthy vs. tumor tissue. 

The importance of ADORA3 in inflammation and cancer onset/development has 

been reported over the last decade and has recently been reviewed by Pnina 

Fishman and Mazziota et al.(174, 175). In this context, Pnina Fishman and other 

studies further summarized the role of ADORA3 especially, as a potential target 

to treat cancer (77, 78, 86, 87, 176, 177). Interestingly ADORA3 

pathophysiological activity in a variety of cancer types has repeatedly been 

corelated to its overexpression. High A3AR expression levels were reported in 

peripheral blood mononuclear cells (PBMCs) of patients with inflammatory 

diseases and cancer. Solid tumor cells, including breast, colon, small cell lung 

and pancreatic carcinoma, and melanoma, were reported to highly express 

ADORA3 compared to normal adjacent tissue cells (85, 90, 92, 93).  

We are the first to illustrate a detailed comparison of ADORA3 expression in 

HCC, CCA, and normal liver tissues. Our investigations on ADORA3 expression 

showed that it is heterogeneously expressed in healthy liver, HCC and CCA 
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tissue. We showed a profound ADORA3 expression in normal liver tissue by 

immunohistochemistry, as well as by mRNA expression levels from an open-

source database and own needle biopsy samples. Another important finding was 

that on the one hand, some tumor samples did not show to express the receptor 

at all and on the other hand, healthy tissue samples tended to have a higher 

receptor expression than previously assumed. Interestingly, this outcome is in 

contrary to previous studies and challenges the general assumption that 

ADORA3 is overexpressed in tumor tissues compared to healthy tissues (92, 

178). The first and so far only phase II study with HCC included patients with liver 

cirrhosis CHILD B without any stratification concerning ADORA3 due to the 

hypothesis that a general overexpression of ADORA3 receptors is present in 

HCC (96). Compared to the reported phase II study by Stemmer et al. our 

observations rather suggest that a preselection of patients based on ADORA3 

expression might be necessary to discriminate between responding and non-

responding patients.  

 

4.2. Investigate molecular mechanisms triggered after ADORA3 
stimulation with the selective agonist Namodenoson 

4.2.1. ADORA3 is ubiquitously expressed and its stimulation using 
Namodenoson trigger antiproliferative effects in HCC and CCA cell 
lines 

ADORA3 agonist Namodenoson is a small water-insoluble, orally bioavailable 

compound that has been attributed to stimulate anticancer and anti-inflammatory 

effects on pathological liver cells alongside its hepatoprotective effects on normal 

liver (176). The stimulation of ADORA3 by Namodenoson has already reached 

clinical testing for non-alcoholic steatohepatitis (NASH) (95) and HCC (96, 179). 

Its mechanism of action in HCC as shown in preclinical studies so far, entails the 

modulation of key signaling proteins such as WNT/-Catenin and NF-B, as the 

foundation of drug efficacy. However, to select relevant patient groups in further 

clinical trials, more data are needed to characterize ADORA3 and cellular 

responses after receptor stimulation in liver cancer. To the best of our knowledge 
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the presented study is the first to investigate Namodenoson way of action in 

different CCA cell lines.  

To further get more insight into the role of ADORA3 for cellular characteristics, 

we firstly aimed to look at ADORA3 expression in different HCC and CCA cell 

lines. HepG2, JHH1, and Huh7 are commonly used cell Iines in studies on HCC 

(180). HUCCT1 and RBE have been reported to be derived from intrahepatic 

cholangiocarcinoma and TFK1 from an extrahepatic Cholangiocarcinoma (181) 

We observed clear albeit varying expression of ADORA3 in all tested cells. 

Interestingly ADORA3 expression seem to be the lowest in TFK1 cells, which are 

extrahepatic. The presented study further demonstrates a concentration 

dependent decrease in cell proliferation after ADORA3 stimulation with 

Namodenoson in all HCC and CCA cell lines, which is in line with the literature. 

Interestingly however, lower concentration of the drug appeared to rather 

enhance proliferation. This can be explained by the fact that, even though 

Namodenoson behaves as full agonist in most tissue (182) it was likewise 

observed that selective agonists only induce pro-apoptotic effects at higher 

micromolar concentrations while behaving as low efficacy partial agonist at lower 

concentrations (183, 184). Another assumption could be that Namodenoson 

albeit selective to ADORA3 could trigger its antiproliferative effect at higher 

concentration by activating receptor independent pathways. Our investigations 

on Namodenoson receptor dependency for antiproliferative effect, using a 

selective antagonist or RNAi technology, negate a receptor independent effect 

and rather support the assumption that receptor activation is a crucial starting 

point. In support with previous findings, this first results indicate that targeting 

ADORA3 in HCC is a promising approach to inhibit tumor progression. While 

preliminary the presented results also suggest that targeting ADORA3 in CCA, 

which has not been addressed before, might be effective to reduce tumor growth. 

Finally, we show that this antiproliferative effect depends directly on the receptor.  
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4.2.2. Namodenoson alters epigenetic modifiers. 

A variety of mechanisms have been attributed to the mechanisms of action of 

Namodenoson on tumor cells. The main mechanisms that have been found were 

the deregulation of the NF-B and the WNT/-Catenin signal transduction 

pathways (77). However, none of the studies so far investigated whether 

triggering ADORA3 is directly responsible for these events or whether they are 

just bystander observations in the sense of a non-target influence of 

Namodenoson on tumor cells. At least for the antiproliferative effect we could 

demonstrate receptor-dependency as already discussed in section 8.2.1. 

 

For a drug that is investigated in clinical trials the knowledge of Namodenoson 

influences on tumor cells is quite low. Therefore, we performed RNA-seq analysis 

of HepG2 cells treated with Namodenoson or DMSO control and assessed 

differential gene expression profiles after 24h and 36h of treatment. As a follow-

up, we performed a gene set enrichment analysis to identify Namodenoson 

induced pathways. To the best of our knowledge, no data have been reported on 

gene profiling changes induced by Namodenoson in tumor cells. Interestingly, we 

observed a profound alteration in gene expression upon the treatment with 

Namodenoson within the first 24h. Numerous studies describing a tumor cell-

dependent modification of the gene expression profile (GEP) after the addition of 

a receptor agonist exists (185-187). Those studies, however, focus on the drugs’-

induced changes in transcription factors such as NFκB, which subsequently alter 

the GEP. Indeed, we observed an increased in transcription factor binding side 

after 24 h however, the gratitude of altered genes in our experiment, led us to 

hypothesize, that not only transcription factors may be induced by Namodenoson 

but also that chromatin remodeling events may be triggered by the treatment. A 

connection between ADORA3 activation and epigenetic remodeling events have 

not been described so far. To investigate further on our hypothesis, we performed 

a gene set enrichment analysis (GSEA) and found that 18 curated gene sets 

related to epigenetic remodeling events were significantly altered. 

Interestingly the downregulation of those gene sets is associated with an 

increased transcriptional activity. Senese and colleagues showed that 
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downregulation of HDAC1 or HDAC1 combined with HDAC2 affected the 

transcription of specific target genes, that are involved in cell growth inhibition 

and an increased apoptosis (164). Based on the study performed by Pasini and 

colleagues the downregulation of SUZ12 targets implies an inactivation of SUZ12 

with in turn is characterized by a global loss of H3K27 trimethylation (165). A 

decreased Methylation pattern is associated with an open chromatin status. Lu 

and colleagues associated the downregulation of EZH2 to a reduced methylation 

status of the vasohibin 1 (VASH1) expressing gene, which led to VASH1 

reactivation and subsequently cancer cell growth inhibition (166). 

The GSEA suggested that Namodenoson may impact the regulation of different 

HDACs, which we addressed by a qPCR and acetyl H3 expression analysis and 

confirmed. We demonstrate the downregulation of eleven HDACs and the 

changes in histone H3 acetylation upon the treatment with different 

concentrations of the Namodenoson. To sum it up, we could, for the first time, 

show evidence that ADORA3 activation with the agonist Namodenoson induces 

epigenetic remodeling events, including a downregulation of HDAC enzymes. In 

this context one can hypothesize that ADORA3 agonist Namodenoson acts as a 

drug that target epigenetic marks such as HDACs. Such drugs are also known 

as epidrugs (188). This would be a new attribute to the way of action for 

Namodenoson, that has not yet been described. Pharmacoepigenetic 

investigation and the importance of epidrugs in cancer treatment, is an emerging 

field especially towards precision medicine and when considering epigenetic 

alterations as the basis of individual variation in drug response. Epigenetic 

modifications acquired during lifetimes can be reversed. Drugs that regulate 

epigenetic changes associated with medical conditions are therefore promising 

therapeutic agents. In the case of Namodenoson the epigenetic profile of patients 

that would benefit from the treatment still need further investigation, however the 

presented study demonstrates preliminary evidence. Further we hypothesize that 

the clinical response of Namodenoson may be increased in a group of patients 

preselected based on the receptor expression and specific epigenetic marks. 
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4.3. Explore the potential benefit of simultaneous ADORA3 
activation and HDAC inhibition as novel treatment strategy 
for HCC and CCA 

4.3.1. Inhibition of HDACs and ADORA3 stimulation synergize to inhibit 
cell growth in HCC and CCA cells 

Along with identifying the downregulation of HDAC enzymes upon Namodenoson 

treatment, we hypothesized whether a combination therapy of ADORA3 agonists 

and HDAC inhibitors might substantially enhance the effects of each 

monotherapy on liver cancer cells. This might be interesting for future clinical 

studies; therefore, we chose drugs that are already in clinical testing or are even 

approved for the treatment of other diseases for further experiments. We chose 

Vorinostat, Resminostat, Romidepsin and Belinostat and explored the HDAC 

inhibitors in combination with two different concentrations of Namodenoson in 

HCC and CCA cell lines. We demonstrate that all combinations enhance the 

antiproliferative effects of each drug alone in an additive or synergistic way. 

Interestingly, the combinations using Resminostat and Vorinostat were the most 

promising. Using Resminostat in a combination therapy has already been shown 

as effective. Streubel et al. (74) showed that combining Resminostat to Sorafenib 

triggered anti-proliferative effect and counteracted platelet-mediated pro-tumoral 

effects in HCC cells and Bitzer et al. showed that the combination with 

Resminostat was safe and that PFS was increased compared to the 

monotherapies (73). Gordon et al. investigated Vorinostat in the combination with 

Sorafenib and stated that even though the schedule and treatment strategy 

applied resulted in toxic and discouraging adverse effects the investigators 

underlined that the combination led to durable disease control (167).  

The investigations so far showed that the combination effect can be reached by 

the treatment with different HDAC inhibitors, therefore it seemed to be an effect 

of this class of drugs and not just an observation of a certain drug combination. 

To further assess whether our observations could also be extended to other 

ADORA3 agonists, we chose the structurally similar (CF101) and the structurally 

different (MRS5698) agonists in our combination.  
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Notably, both agonists showed similar results. MRS5698 appeared to slightly 

affect proliferation more effectively. This could be explained by MRS5698 higher 

affinity and greater selectivity for ADORA3 compared to CF101 and 

Namodenoson (189). Using Namodenoson or any HDACi alone in the first place 

or combining Namodenoson to an HDACi to treat CCA has not been described 

yet. The presented study shows that CCA can likewise be targeted by 

combinations with Namodenoson and HDACi. HUCCT1 and RBE cells were 

observed to have a higher ADORA3 expression than TFK1 cells. We were the 

first to investigate the response of Namodenoson treatment in ADORA3 

expressing CCA cells. However, since HUCCT1 and RBE cells are intrahepatic 

CCA derived cell lines, future research should further address the similarities and 

differences of ADORA3 stimulation with an agonist in extrahepatic derived CCA 

cells  

Combinatorial therapies against HCC and CCA are the future treatment regimens 

widely recommended by experts (8, 190, 191). Here we describe a new approach 

that inhibits cell proliferation in vitro.  

 

4.3.2. Inhibition of HDACs and ADORA3 stimulation synergize to inhibit 
cell growth in HCC patient-derived organoids 

Ex-Vivo 3D Tumor organoid models enable the maintenance and culture of cells 

derived from patients and are generally considered as superior models compared 

to the established monolayer cell lines. 

All investigated substances have already been at least part of clinical trials or 

have been approved for treating other diseases. The additive or synergistic 

inhibition of cell proliferation observed when ADORA3 agonists are combined to 

HDACis suggest that translating the combined therapy of ADORA3 activation and 

HDAC inhibition into clinical trials could be a promising approach. However, to 

further increase the evidence for such an approach, we investigated the effect of 

the combination therapy on patient-derived organoids. We used organoids from 

a previously generated cell bank (134), that were available without any further 

stratification. Interestingly, comparing the IC50 values of treated cell lines to the 

values of the tested organoids, we observed that organoids were more sensitive 



4. Discussion and outlook 

 112 

to the agonist treatment, which could have different reasons. One reason could 

be that drug sensitivity of organoids strongly depend on its molecular profile, 

which is more preserved in organoid culture than in cell lines (192). Therefore, 

the organoids used may not have had the appropriate genetic profile to be 

effectively targeted. Secondly, organoid generation and propagation need many 

cofactors and other medium components that may influence the response to 

certain drugs (193). Moreover, the interplay between tumor microenvironment, 

extracellular factors, and drug response should not be neglected (194-196). The 

Synergy analysis of the combination demonstrated that all combinations were at 

least additive, which can be interpreted as predictive for the expected effect of 

the treatment in patients(196), and thus further supports the translation of the 

approach to a clinical setting. Bartfeld et al. described that organoid being the 

miniaturized avatar of a specific patient’s organ, enable researcher to identify the 

ideal treatment for a particular patient (197). This approach is trendsetting and is 

currently applied in different settings. The APOLLO trial was the first study to offer 

organoid-assay-guided treatment. The investigators aimed to determine whether 

patients’ derived organoid pretests, could help guide precision treatment for 

patients with colorectal cancer (CRC) and peritoneal metastases. This approach 

proved to be effective, feasible and reproduceable (198). Ooft et al. showed a 

correlation between drug treatment response from patient-derived organoids 

from biopsy samples and the patients’ responses to the drug (199). Further a 

phase 3 clinical study is currently ongoing where the investigators explore 

whether chemotherapy regimens guided by organoid drug sensitivity test can 

improve the outcomes of advanced pancreatic cancer (NCT04931381). Of note 

the success rate of pretesting organoids to estimate the patient’s response is 

closely related to the success rate for generating the respective tumor organoids. 

The success rate for generating CRC or Glioblastoma derived organoids lies at 

around 90 % and the rate for HCC and CCA is currently at about 26 % (134, 200, 

201).  

To sum up, our results hint toward a particular treatment benefit of our proposed 

therapy in a selected group of patients. However, due to the small cohort and the 
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challenges of organoid cultivation, further studies need to be conducted to solidify 

our assumptions.  

 

 

4.4. Investigate the effect of an AKT/HDAC co-inhibition on three 
different hallmarks of cancer: sustained proliferation, 
evaded apoptosis, and promoted cell migration.  

4.4.1. AKTi/HDACi co-treatment enhances antiproliferative effects 
compared to the monotherapies in different HCC and CCA-
established cell lines.   

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mTOR pathway 

has gained more and more interest as a therapeutic target since it is involved in 

different hallmarks of cancer (97, 109-116). Its hyper-activation in CCA and HCC 

due to activating mutations such as a mutation in PIK3CA, which among others 

occur in up to 50% of CCAs. Loss of PTEN has been reported to correlate with 

tumor aggressiveness, therapy resistance and poor prognosis (8, 98). 

Investigations with selective AKTi MK2206 have shown promising results in 

preclinical studies against CCA and HCC (127, 128). Several approaches have 

been made to clinically establish AKTi MK2206 in cancer monotreatment, 

however results were discouraging (120-125). Ahn and colleagues concluded 

that combinatorial treatments with other molecular targets might significantly 

influence therapy efficacy (129). Along with that a systematic literature review 

further showed that a series of reversible and irreversible genomic and 

epigenomic alterations are crucial for HCC and CCA development and 

progression (44, 51, 202-204). HDACs are upregulated in HCC and CCA (48, 49, 

54, 55). Clinical studies applying HDACi have been considered promising, albeit 

none of the studies testing monotherapies with HDACi have extended a phase II 

trial as previously addressed in section 5.4.1. The combination of AKT inhibitor 

MK2206 and HDACis has been demonstrated effective in different models of 

solid tumors. Buglio et al. showed that patients with relapsed or refractory 

Lymphoma could benefit from the combination of MK2206 and HDACi Vorinostat. 

This combination was associated with an increased PARP cleavage and 
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induction of apoptosis (130). Further preclinical study in pancreatic cancer (131) 

and Prostate cancer (132) also showed promising results with the combination. 

Janku et al. reported in a case study that two patients with advanced HCC could 

benefit from the combinatorial therapy with the PI3K/AKT/mTOR inhibitor 

sirolimus and Vorinostat (133). To the best of our knowledge, there is no report 

on the efficacy of combining direct AKT inhibition and HDACis in HCC and CCA.  

The second part of this study aimed to investigate the antiproliferative effect of 

direct AKT inhibition in combination with HDAC inhibition and elucidate some of 

the molecular underpinnings of the combinatorial therapy. The study firstly 

demonstrates an enhanced and synergistic inhibition of cell proliferation in 

different HCC and CCA cell lines when combining MK2206 to different HDACis. 

The cell lines chosen for the experiments have been used in preclinical studies 

assessing drug response in HCC or CCA (180, 181, 205, 206). These first 

observations were in line with our expectations and reflect what is expected since 

both compounds are known for their antiproliferative effects. Regarding, the 

impact of the combination however, 10 out of 12 comparisons were observed to 

show highly synergistic interaction independently of the HDACi used. This first 

result support the assumption that inhibiting AKT and HDACs is a promising co-

target approach. Using alternative AKT inhibitors (Ipatasertib, Perifosine) showed 

that the observed effect can be triggered by different AKT inhibitors and is not 

restricted to MK2206. Ipatasertib is an inhibitor, designed to target the different 

isoforms of AKT directly. It was recently approved as a highly potent drug against 

metastatic prostate cancer when combined with abiraterone (207). Perifosine 

targets the PH domain of AKT and was reported to be well tolerated in early 

clinical trials (208, 209). Discrepancies in their effectiveness can be attributed to 

the difference in their way of AKT inhibition and the pathways they trigger. 

Ipatasertib is agreed to be an ATP-competitive AKT inhibitor, whereas MK2206 

and Perifosine are allosteric inhibitors. Perifosine and MK2206 have been shown 

to target different pathways alongside their AKT inhibition (210). In summary, the 

first findings demonstrate preliminary results on the short-term effect on cell 

proliferation of an AKT/HDAC co-inhibition. The presented study shows that 

proliferation is inhibited in an additive or synergistic manner. 
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4.4.2. The combination of AKTi and HDACi modulates hallmarks of cancer  

The hallmarks of cancer comprise, among others, malignant proliferation,  

evasion of programmed cell death, as well as migration, invasion and metastasis 

(211). We aimed to investigate on whether combining AKTi and HDACi affected 

these hallmarks. The first hallmark analyzed was the migration and long term 

proliferation potential of HCC and CCA cells after the co-treatment. CCA and 

HCC can lead to metastasis, which are one reason for modest therapeutic effects 

or treatment failure (156-160). Cancer cells start to engage their metastatic 

journey by migration through natural barriers, such as the tumor stroma or basal 

membrane. One crucial feature of circulating tumor cells is their principal ability 

to gather and grow into colonies which leads to metastasis at distant sides from 

the primary tumor. AKT overexpression has been associated with an increased 

migration potential and sustained proliferation (90). AKT inhibition was shown to 

reduce these abilities (161). As demonstrated with our wound healing assay, 

most of the combinations showed significant inhibition of wound closure and cell 

migration when compared to the respective HDACi but not when compared to 

MK2206. Of note, HepG2 cells compared to all the other cell lines had the lowest 

migration potency, which has already been observed in other studies. the 

investigator addressed the difference. Nguyen et al. stated that the reduced 

migratory capability observed with HepG2 cells might be due to their high levels 

of E-cadherin, which is responsible for their epithelial phenotype. However, the 

likewise resumed that including HepG2 cells alongside with other cells would be 

representative in order to show the different HCC subtypes known in vivo (212, 

213). Interestingly, Chen et al. found that overexpression of AKT1 enhanced 

HepG2 cell migration and invasion. In our study we demonstrate that inhibition of 

AKT alone inhibit HepG2 cell migration, which would be in line with previous 

observation (212). The presented study added up that the combination to HDACis 

increased the known effect. Moreover, including different cell type reflects the 

different results that my be observed in vivo.  
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Different signaling pathways such as JAK/STAT, HGF/c-Met and TGF-B and 

PI3K/AKT/mTOR (97, 114-116, 214-216) have been attributed to play a key 

function in HCC and CCA migration potential. The presented findings 

demonstrating that combining AKTi to HDACi does not significantly increase the 

effect of MK2206 alone, underline the crucial role of AKT and AKT-related 

pathways in migration and metastasis and indicate that the pathways additionally 

inhibited upon addition of HDACi may not be central in this context. Further, 

Zhang et al. as well as Noh et al. showed that HDACi mediated inhibition of 

migration in vitro is partly due to inhibition of the AKT pathway (217, 218). It can 

therefore be concluded that AKT inhibition has an effect on the migration potential 

of HCC and CCA cells in vitro, and that the combination to HDAC inhibitors 

supports the AKT mediated inhibition.  

The second most important feature of a cancer cell is the ability to grow into 

colonies. In contrast to the differences, we observed for the migration assay, after 

performing the clonogenic assay we showed that long-term proliferation was 

significantly inhibited in almost all combinations compared to either monotherapy. 

Further CCA cells appeared to be more sensitive to the combinations than HCC 

cells in this context. These findings are central because the hints toward the most 

beneficial effect of the combination therapy, namely inhibiting proliferation and 

probably also overcoming resistance to each monotherapy. The presented study 

show that the combination inhibited proliferation on a short and on a long term. 

Hua et al. summarized that long term application of an AKT inhibitor enhances 

compensatory signaling pathways, such as the RAS/RAF/MEK/ERK or the 

SGK1/mTOR path, which confers resistance to AKT inhibition or sustain AKT 

independent activation of signaling molecules. The authors concluded that 

simultaneous inhibition of Akt and other compensatory pathways may improve 

each drug efficacy (219). 

Induction of apoptosis is the principal mechanism by which MK2206 was 

described to induce cell death in HCC and CCA cells (127, 128). Therefore, we 

looked at the induction of apoptosis upon our treatment. Our result support 

previous findings and further show that the combinatorial treatment was 

successful where the monotherapies failed to show significance. We validated 
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this by looking at PARP cleavage as one marker for apoptosis. Of note, CCA cells 

showed an increase amount of apoptotic cells and a higher expression of cleaved 

PARP upon AKT and HDAC inhibition, which suggest that CCA might be more 

sensitive to the treatment.  

To sum up, combining AKTi and HDACi trigger the extended inhibition of 3 

significant hallmarks of cancer. The presented study shows that combining 

HDACi to AKTi supports AKT mediated inhibition of migration, which might be 

useful in the treatment of solid metastatic tumors. Of note 30 out of 50 clinical 

trials mentioned in the literature review section 5.4.3 evaluate the effect of 

MK2206 alone or in combinations in advanced, refractory, or metastatic tumors, 

which underline the applicability of the combinations under assessment. Further 

we show that the combination induced apoptosis and inhibited proliferation on a 

short- and long- term, which might help sustain a long-term response to the 

treatment and thus increase its overall efficacy.  

 

4.5. Explore the molecular underpinning of AKT/HDAC co-
inhibition 

4.5.1. Combining AKTi and HDACi inhibits the AKT independent 
PI3K/SGK1/mTOR pathway.  

 

Two phosphorylation events, one at S473 and the other at T308 are necessary 

for the full activation of AKT. In turn, Akt activates multiple downstream targets, 

most notably the mammalian target of rapamycin (mTOR) pathway. After AKT 

activation the primary mechanism by which AKT subsequently activates the 

mammalian target of rapamycin complex 1 (mTORC1) is by firstly 

phosphorylating and inhibiting the tuberous sclerosis complex 2 (TSC2) a 

GTPase activating protein (GAP) protein, allowing inactive Rheb-GDP to be GTP 

loaded which in turn results in mTORC1 activation. Activation of mTORC1 results 

in increased protein synthesis and cell survival by direct phosphorylation of its 

effectors, such as the ribosomal S6 kinase, 70 kDa, polypeptide (p70S6K), and 

4E-BP1 (elF4E-binding protein 1) that terminate binding to elongation factor 

elF4E and relieve the block on translation (220). Experiments performed to 
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analyze the molecular underpinnings of AKTi/HDACi co-treatment first revealed 

that, as expected, upon MK2206 administration, AKT phosphorylation was 

inhibited at both of its activation sites S473 and T308. Looking at the downstream 

target of AKT, the results however showed no subsequent inhibition of mTOR 

upon MK2206 administration alone. In contrast to that, the combination with 

HDACi led to a subsequent reduction of mTOR activation and its substrates. Of 

note, even though the results indicate a reduction in mTOR signaling, not all 

combinations were statistically significant. This hints toward the need to inhibit a 

particular HDAC or a defined group of HDACs to achieve the best results. To do 

so more studies should be performed using more HDAC inhibitors, with the focus 

on determining the differences between those HDAC inhibitor in the presented 

context. This, however, would exceed the overall scope of the presented study. 

The incomplete inhibition of the PI3K/AKT/mTOR pathway by MK2206 however 

is a well-described phenomenon (221-223). One central explanation stated in all 

reported studies is that the incomplete inhibition may be due to the activation of 

compensatory pathways. Most interestingly, after performing an RT-Profiler PCR 

of the PI3K/AKT/mTOR pathway, we identified that the serum and glucocorticoid-

regulated kinase 1 (SGK1) was significantly downregulated. The activation of 

SGK1 comparable to that of AKT, is mediated through phosphorylation by 

mTORC2 and PDK1 (224). Toska and colleagues, as well as Castel et al., 

demonstrated that SGK1 activation functions as an alternative to AKT and forms 

an AKT independent pathway to activate mTOR. It was described that tumor cells 

use the SGK1/mTOR path to invade AKT inhibition (225, 226). In glioblastoma, a 

correlation between HDAC inhibition and SGK1 inhibition has recently been 

postulated by Chen et al. (227). In their study, they observed that an HDAC-hybrid 

could inhibit SGK1 and glioma cell proliferation, invasion, and migration. SGK1 

was shown to be overexpressed in HCC (228). The emerging importance of 

SKG1 in different hallmarks of tumor progression was recently reviewed by Sang 

et al. (229) and Cicenas et al.(230). They summarized that SKG1 upregulation 

plays a crucial role in apoptosis, proliferation, migration/invasion, metabolism, 

therapy resistance and autophagy in different cancer types. Further the stated 

that although several SGK1 inhibitors have paved the way for novel therapeutic 
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interventions in the future, the prospects for clinical application of these inhibitors 

in cancer therapy are vague, which means that more preclinical studies, 

especially on toxicity and safety, should be conducted, which might probably take 

another decade. The presented study shows that the combination of two already 

well studied compounds such as MK2206 and Belinostat significantly inhibited 

SGK1. This connection supports the use of the AKTi/HDACi combination as a 

possible treatment option in solid tumors an SGK1 overexpression might even be 

a first selection criteria in future trials. 

In summary, as indicated in figure 39, we have elucidated one possible way of 

action of the AKTi/HDACi co-treatment.  

  

4.5.2. Patient-derived organoids support clinical translation of the 
combination AKTi and HDACi to treat liver cancer 

Human Organoids provide unique opportunities to study human disease and 

complement animal models. They hold great promise but also limitations for use 

in medical research and the development of new treatments as discussed in 

Figure 39. Proposed mechanism of action of AKT inhibition alone and simultaneous AKT/HDAC inhibition. PI3K 

dependent AKT phosphorylation at S473 and T308 lead to its activation subsequently to mTORC1 activation via 

tuberous sclerosis complex 2 (TSC2) and Rheb-GTP. mTORC1 further regulates its substrates 4E-BP1 and p70S6K 

(S6K), leading to tumor cell growth and proliferation (left panel). Upon MK2206 treatment (middle panel) 

compensatory mechanism via SGK1 is assumed, which sustain tumor growth via activated mTORC1 signaling. 

Combining AKTi and HDACi (right panel) blocks potential compensations, by inhibiting glucocorticoid-regulated 

kinase 1 (SGK1) and thus contributes to growth inhibition. 
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section 8.3.2. Nevertheless their benefits outweigh remaining challenges and 

therefore, they have already been utilized in the clinic, enabling personalized 

medicine for different diseases (231). Different studies imply that the outcome of 

drug application in organoid models is indicative for the response to be expected 

in the patient where the organoids are derived from. The antiproliferative effect of 

AKT and HDAC co-inhibition in HCC organoid showed an additive or even 

synergistic inhibition of cell proliferation. Interestingly, the combinations with 

HDACi Vorinostat showed the highest efficacy, regarding the most synergistic 

areas. Of note all tested drugs have been used in clinical trial or are already 

approved for other diseases. Vorinostat is approved for the treatment of 

cutaneous t-cell lymphoma. Regarding the use of MK2206 alone in clinical trials 

investigators have reported toxic effects with the concentrations used. The 

presented analysis on synergy using different concentrations of MK2206 and the 

respective HDACi showed that for all combinations additive or synergistic 

interaction would still be observed using lower concentrations of each drug.  

CCA organoids could not be tested, which limits our discussion to HCC in this 

case. Nonetheless, due to our previous observations, we assume a comparable 

outcome for CCA. Looking at the colony formation assay or the migration assay 

even showed that HUCCT1 cells compared to all HCC cell lines appeared to be 

more sensitive to the treatments. We therefore hypothesized that co-inhibiting 

AKT and HDAC in CCA would likewise have antiproliferative effects on 

organoids. However, to conclusively validate the combinatorial approach in this 

context, further studies may be unavoidable. 

To conclude our investigation on AKT and HDAC co-inhibition can be considered 

as a promising treatment regime. The presented study demonstrates first 

evidence that justify the application of the treatment in further preclinical studies 

or even in clinical trials.   
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4.6. Conclusion and Outlook 

This thesis has revealed several important issues for the treatment of liver cancer. 

First, the role for ADORA3 stimulation in tumor cell proliferation has been 

examined in detail. Besides the observation, that receptor stimulation is indeed 

responsible for antiproliferative effects, the observation that a fraction of tumor 

cells do not express ADORA3 is an important finding. These results suggest that 

ADORA3 expression should at least be investigated in the tumor of each patient 

that enters clinical trials in which ADORA3 directed antitumor therapies are part 

of the treatment schedule. As a new mechanism of action, ADORA3 stimulation 

could be combined with epigenetic modulation in tumor cells, which was not 

known before. Finally, the results of this thesis suggest two new combination 

partners for HDAC inhibitors in liver cancer, namely ADORA3 agonists or AKT 

inhibitors. Our investigations used drugs that are either already approved for the 

treatment of other diseases or that have been applied in clinical trials. Therefore, 

besides a stimulation for further preclinical investigations our results could be the 

stimulus for translational clinical phase I/II trials in liver cancer. Taken together 

we have provided new perspectives in treating HCC and CCA, which are urgently 

needed.  
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6.3. Summary of Abbreviations 

% Procent DNMT DNA methyltransferase 

μl Microliter DTT Dithiothreitol 

5mc 5-methylcytosine BSA Bovine serum albumin 

AC adenyl cyclase ctrl. Control 

ADORA1 Adenosine receptor 1 DMEM Dulbecco’s modified Eagle Medium 

ADORA2A Adenosine receptor 2A eCCA extrahepatic cholangiocarcinoma 

ADORA2B Adenosine receptor 2B ECL Electrochemiluminescence 

ADORA3 Adenosine receptor 3 ECOG Eastern Cooperative Oncology 
Group score 

ADP Adenosine diphosphate EDTA Ethylenediaminetetraacetic acid 

AFP Alpha fetoprotein ENT Equilibrative nucleoside transporter 

AKT Protein kinase B FDA Food and drug administration 

AKTi Protein kinase B inhibitor FGF Fibroblast growth factor 

AMP Adenosinemonophosphate FGFR2 Fibroblast growth factor receptor 2 

ASDR Age standardizes death rate Fig. Figure 

ATCC American type culture collection FOLFOX Folonic acid, fluorouracil and 
oxaliplatin 

ATP Adenosine triphosphate FOXE3 Forkhead Box E3 

BET Bromodomain and extra terminal 
domain 

GF Growth Factor 

DE Differetially Expresed GSEA Gene Set Enrichment Analysis 

BRD Bromodomain GPCR G-protein coupled receptor 

cAMP cyclic AMP GSK glycogen synthase kinase 

CCND1 Cyclin D1 H Histone 

CDKL2 Cyclin dependent kinase like 2 h hour 

CDKN2A Cyclin-dependent kinase inhibitor 
2A 

HBV Hepatitis-B-Virus oder Virushepatitis 
B 

cDNA complementary DNA HGF hepatocyte growth factor 

CNT concentrative nucleoside 
transporter 

HNF1A Hepatocyte nuclear factor 1 
homeobox A 

COX2 Cyclo-oxygenase-2 HRP Horseradish peroxidase 

CP Child-Pugh iCCA intrahepatic cholangiocarcinoma 

CTLA-4 T-lymphocyte protein 4 IDH1/2 isocitrate dehydrogenase 1/2 
 

CTNNB1 Catenin Beta 1 IGF Insulin-like growth factor 

dCCA distal cholangiocarcinoma JAK Janus Kinase 

IKK IkappaB kinase;  KMT2 Lysine methyltranferase 2 

DMSO Dimethylsulfoxid mM millimolar 

ERK-1/2 extracellular 
signalregulatedkinase ½ 

mTOR mammalian target of rapamycin 

G gram mTORC1/2 mammalian target of rapamycin 
complex 1/2 

DE Differential Expression Mg Milligram 

DNA Desoxyribonucleic acid miRNA Micro RNA 

ml Milliliter RNAi RNA interference 

mM Millimolar RPS6K Ribosomal Protein S6 kinase 

mRNA messenger RNA RTK Receptor tyrosine kinase 

Myc Proto-Oncogene RTKi Receptor tyrosine kinase inhibitor 

Namo. Namodenoson S / Ser Serine 
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NAFLD Nonalcoholic fatty liver desease   

NASH Nonalcoholic steatohepatitis SAH S-adenosylhomocysteine 

NF-κB nuclear factor kappa of activated 
B-cells  

SGK1 Serum/Glucocorticoid Regulated 
Kinase 1 

 

nM nanomolar siRNA small interfering RNA 

p53/TP53 Tumorsuppressor gen p53 SRB Sulforhodamin B  

PBS phosphate buffered saline SIRT Sirtuin 

PI3K Phosphatidylinositol-3-Kinase SOX2 SRY-Box transcription factor 2 

PIK3CA phosphatidylinositol-4,5-
bisphosphate 3-kinase 

STAT Signal transducer ad activators of 
transcription 

PTEN phosphatase and tensin homolog SVR sustained virologic response 

RNA Ribonucleic acid T / Thr threonine 

Ng nanogram TACE transarterielle Chemoembolisation  

OS overall survival TBS Tris-buffered saline 

  TPM Transcript per Million 

PBS phosphate buffered saline TBST Tris-bufered saline with Tween20 

pCCA peripheral cholangiocarcinoma TCA trichloro-acid 

PCR Polymerase chain reaction CCA Cholangiocellular carcinoma 

PD-L1 Programmed cell death 1 ligand 
1 

TCGA The Cancer Genome Atlas 

PDGF platelet derived growth factor TERT Telomerase reverse transcriptase 

PDK1 phosphoinositide-dependent 
kinase 1 

TGF Transforming growth factor 

PDT photodynamic therapy TFBS Transcription factor binding sites 

PFS Progression free survival   

PH Pleckstrin homology   

PHLPP2 PH domain leucine-rich-repeat-
containing protein phosphatase 

2A 

  

PKA Protein kinase A   

PLC phospholipase C   

PLC Primary Liver Cancer   

PLD phospholipase D   

PP2A Phosphatases like protein 
phosphatase 2A 

  

PVDF Polyvinylidene difluoride   

qPCR quantitative PCR   

RAF Rapidly Accelerated 
Fibrosarcoma 

  

RAS Rat Sarcoma   

RB1 Retinoblastoma (transcriptional 
Corepressor 1) 
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