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1 Abbreviations 

μl microliter 

μm micrometer 

ALP alkaline phosphatase 

ALT alanine aminotransferase 

AP1 activator protein-1 

ASH alcoholic steatohepatitis 

AST aspartate aminotransferase 

ATF6 activating transcription factor 6 

BECs biliary epithelial cells 

BIP binding immunoglobulin protein 

CCA cholangiocarcinoma 

cDNA complementary desoxyribonucleic acid 

CHOP CCAAT/enhancer-binding protein homologous protein 

CREBH cyclic AMP response element-binding protein H 

CREBP cyclic AMP response element-binding protein 

CRTC2 CREB-regulated transcription coactivator 2 

DAMP damage-associated molecular pattern 

DCs dendritic cells 

DEN N-nitrosodiethylamine 

DR ductular reaction 

eIF2α eukaryotic translation initiation factor 2 

EM electron microscopy 

ER endoplasmic reticulum 

ERAD endoplasmic reticulum–associated protein degradation 

ERO1α ER oxidase 1α 

FACS fluorescence-activated cell sorting 

FFAs free fatty acids 



2 
 

GP73 Golgi protein 73 

GPX glutathione peroxidase 

GRP glucose-regulated protein 

H&E hematoxylin-eosin 

HBP hexosamine biosynthetic pathway 

HBV Hepatitis-B-Virus 

HCC hepatocellular carcinoma 

HCV Hepatitis-C-Virus 

HFD high-fat diet 

HIF-1 hypoxia-inducible factor-1 

HSC hepatic stellate cell 

i.p. intraperitoneal 

ICAM-1 Intercellular adhesion molecule 1 

IL interleukin 

IRE1 inositol requiring enzyme 1 

KC kupffer cell 

LSEC liver sinusoidal endothelial cell 

MAMPs microbe-associated molecular patterns 

MCD diet methionine–choline-deficient diet 

MDSCs myeloid-derived suppressor cells 

MHC major histocompatibility complex 

MRI magnetic resonance imaging 

NAFLD nonalcoholic fatty liver disease 

NASH nonalcoholic steatohepatitis 

nATF6 nuclear ATF6 

ND normal diet 

NK cells natural killer cells 

NKT cells natural killer T cells 

NQO1 NAD(P)H quinone dehydrogenase 1 
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NRF2 nuclear factor erythroid 2–related factor 2 

NT non-tumoral tissue 

PAMPs pathogen-associated molecular patterns 

PDI protein disulfide isomerase 

PDL1 programmed death ligand 1 

PERK protein kinase R (PKR)–like ER kinase 

PKR protein kinase R 

RNS reactive nitrogen species 

ROS reactive oxygen species 

RT room temperature 

SCD1 stearoyl-CoA desaturase 1 

SDS sodium dodecyl sulfate 

T tumoral tissue 

TACE transarterial chemoembolization 

TG triglyceride 

tg transgenic 

TGFβ transforming growth factor-b 

TME tumor microenvironment 

TNF tumor necrosis factor 

Treg regulatory T cell 

UPR unfolded protein response 

VCAM-1 vascular cell adhesion molecule 1 

VEGF vascular endothelial growth factor 

WD western-diet 

WT wild-type 

XBP1 X‑box binding protein 1 
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2 Summary 

The liver is the site of the sixth most common form of primary cancer - represented mainly by 

hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA). Although the recent increment 

of knowledge on immunological, metabolic, and genetic mechanisms - from a systemic to a single 

cell level approach - led to consistent implementation of the therapeutic management of liver 

diseases and improved quality of life in patients, new challenges became apparent in the 

development of arising therapeutic strategies for pathologies accompanied by chronic 

inflammation, like liver cancer.  

Elevated endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) have been 

observed in precancerous diseases associated with the development of liver cancer, such as 

hepatic viral infection and nonalcoholic steatohepatitis (NASH)1. In the context of liver diseases, 

the inositol requiring enzyme 1 (IRE1 and the protein kinase R (PKR)–like ER kinase (PERK) 

branches of UPR have been intensively investigated, whereas the role of activating transcription 

factor 6 (ATF6) in hepatic diseases has remained elusive2. In this study, by employing different 

genetically modified mouse models and cell lines, I tried to examine and illustrate the role of ATF6 

in hepatic tumorigenesis. 

In the first place, I analyzed the publicly available databases of liver cancer, the liver biopsy from 

healthy donors and NASH-diagnosed patients, para-tumor and tumor tissue from liver cancer 

patients, and tissues from liver cancer mouse models for the expression of ATF6 at both mRNA 

and protein levels. Strikingly, I detected a significant increase in ATF6 mRNA and protein 

expression in the diseased areas compared to their corresponding controls. Moreover, by doing 

immunohistochemistry, I identified the activation of ATF6 in the diseased tissues, indicated by the 

nuclear localization of ATF6. Based on these observations, I worked on the generation of 

hepatocyte-specific nuclear-ATF6 (nATF6) overexpression mice. 

In a mouse model of hepatocyte-specific activation of the ATF6 branch of UPR, I observed that 

transgenic homozygous mice die shortly after birth, whereas their heterozygous counterparts can 

survive for more than one year instead, suggesting a dose-effect. Heterozygous mice develop 

hepatomegaly, liver damage, and cholestasis at their young ages. Strikingly, the heterozygous 

mice progress to liver cancer with a tumor incidence of 100% at 12 months. To investigate the 

underlying mechanisms of the pro-tumorigenic effects by persistent ATF6 activation, I performed 

RNA-seq, proteomic and metabolic analysis on the liver of the heterozygous animals. I found out 

that ATF6 is intensively involved in the regulation of hepatic glucose, lipid, and amino acid 
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metabolism. The sustained activation of the ATF6 arm of UPR in hepatocytes induces hepatocyte 

cell death and shifts the cellular metabolism to support the energy and building blocks 

requirements for compensatory proliferation. The high rate of hepatocyte turnover and constant 

ER stress lead to oxidative stress and hepatic inflammation, resulting in hepatic tumor onset. 

Meanwhile, the metabolic switch in hepatocytes deprives nutrients in the surrounding environment 

and further suppresses the anti-tumor function of immune cells. 

In the end, I generated hepatocyte-specific ATF6 knockout mice, and I challenged this mouse 

model with different carcinogenic treatments. Surprisingly, I found ATF6 knockout confers general 

hepato-protection to mice in response to these treatments, indicating a potential clinical 

application of ATF6 inhibition in anti-tumor therapies. 
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3 Zusammenfassung 

Die Leber ist der Ort der sechsthäufigsten Krebserkrankung – hauptsächlich representiert durch 

das Hepatozelluläre Karzinom (HCC) und das Cholangiokarzinom (CCA). Obwohl unsere 

wachsenden Kenntnisse über die immunologischen, metabolischen und genetischen 

Mechanismen, von der systematischen bis zur zellulären Ebene zu einem besseren 

therapeutischen Management der Lebererkrankung geführt sowie die Lebensqualität der 

Patienten verbessert haben, treten ständig neue Herausforderungen bei der Entwicklung der 

therapeutischen Strategien für die chronischen Lebererkrankungen wie Leberkrebs auf.  

Der erhöhte Endoplasmatischem Retikulumstress (ER Stress) und die ungefaltete Protein-

Antwort (UPR) wurden in verschiedenen präkanzerösen Erkrankungen im Zusammenhang mit 

der Leberkrebsentwicklung - wie hepatische virale Infektion und nicht-alkoholische 

Steatohepatitis (NASH) - beobachtet. In Lebererkrankung werden die UPR-Signalzweige des 

Inositol Requiring Enzym 1α (IRE1α und der Proteinkinase (PKR)–ähnliche ER Kinase (PERK) 

intensiv untersucht, während die Rolle des aktivierenden Transkriptionsfaktor 6 (ATF6) 

unbekannt bleibt. In dieser von mir vorgelegten Studie wurde die Rolle des ATF6-Zweigs des 

UPRs in der hepatischen Tumorgenese untersucht, mit Hilfe von genetisch modifizierten 

Organismen und Zelllinien. 

Als erstes untersuchten wir mit Expressionsanalyse von ATF6 von der öffentlichen Datenbank, 

die Leberbiopsien von den gesunden Probanden und NASH Patienten sowie die Paratumor- und 

Tumorproben stammt aus Leberkrebspatienten und Mäusen. Überraschend wurde eine 

signifikante Steigerung der ATF6-Expression auf mRNA- und Proteinebene im kranken Gewebe 

im Vergleich zu den Kontrollen beobachtet. Darüber hinaus ist aus der Immunohistochemie zu 

entnehmen, dass die Aktivierung von ATF6 durch seine Nukleus-Translokation manifestiert 

wurde. Aufgrund dieser Beobachtung haben wir eine Mauslinie generiert, das 

kerntranslozierende Protein ATF6 (nATF6) spezifisch nur in Hepatozyten überexprimiert. 

Anhand dieses Mausmodells, in dem der ATF6-Signalzweig von UPR spezifisch in Hepatozyten 

aktiviert wird, haben wir festgestellt, dass alle Homozygoten Tiere kurz nach Geburt gestorben 

sind. Die Heterozygoten Tiere überleben im Gegensatz dazu mehr als ein Jahr, jedoch mit der 

Entwicklung von Hepatomegalie, Leberschädigung und Cholestase, schon mit früherem Alter. 

Interessanterweise zeigen die Heterozygoten eine Tumorinzidenz von 100% im Alter von 12 

Monaten.  



8 
 

Um die Mechanismen dieses prä-tumorgenen Effekts der ATF6-Aktivierung zu untersuchen, 

wurden RNA-Sequenzierung, proteomische sowie metabolische Analysen durchgeführt. Ich 

konnte entdecken, dass die kontinuierliche Aktivierung von ATF6-Zweig des UPRs in hepatischen 

Glucose-, Lipid- und Aminosäuremetabolismus beteiligt hat. Die anhaltende Aktivierung der UPR 

des ATF6-Arms in Hepatozyten induziert den Tod von Hepatozyten und verschiebt den 

Zellstoffwechsel, um den Energie- und Bausteinbedarf der kompensatorischen Proliferation zu 

decken. Die hohe Umsatzrate der Hepatozyten und der ständige ER-Stress führen zu oxidativem 

Stress und Leberentzündungen, was zur Entstehung von Lebertumoren führt. Gleichzeitig beutet 

diese metabolische Umstellung in Hepatozyten auch die Nährstoffe in der Umgebung aus und 

unterdrückt die Anti-Tumor Funktion der Immunzellen. 

Am Ende haben wir noch die hepatozyt-spezifisch ATF6 knockout Mäuse generiert und die mit 

unterschiedlichen Tumorgenen behandelt. Erstaunlicherweise haben wir gefunden, dass die 

Abwesenheit von ATF6 einen Schutzeffekt auf die behandelten Mäuse hatte- dies gibt der ATF6-

Inhibition einen klinischen Wert in der Entwicklung der anti-tumor Therapie.   
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4 Introduction 

4.1 The liver 

4.1.1 The physiological nature of the liver 

The liver is a metabolically essential organ found exclusively in vertebrates. It is the second-

largest organ located in the upper-right area of the abdomen of the human body3. Morphologically, 

the liver can be split into left, right, caudate, and quadrate lobes from the posterior position3. The 

Couinaud classification further divides the liver lobes into eight functionally independent segments 

based on the hepatic vascular supply4 (Figure 1). Each segment is equipped with its own vascular 

system (portal vein and hepatic artery) and biliary tree (bile ducts), according to this system.  

 
Figure 1: The Couinaud classification: segmental anatomy of the liver (adapted from Lena Sibulesky5). 
The Couinaud categorization system divides the functional regions of the liver based on their circulatory 
supply (segment I to segment VIII).                                                                                                                                                                                                                                                                                                         

Microscopically, the building blocks of liver tissue are termed hepatic lobules, which are 

hexagonal structures composed of plates of hepatocytes, liver sinusoids, portal triads, and a 

central vein. Hepatic lobules are bound by a connective tissue layer called Glisson's capsule, 

covering the entire liver6. Glisson's capsule further stretches into the liver as sheaths 

accompanying the hepatic vascular supply. In fact, the hepatic portal vein and hepatic artery 
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constitute the blood supply of the liver and converge with hepatic ducts at the hepatic hilum. 

Around 25% of the blood flow to the liver is oxygenated arterial blood, whereas 75% of the blood 

entering the liver is venous blood3. The nutrient-enriched venous blood flowing through the 

gastrointestinal tract converges the oxygenated arterial blood in the ‘liver sinusoid’ – a unique 

fenestrated capillary that slows the blood flow and provides the platform for substance 

exchanging7.  

The liver governs up to 500 different functions in both humans and mice, including metabolite 

detoxification, protein synthesis, and secretion of biochemicals required for digestion and growth8. 

These various functions are carried out by distinct crosstalks between hepatic parenchymal cells 

(e.g. hepatocytes and cholangiocytes) and non-parenchymal cells (e.g. Kupffer cells (KCs), 

hepatic stellate cells (HSCs), liver sinusoidal endothelial cells (LSECs), and adaptive immune 

cells). The primary parenchymal cell type in the liver is hepatocytes, which account for 

approximately 78% of the liver volume9 and exert the principal functions of the liver (e.g. 

cholesterol synthesis, bile salts synthesis, phospholipids synthesis, and nutrients metabolism)10. 

The second-largest cell population in the liver is represented by cholangiocytes, which mainly 

support hepatocytes to transport bile acids by releasing bicarbonate and H2O11. Other resident 

cells, including HSCs, KCs, natural killer (NK) cells, and natural killer T (NKT) cells, together with 

other myeloid lineage cells, maintain the immune-suppressive character of the liver12. 

4.1.2 Primary Liver cancer 

New treatment options, understanding disease mechanisms, and broader prevention programs 

(e.g. screening of defined risk-groups of patients) led to reduced mortality rates, decreased 

incidence, and an increased 5-year survival rate in most solid cancers13. Nevertheless, liver 

cancer opposes these trends14. Primary liver cancer originates in the form of different entities: 

HCC accounts for 80-90% of all primary liver cancers, whereas 10-15% results from CCA. Non-

epithelial tumors (angiosarcoma) and pediatric hepatoblastoma make for a comparatively 

insignificant fraction of primary liver cancer15 (Figure 2). 

The most relevant risk factors for the development of primary liver cancer are chronic 

inflammatory etiologies leading to chronic necro-inflammation, originating from viral infections (e.g. 

Hepatitis-B-Virus (HBV), and Hepatitis-C-Virus (HCV)), metabolic alterations (e.g. alcoholic, and 

non-alcoholic steatohepatitis16), chronic toxin exposure or parasite infection (e.g. flukes, and 

aflatoxin)12. Hepatocellular carcinoma, hence the name, was thought to originate from 

hepatocytes. However, the cellular origin of liver cancer is controversial, although the traditional 
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assumption “ HCC and CCA are transformed from distinct parenchymal cell populations” is widely 

accepted17. Globally, the major risk factor of HCC is still viral infection, which leads to a 

geographical, region-depend HCC epidemiology; whereas prophylactic immunization and new 

therapeutic techniques have slowed the increase of HBV and HCV-related liver cancer, lifestyle-

related and environmental variables such as sterile inflammation or inflammation induced by 

alcohol or excessive nutrition show an elevated contribution to HCC formation15,18. In fact, chronic 

liver inflammation is believed to lead to necro-inflammation and to give rise to a pathological state 

like fibrosis and cirrhosis12,19, which are strong correlative drivers of primary liver cancer16. 

Furthermore, classical risk factors common to the majority of cancers, namely age, sex, lifestyle, 

genetic risk factors (e.g. Kras/Braf, C-reactive protein polymorphism activation), also play an 

important role in liver cancer formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The incidence, risk factors, and pathological features of hepatic cancer. Cartoon representing 
the incidence of different forms of primary liver cancer correlated to their specific risk factors and 
currently approved therapies, described in detail in the text. 
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4.1.3 Primary liver cancer treatments 

Primary liver cancer is difficult to treat, and only a few therapeutic options have been 

standardized20,21 (Figure 3). Generally, a treatment approach is established according to cancer 

progression, size, and aggressiveness. Treatment options for early-stage liver cancer include liver 

transplantation as the curative approach with <10% recurrence and approximately 70% 5-years 

survival15. Other treatment options are tumor resections, potentially combined with tumor-

reducing therapies (e.g. transarterial chemoembolization (TACE), ablation strategies using radio-

frequency or microwaves, thermal approaches, intratumoral ethanol injection, or high dose rate 

brachytherapy, and selective internal radiotherapy with beta-emitter yttrium-90). Liver cancer 

chemotherapy (e.g. cisplatin, gemcitabine) or multikinase inhibition with sorafenib, regorafenib, 

or lenvatinib, however, results in just a modest survival benefit14,22-28. 

Current therapeutic approaches still suffer from a relevant lack of efficacy, and until a few years 

ago, the only possible therapeutic option for advanced liver cancer was limited to the multi-kinase 

inhibitor sorafenib18. 50-70% of patients successfully treated for liver cancer recidivate in the form 

of newly formed primary liver cancer or micro-metastasis if the whole cancer-affected lobe cannot 

be resected15. Moreover, the cirrhotic microenvironment of the tumor-bearing liver often prevents 

sufficient liver tissue removal by resection without compromising the remaining intact liver tissue13.  

To maximize treatment benefits for primary liver cancer, besides careful and individual 

assignment of anti-cancer therapy, it is opportune to eradicate the underlying cause. In the case 

of primary liver cancer, it seems reasonable to target the chronic inflammatory stimuli, either by 

anti-viral therapy (e.g. interferon-based, eradication of HCV by direct-anti-viral agents (DAA and 

and HBV-load by nucleic-analogs), life-style intervention (e.g. limiting alcohol consumption, diet), 

reduction of  oxidative stress (e.g. vitamin E/C or analogs like raxofelast, silymarin, metadoxine, 

mitoquinone mesylate ) or liver fluke eradication14,29. Additionally, during the last 10 years, 

increased understanding of the complicated cellular and molecular immunological network in the 

hepatic milieu has resulted in the development of innovative treatment strategies such as 

immunotherapy15. New therapeutic interventions recently reached the clinical phase of FDA 

approval, like immunotherapy and combinatorial microenvironmental-targeted 

immunotherapeutic approaches, which might be promising strategies for future first-line liver 

cancer therapy14,18,25,28,30,31 (Figure 3). Interestingly, an aetiology-dependent efficacy of 

immunotherapy has been observed in NASH-mediated liver cancer, giving that NASH is a liver 

disease triggered by metabolic activation of T cells32. 
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Figure 3. Current HCC treatments in the clinic (Adapted from Llovet et al.13). The Barcelona Clinic Liver 
Cancer (BCLC) staging system classifies liver cancer into five stages, and the figure depicts the treatment 
techniques for each stage of liver cancer. 

4.2 The immunological landscape in liver cancer 

4.2.1 The immunotolerant nature of the liver 

As evidenced by the fact that hepatic portal blood contains approximately 100 times more 

microbe-associated molecular patterns (MAMPs) than peripheral blood, the liver is the prophase 

and powerful organ for clearing pathogen-associated molecular patterns (PAMPs) and MAMPs 

produced from the gastrointestinal tract12. Consequently, distinct regulatory mechanisms to 

maintain liver immunotolerance against various external stimuli are critical to avoid liver injury33. 

The induction and maintenance of liver immunotolerance are mediated by crosstalks between 

liver-resident cells and circulating immune cells (Figure 4). A group of endothelial cells covers the 

liver sinusoid termed LSECs with up to 100 nm fenestration. As a result, the extracellular matrix 
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rejects particles or antigens larger than 20 nm in blood34. A diverse array of pattern recognition 

receptors (e.g. Toll-like receptors), costimulatory molecules (e.g. CD80, CD86, and major 

histocompatibility complex (MHC) class I/II ), and adhesion molecules (e.g. intercellular adhesion 

molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)) expressed on LSECs 

endowed them with the ability to serve as efficiency monitors for immune response12. Indeed, 

antigens presented by LSECs via MHC class I stimulate naive CD8+ T cells, resulting in T cell 

tolerance and maturation of a subpopulation of LSCEs with increased PDL1 expression35. KCs 

account for approximately 80% of macrophages in the body and scavenge the majority of 

circulating particulate antigens12. Depletion of KCs abolishes the immunotolerant character of the 

liver, indicating the crucial role of KCs in maintaining liver homeostasis36. Mechanistically, KCs 

express high levels of PDL1 but low levels of co-stimulatory molecules, which enable them to 

dominate the maintaining of immunosuppressive character and anti-inflammatory 

microenvironment of the liver36. Additionally, phagocytosis of host apoptotic cells by KCs is a 

critical mechanism for suppressing immunological responses induced by inflammatory mediators 

produced by dying cells. Hepatic dendritic cells (DCs) are less effective in activating T cells than 

their splenic counterparts; this is mainly due to the high IL-10 and low IL-12 hepatic milieu37. 

Interestingly, liver DCs themselves are a rich source of IL-1038. 

Apart from the regulatory mechanisms outlined previously, it has been shown that other cell types 

in the healthy liver contribute to its immunotolerant orientation. For instance, regulatory T cell 

(Treg) expresses a high level of CD25 and CTLA-4 to compete with T cells to bind IL2, CD80, 

and CD86. Meanwhile, Treg can also secret anti-inflammatory cytokines like transforming growth 

factor- (TGF-β) and IL-1012. HSCs are also rich sources of anti-inflammatory cytokines (e.g. 

TGF-β)39. Myeloid-derived suppressor cells (MDSCs), which release immunosuppressive 

cytokines (IL10 and TGFβ) and deplete amino acids essential for T cell proliferation, are also 

found in the healthy liver40. 
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Figure 4: The healthy, inflammatory, and malignant liver's immune microenvironment (original figure of 

Figure.1 in Li et al.15). a). The maintenance of immune-suppressive character in a healthy liver. b). The 

immunological landscape of inflammatory liver. c). Pro- and anti-tumor immune response in the liver 

microenvironment.15 

4.2.2 The protumorigenic inflammatory liver microenvironment 

HCC was identified as the most prevalent malignancy caused by inflammation12. To effectively 

treat primary liver cancer, it is critical first to understand how it develops nearly entirely due to 

underlying chronic inflammation15. Chronic inflammation in the liver is initiated and maintained by 

events such as immune cell activation in response to viral infections, proinflammatory cytokines 

released by the innate immune cells in response to chronic injury, exogenous toxins induced 

destabilization of intrinsic hepatic cell types (e.g. hepatocytes, and LSECs), lipotoxicity and 

increased iron deposition15. All of the aforementioned etiological variables contribute to an 

abnormally high level of reactive oxygen species (ROS) and reactive nitrogen species (RNS), 

resulting in DNA damage and cell death in hepatocytes over time15. 

Hepatocyte cell death acts as a hallmark of chronic inflammation-related liver disorders such as 

NASH, viral hepatitis, and liver cirrhosis41. It is mostly accomplished by two different types of cell 
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death: apoptosis and necroptosis/necrosis, both of which can be distinguished into further 

subtypes41,42. Recent studies show that additional cell-death processes (e.g. oxeiptosis, 

pyroptosis, and ferroptosis) may resculpt the liver microenvironment in chronic hepatitis. These 

are of particular interest but remain understudied in the context of chronic hepatitis43. As a result 

of the loss of an intact cell membrane, dying hepatocytes produce a large concentration of 

damage-associated molecular patterns (DAMPs)44. In conjunction with bio-products derived from 

excessive lipids or alcohol intake, these 'antigen-like factors' lead to the breakdown of the 

stabilized immune tolerance37,45. In response to exogenous pathogens invasion, KCs activate 

pattern-recognition receptor signaling and secret a diverse array of pro-inflammatory cytokines 

(e.g. interleukin (IL)-1, and tumor necrosis factor (TNF)) and chemokines (e.g. CCL1, CCL2, and 

CCL5/RANTES)37. The activation of KCs results in enhanced expression of adhesion molecules 

(e.g. ICAM-1, and VCAM-1) and decreased platelet endothelial cell adhesion molecule-1 

expression on LSECs, which is crucial for the recruitment and transmigration of neutrophils and 

monocytes46. Following the activation of innate immune cells, besides constant monocytes also 

adaptive immune cells are recruited to the liver, both contributing to the inflammatory hepatic 

microenvironment. 

Prolonged and unresolved inflammation alters the microenvironment of the liver, reshaping it 

towards a pro-carcinogenic direction18. In particular, the crosstalks of cytokines, chemokines, 

growth factors, and proangiogenic factors in the inflamed liver facilitate cell proliferation and 

dedifferentiation in a regenerative organ like the liver, an essential process for oncogenic 

transformation47,48. For instance, it has been demonstrated that pro-inflammatory TNF released 

by KCs promotes hepatic cancer by activating JNK signaling in response to oxidative stress and 

by enhancing Wnt/-catenin signaling49. Other inflammatory cytokines, like IL-1, IL-6, and IL-23, 

have also been implicated in the tumor-promoting process50. Besides, pro-angiogenic factors (e.g. 

angiopoietin-2, vascular endothelial growth factors (VEGFs)) that are abundant in the 

inflammatory milieu are required for angiogenesis, a vital step in carcinogenesis15. 

Tumor initiation is a process in which normal cells gain survival benefits and accumulate 

oncogenic mutations over time50. A distinct hepatic biliary phenotype, characterized by 

hyperproliferation of progenitor-like cells, has often been detected in the injured or inflamed liver, 

termed ductular reaction (DR)15. Accelerated expansion in a mutation-prone environment favors 

the accumulation of genetic mutations51, activates oncogenic signaling pathways, and confers 

malignant potential to the cells52,53. 
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Collectively, the diverse surrounding microenvironment shaped by chronic inflammation 

contributes to its pro-tumorigenic character via different mechanisms. In line with the clinical 

observations, the diversity of tumor surroundings contributes to the malignant and lethal 

characters of the tumor. Indeed, liver cancer patients with elevated levels of diversity and 

heterogeneity in the tumor microenvironment (TME) are negatively associated with cytolytic 

activities of T lymphocytes and patient outcome54. 

4.2.3 The surveillance of primary tumors 

The activation of certain oncogenes and mutation of specific tumor suppressors are commonly 

recognized origins of malignant cells. They steer the host cell in a premalignant direction and 

trigger multiple cellular introspective surveillance processes such as apoptosis and senescence55. 

Apoptosis is the most typical way for oncogene/stress-driven malignant cells to be eliminated56. 

The best-known instance operates via the DNA-damage/p53 pathway. The wild-type (WT) p53 

protein attaches to damaged DNA and causes hepatocytes to undergo growth arrest until a 

successful DNA repair is performed. Resting cells that do not mend themselves undergo 

apoptosis triggered by p53. Mechanisms that inactivate the apoptotic and cell cycle arrest 

functions of p53, such as inhibition of MDM2 phosphorylation/nuclear translocation by CD44 or 

loss of function or mutation of p53, effectively shutting down p53's genomic surveillance activity 

and hastening the onset of HCC57. Indeed, in a murine model, loss of p53 accelerates 

dedifferentiation in hepatocytes and hepatic carcinogenesis17. 

In case the intrinsic “genetic surveillance” of primary carcinogenesis is ineffective, surveillance by 

immune cells will be employed15. The immune system fights against carcinogenesis in multiple 

manners, for example, by eliminating viruses (e.g. HBV and HPV) and pathogens that directly 

contribute to tumorigenesis or by scavenging pathogens that could contribute to the pro-

carcinogenic inflammatory microenvironment. Apart from these fundamental functions, immune 

effectors can direct their attention to pre-malignant or nascent tumor cells that have evolved as a 

result of ineffective intrinsic tumor suppression mechanisms via tumor-associated antigens or 

stress-induced antigens (e.g. cyclophilin B, SART2, p53, MRP3, AFP, and hTERT)52. A significant 

increase in senescent hepatocytes was observed after antibody-mediated CD4+ T cell depletion 

in a Tak1-/- mouse model, indicating that the adaptive immune response is critical for the 

surveillance of malignant cells58. 
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4.3 The metabolic landscape in liver cancer 

4.3.1 The liver as the central metabolic organ 

For centuries, the liver has been recognized as a critical metabolic organ that regulates the body's 

energy metabolism. It serves as a metabolic hub that connects different tissues (e.g. skeletal 

muscle, and adipose tissue). In general, the digestion of food in the gastrointestinal tract releases 

nutrients such as glucose and amino acids, which are further delivered to the liver through the 

portal vein. During the postprandial period, glucose condenses into glycogen or packs into lipid 

droplets in the form of triglycerides (TG) in hepatocytes59. Amino acids are either digested for 

energy metabolism or employed in the synthesis of proteins and other bioactive substances. 

During fasting, the liver releases glucose (glycogenolysis and gluconeogenesis) or TG into the 

bloodstream to fulfill the energetic demand of extrahepatic organs8. These fuel substrates are 

metabolized in extrahepatic tissues (e.g. muscle) and result in metabolites like lactate and alanine, 

which in turn go back to the liver and serve as building blocks for gluconeogenesis8. Meanwhile, 

the nonesterified fatty acids released by the adipose tissue go through β-oxidation and 

ketogenesis in the mitochondria of hepatocytes8. 

In the setting of hepatic vascularity, hepatic zonation is determined by the oxygen gradient and 

characterized by a distinct distribution of functions within the hepatic lobule (Figure 5)60. 

Consequently, whereas all hepatocytes appear to be similar phenotypically, their location along 

the lobule exposes them to distinct microenvironments, resulting in functional differentiation15. In 

particular, the oxygen gradient divides the hepatic lobule into oxygen-rich Zone-1 in the portal 

area, oxygen-medium Zone-2, and oxygen-low Zone-3 around the pericentral vein. Functionally, 

ATP-consuming tasks, including synthesis and secretion of the protein, fatty acid β-oxidation, and 

gluconeogenesis, are carried out in Zone-1; Iron metabolism and maintenance of insulin-like 

growth factor homeostasis take place in Zone-2; And low energy-demanding activities such as 

glycolysis, detoxification, and lipogenesis are mainly executed in hepatocytes located in Zone-361. 

Indeed, the metabolism-related sequential enzymes in hepatocytes reveal a unique distribution 

along the Porto-central axis in the hepatic sinusoid15. 

Given the intimate relationship between parenchymal and non-parenchymal cells in the liver, it 

was demonstrated that the latter cells also exhibit a distinctive spatial distribution. For instance, 

the pericentral LSECs and periportal LSECs show differences in the expression of at least 60% 

of their genes. The zonation of KCs has also been reported, given that KCs located in Zone-3 

show more cytotoxic activity and are more potent in the production of IL-1β, whereas their 
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counterparts in the portal area are offering a protective niche by secreting TNF and elevate their 

phagocytic activity62,63. In addition, the gene expression profile and functionality of HSCs are also 

spatially regulated. As reported, the HSCs associated with Zone 1 express a high level of NGFR; 

instead, their counterparts in Zone 3 express ADAMTSL2 and are critical for collagen secretion 

upon CCL4 challenge64. 

This spatial-temporal arrangement of hepatic metabolism defines an appropriate evolutionary 

degree of organization, which generates a milieu that specifies the functional communication of 

hepatic parenchymal and non-parenchymal cells15. Disturbance in the balanced interaction is 

fundamental in inducing liver inflammation and contributing to the acceleration of disease-

promoting cancerogenic changes15.  

4.3.2 The metabolic landscape in the inflamed liver 

The spatial organization of hepatocyte functions can be changed in different settings of liver 

disorders or can specifically characterize the development of a given pathology15. For instance, 

alcohol-induced hepatic injury is primarily restricted to pericentral Zone-3, where the enzymes 

and genes involved in detoxification and lipogenesis are most abundant65. Similarly, excessive 

calory intake-induced metabolic stress results in hepatic steatosis, and hepatocyte dysfunction 

also favors the pericentral area due to the high expression of enzymes involved in glucose and 

lipid metabolism15. It was discovered, however, hepatic zonation is gradually lost as the disease 

progresses, implying that alterations in the metabolic milieu result in decreased organ 

functionality66. 

NASH has developed into one of the most representative and widespread metabolic dysfunctions 

in the liver67. Accumulated free fatty acids (FFAs) and FFAs-related byproducts in hepatocytes 

result in lipotoxicity, which facilitates cellular damage and hepatocyte death. The continuous 

hepatocyte cell death and compensatory proliferation lead to KCs activation and ROS generation, 

further accelerate the progression of chronic hepatitis. Interestingly, oxidative stress and hypoxia 

may arise due to metabolic changes associated with the oxygen gradient generated by hepatic 

zonation, giving that the expression of two master regulators involved in oxidative stress and 

hypoxia (namely nuclear factor erythroid 2–related factor 2 (NRF2) and Hypoxia-inducible factor 

1- (HIF-1), respectively) is spatially regulated in chronic hepatitis induced by NASH68,69 or 

hepatic viral infections70. In fact, the induction of hepatic steatosis via changing the hepatic 

zonation and modulating lipogenic genes’ expression has been often observed in HCV-infected 

livers, implying that liver metabolic zonation might suggest a specific tropism for viral infections71.  
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On the other hand, chronic inflammation, in turn, could reshape liver metabolic programs via the 

secretion of cytokines by infiltrating lymphocytes to inhibit β-oxidation and lipid turnover in 

hepatocytes72. 

 

Figure 5: The healthy, inflammatory, and malignant liver's metabolic microenvironment (the original 
figure of Figure.2 in Li et al.15). a). The spatial distribution of hepatocytes enables the liver to perform its 
metabolic, detoxifying, and synthesis tasks in a healthy liver. b). The metabolic landscape of inflammatory 
liver. c). The metabolic reprogramming of tumor cells and tumor-associated immune cells rewire the anti-
tumor immune responses in the TME.15 

4.3.3  The metabolic landscape in the cancerous liver 

Regardless of the etiologies, metabolic modulation in glucose, nucleotide, and lipid metabolism 

has been recurrently identified in hepatic malignancies. Tumor cells utilize aerobic glycolysis, 

which burns glucose in a way 15 times more inefficient compared to oxidative phosphorylation, to 

meet their metabolic and anabolic demands for malignant expansion59. In this setting, malignant 

cells are compelled to uptake a significantly greater quantity of glucose from the environment, 

leading to a nutrition-deprived surrounding for other cell types in the milieu73. The elevated rate 

of glycolysis results in accumulated metabolites such as lactate, which is immunosuppressive and 

leads to an acidic microenvironment. Glycolytic intermediates can be further diverted to other 
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glucose metabolic pathways, including the hexosamine biosynthetic pathway (HBP), the pentose 

phosphate pathway, the citrate cycle, and other metabolism pathways15; which are affected by 

the elevated glycolytic rate and are found commonly dysregulated in liver cancer59.  

Mechanisms of metabolic reprogramming are critical in treating hepatic cancers, especially for 

those whose etiology is primarily related to metabolic reprogramming, such as NASH and 

alcoholic steatohepatitis (ASH) induced HCC. For example, elevated levels of circulating fatty 

acid or glucose as a result of adipose tissue mobilization of fatty acids in response to an 

imbalanced lipid intake shift the energy metabolism of cancer cells toward glucose and fat 

catabolism as the primary energy sources74; conferring tumor cells enhanced ability in malignant 

expansion and resistance to anti-tumor therapies75. 

The alterations in metabolism affect not only the host cells (hepatocytes or tumor cells) but also 

the immune cells of their functionality in the same hepatic milieu. The altered metabolic 

environment can potentially change the liver's immunological responses, allowing tumor cells to 

avoid immune surveillance mechanisms. Indeed, in a mouse model of nonalcoholic fatty liver 

disease (NAFLD), in which the animals were fed a methionine–choline-deficient diet (MCD diet), 

the excessive linoleic acid induces lipotoxicity and results in a selective loss of CD4+ T cells, 

contributing to the collapse of anti-tumor immune surveillance and hepatocarcinogenesis76.  

In the context of liver cancer, tumor cells exhaust nutrients and leave other cell types in a nutrition-

deprived milieu. Thus, as a consequence, metabolic reprogramming has been recurrently 

observed in tumor-associated immune cells with altered functionality (Figure 5c). For instance, 

macrophages in the HCC microenvironment acquire an M2-phenotype, which is associated with 

higher fatty acid oxidation capacity and promotes tumor cell motility77. The increased ability of 

Tregs to consume energy substrates such as lipids and glucose appears to be associated with 

their development in the HCC microenvironment, which suppresses the host anti-tumor immune 

response78. Clinical observations have also implied the phenotypes as mentioned above; HCC 

patients with high expression of pyruvate kinase 2 were associated with a robust pro-inflammatory 

polarization of CD8+ T-cells, T-regs, and M2 macrophages79. Thus, cancer cells may become 

susceptible to complementary therapies when specific enzymes involved in crucial metabolic 

pathways are targeted. In this direction, inhibition of stearoyl-CoA-desaturase and acetyl-CoA-

carboxylase has already achieved promising results in animal models15. 
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4.4 Endoplasmic Reticulum Stress 

4.4.1 ER stress and the UPR 

The ER is a membrane-bound subcellular organelle with an intricate three-dimensional structure 

comprised of a diverse array of structural domains (Figure 6)80. As the primary subcellular 

compartment engaged in protein folding and maturation, the ER synthesizes approximately one-

third of the total proteome81. The majority of the secreted proteins or membrane proteins are 

processed and quality-checked in the lumen of ER prior to being released to the extracellular 

environment or displayed on the cell surface82. Consequently, the maintenance of physiological 

functions of the ER provides vital significance for cellular homeostasis. 

Perturbations that can affect ER function vary from the change of nutrition status (e.g. feeding, or 

starvation) to acute stress (e.g. Ischemia/reperfusion damage or inflammation), leading to 

fluctuations in ER's ability for protein folding and abnormal increase of misfolded proteins inside 

the lumen2. This biological status is termed ER stress, whose role has been widely reflected in 

different diseases, including diabetes, Alzheimer's disease, and cancer of various origins81. 

The constant monitoring of ER lumen conditions, the sensing of stress-inducing stimuli, and the 

adaptive regulation of  ER’s protein-folding capacity are conducted via a collection of integrated 

signaling pathways termed the UPR82. Mammalian cells orchestrate three branches of UPR, 

which are defined by the transmembrane ER stress sensors: IRE1α, PERK, and ATF6 (Figure 

7)82. Each branch's activation results in the production of b-ZIP transcription factors and the 

activation of UPR target genes, but the processes and outcomes differ. IRE1α activation requires 

its conformational change (dimerization, oligomerization, and trans-autophosphorylation) of this 

molecule to induce its RNase activity, enabling it to excise a 26‑nucleotide fragment on the mRNA 

of X‑box binding protein 1 (XBP1) to express XBP1s (spliced form) and to degrade a subset of 

mRNAs via regulated IRE1α‑dependent decay of mRNA. XBP1s’ expression regulates genes 

related to protein folding, translocation, secretion, and endoplasmic reticulum-associated protein 

degradation (ERAD)83. 

PERK shares a similar activation procedure as IRE1α; activation of PERK facilitates 

phosphorylation of eukaryotic translation initiaton factor 2α (eIF2α), which inhibits protein 

synthesis and thus reduces the entry of proteins into the ER, therefore is beneficial for the cells 

to resolve stress84. Importantly, phospho-eIF2α permits the mRNAs with specific open reading 

frames in their 5ʹ‑UTR (untranslated regions), including ATF4, to translate into transcriptional 
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factors. ATF4 regulates the expression of genes that participate in various biological processes, 

including cellular redox balance, amino acid metabolism, cell growth arrest (e.g. GADD34), 

apoptosis (e.g. CCAAT/enhancer-binding protein homologous protein (CHOP)), and ER 

chaperones' production81. The role and function of the ATF6 branch of UPR will be discussed in 

section 4.4.5 of this thesis. 

UPR activation expands the ER membrane to restore protein-folding ability and to maintain 

cellular homeostasis81,82. In 1988, an innovative study demonstrated that upregulation of critical 

ER chaperone proteins (e.g. glucose-regulated protein (GRP) 78 and GRP94) maintains cellular 

homeostasis in the presence of protein folding stress in mammalian cells85. GRP78, which falls 

into the heat shock protein HSP70 family and is also known as binding immunoglobulin protein 

(BIP), was considered the most critical chaperone and a master regulator of the UPR during ER 

stress. BIP binds to unfolded/misfolded proteins to facilitate proper assembling and prevent their 

transportation. Meanwhile, it also binds Ca2+ to regulate the UPR signaling.  Early studies 

suggested that BIP is bounded with ATF6, PERK, or IRE1α to keep these ER sensors in an 

inactivated state in non-stressed cells. Upon stress, BIP releases from these sensors to initiate 

the UPR86 (Figure 7). However, recent finding reveals that the IRE1α branch of UPR can be 

regulated independently of BIP82. 

 

Figure 6. The three-dimensional architecture of the ER (adapted from Friedman et al.80). A representative 
image from electron microscopy reveals the three-dimensional architecture of the ER. CecER: central 
cisternal ER, TubER: tubular ER, PmaER: PM-associated ER, NE: nuclear envelope. 
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Figure 7: The different branches of the UPR (adapted from Claudio Hetz83). The activation of a distinct 
branch of the UPR transmits information about the ER's folding status, triggering a cascade of biological 
actions that restore the ER's protein-folding capacity. 

4.4.2 ER stress in inflammation and immune response 

Conventionally, the activation of the UPR networks was thought to control cellular homeostasis 

and aid tissue damage. Emerging evidence suggests that ER stress-induced UPR is also closely 

associated with various inflammatory and stress signalings, which are commonly identified in 

inflammatory diseases such as diabetes, atherosclerosis, and cancer87. In the context of liver 

diseases, persistent and unresolved ER stress induces UPR-mediated cell death in hepatocytes, 

which release DAMPS, eliciting an inflammatory response and contributing to disease 

progression15. 

Both ER stress and inflammation are transitorily adaptive mechanisms for cell survival and 

restoring organ functions, and both are deleterious when chronically activated. All three branches 

of the UPR are able to mediate pro-inflammatory programs, mainly through the activation of NF-

B signaling, AP-1 pathway, and generation of ROS (Figure 8). As the central mechanism of the 

inflammatory response, NF-B can be induced by three branches of UPR via distinct means87. 

IkB proteins keep NF-B in an inactive status in non-stressed cells and prevent its nuclear 

translocation. Upon the UPR activation, IRE1 initiates a program that could degrade IkB and 

promote NF-B translocation to the nucleus88. Interestingly, the activation of the PERK branch of 

UPR phosphorylates eIF-2, which translationally suppresses the expression of IkB and leads to 
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the activation of NF-B. Moreover, the activation of PERK-eIF2also activates CHOP to induce 

apoptosis of the stressed cells, as the initial step of inflammation onset89. In 2009, a link between 

the ATF6 branch of UPR with the activation of the canonical NF-B pathway had been reported. 

However, the exact mechanism remains elusive90. 

Besides the NF-B pathway, the IRE1branch of UPR was responsible for ER stress-induced 

activation of JNK-AP1 signaling. AP-1 is a dimerized complex consisting of peptides from the JUN, 

FOS, ATF, and MAF families. It serves as a transcriptional factor that facilitates the release of 

pro-inflammatory cytokines like TNF, IL-6, keratinocyte growth factor, and IL-889. Notably, the 

IRE1branch of UPR acts as an important modulator for the secretion of inflammatory cytokines 

in multiple cell types (e.g. endothelial cells, lymphocytes, and macrophages), as the activation of 

XBP1 by IRE1is indispensable for the optimal expression of IL-6, CXCL-3, and monocyte 

chemoattractant protein 191. 

In inflammatory liver disorders (e.g. viral hepatitis and NASH), ROS/RNS and the UPR have been 

frequently observed; it seems that they often co-occur15, probably due to the tight connection 

between mitochondria and ER through mitochondria-associated ER membranes92. The ROS 

originated from the ER is mainly controlled by protein disulfide isomerase (PDI) and ER oxidase 

1α (ERO1α), given their ability to regulate the formation of disulfide bonds in ER-resident 

proteins93,94. PDIs receive electrons from substrates involved in protein folding to oxidize the thiol 

group in protein cysteine residues to generate disulfide bonds; the reduced PDIs can further 

reduce and isomerize disulfide bonds95. Meanwhile, ERO1α catalyzes the transfer of electrons 

from PDIs to oxygen molecules, recycles PDIs, and generates ROS95. ER-induced ROS can 

mediate calcium release, given that the ER act as a calcium-storage organelle, and calcium 

channels are targets of ROS in the ER. Released calcium could be taken by the mitochondria and 

stimulate mitochondrial ROS production96. Other ER-resident transcription factors, such as cyclic 

AMP response element-binding protein H (CREBH), might also participate in the UPR-mediated 

inflammatory response. Both CREBH and CHOP have been reported to be involved in iron 

metabolism and inflammatory pathogenesis via regulating hepcidin secretion97. 
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Figure 8: The different branches of UPR and inflammation (adapted from Wang et al.98). The three 
branches of UPR are connected to the induction of inflammation via distinct mechanisms. 

Besides above mentioned ER-inflammation links, it is worth noting that hepatic ER stress is more 

pro-inflammatory due to the increased susceptibility of stressed hepatocytes to TNF-induced cell 

death99; and the stress signal generated by a single cell in the liver can be conveyed to the 

adjoining milieu15. This can be accomplished through the use of effective mediators such as the 

soluble version of Golgi protein 73 (GP73), which activates the UPR in adjacent non-parenchymal 

cells like macrophages to induce the activation of pro-inflammatory GSK-3, NF-B, and MAPK 

pathways100,101.  

4.4.3 ER-stress and metabolism 

Emerging evidence suggests that the activating UPR signaling modulates a variety of 

physiological processes in addition to homeostatic maintenance and protein quality control, 

reflecting the intricate communications between the UPR and other cellular signaling pathways83. 

Given that ER and Golgi apparatus cooperate to transport and release correctly assembled 

proteins involved in various biological events, the disturbances related to ER dysfunction have 

been commonly thought of as a consequence of ER’s adaption to protein folding requirements. 

However, critical and emerging perspectives pointed out that these consequences can not simply 

be addressed by cell-autonomous responses to restore protein folding capacity and cellular 

homeostasis87. The types of the UPR may differ in distinct cell types in response to the same 

challenge or in the same cell type in response to different challenges. For example, in cells that 

display high secretion rate (e.g. B cell, and pancreatic  cell), activation of the UPR is meant to 
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restore or increase the protein-folding capacity of ER to meet the demand for protein folding and 

secretion102. Whereas in metabolically active cells such as hepatocytes and adipocytes, which 

synthesize a large number of lipoproteins, activation of the UPR tends more to maintain the ER 

homeostasis to couple with lipid status87. 

Hepatocytes are highly activated in glucose and lipid metabolism, and they serve as the primary 

source of glucose and lipid for other systemic organs. All three branches of UPR are involved in 

glucose metabolism; the first set of UPR target genes are chaperones from the GRP family. An 

emerging amount of literature suggests the pivotal role of the UPR in monitoring glucose 

fluctuations and maintaining glucose levels83. For example, whole-body PERK-deficient mice or 

mice harboring functionally mutated eIF2were shown defective gluconeogenesis phenotype in 

the liver103. Indeed, hepatic overexpression of the C-terminal domain of Gadd34, which enforces 

the dephosphorylation of eIF2, diminishes glycogen storage and impairs gluconeogenesis in the 

liver of transgenic mice under high-fat diet (HFD) feeding. This work further suggests that 

translational regulation of metabolic regulators by eIF2 adds to deleterious effects of food 

excess33. XBP1, the downstream target of IRE1α, has been shown to regulate lipogenesis, 

glycogen synthesis, and glucose output104,105. Interestingly, the activation of the ATF6 branch of 

UPR has been linked to glucose metabolism by competing with cyclic AMP response element-

binding protein (CREBP) to bind CREB-regulated transcription coactivator 2 (CRTC2). In 

response to ER stress, activated ATF6 binds to CRTC2 to form a complex that occupies the 

promoter of XBP1. Therefore, the CREB-CRTC2 interaction is disrupted together with its 

downstream target genes that are involved in gluconeogenesis106.  

Not surprisingly, all three branches of UPR pathways are implicated in fatty acid and cholesterol 

metabolism. In a liver-specific XBP1 deletion model, mice are protected from developing hepatic 

steatosis under a high-fructose diet feeding. Mechanisms involved are transcriptional regulations 

of genes that participated in the synthesis of fatty acid (e.g. stearoyl-CoA desaturase 1 (SCD1), 

acetyl-CoA carboxylases 2, and diacylglycerol acyltransferase 2) by XBP1 activation104. On a 

similar note, an in vivo study shows that depletion of PERK in mouse mammary epithelial cells 

results in reduced content of FFA in the milk due to the compromised expression of genes 

including FAS, ACL, and SCD1107. 
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Figure 9:The UPR and metabolic homeostasis (adapted from Hotamisligil87). ER stress disrupts the 
metabolism of lipids, glucose, and iron in the liver via distinct mechanisms. 

In a model which mice are exposed to an extreme level of ER stress induced by tunicamycin, 

hepatic depletion of ATF6, IRE1, or p58IK or functionally mutate eIF2(inhibition the PERK 

branch of UPR) in mice all compromise their ability to recover from tunicamycin-induced hepatic 

steotosis108. This study reveals the roles of three branches of UPR on lipid metabolism; however, 

as the extreme stress induced by tunicamycin is not comparable or even not relevant to the 

physiological situation, the actual impacts of the distinct UPR branches in hepatic lipid metabolism 

in physiological or pertinent pathological settings remain elusive and demand further 

experimentation. 

The UPR controls not only molecules involved in glucose and lipid metabolism but also signaling 

networks involved in the metabolic destination of other nutrients (e.g. amino acid). Therefore, in 

addition to a protein-folding unit, the ER also functions as a nutrient-sensing organelle and is 

closely linked to other metabolic regulatory mechanisms such as mTOR signaling109. In fact, with 

our knowledge gaining in ER stress, the UPR is turning into a promising strategy for dealing with 

metabolic diseases (e.g. obesity, NASH, and diabetes) and cancer.   

4.4.4 ER stress and cancer 

Tumor growth persists regardless of various cell-intrinsic and cell-extrinsic challenges, such as 

oxidative stress, nutrient deprivation, hypoxia, and acidic extracellular environment110. Despite the 
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different types of stress, persistent and robust ER stress has been frequently detected in different 

types of cancer, including pancreatic, lung, liver, brain, and even non-solid tumors98.  

In the previous two sections of this chapter, I discussed the UPR in promoting inflammation and 

remodeling glucose/lipid metabolism in host cells, which serve as the major mechanistic 

underpinnings for the pro-tumorigenic effect of the UPR. This could be explained by the built-in 

pro-survival character of the UPR, as cells exposed to stress may obtain different oncogenic 

potentials (e.g. DNA damage, genetic mutation, chromosome instability, etc.). Therefore, pro-

survival benefits to these cells offering them the opportunity to accumulate cellular oncogenic 

signatures and become cancerous. Indeed, PERK knockout mice show delayed tumorigenesis in 

MMTV-Neu-induced mammary tumor111, while PERK activation accelerates MYC-mediated 

malignancy transformation in cells via ATF4-CHOP-induced autophagy98. The role of the IRE1 

branch of UPR in tumorigenesis has been investigated intensively in multiple myeloma, where 

the elevated XBP1s level has been frequently detected. Indeed, overexpression of XBP1s drives 

multiple myeloma pathogenesis in mice112. Notably, tumor cells harboring mutated IRE1 or XBP1 

have been identified in patients suffering from multiple myeloma and connected with drug 

resistance towards proteasome inhibition98. The anti-tumorigenic function of ER stress in host 

cells has been less documented compared to its protumorigenic effect. XBP1 depletion in small 

intestinal epithelium accelerates intestinal tumorigenesis in mice113, emphasizing a tumor-

inhibiting role of the IRE1branch of UPR. Conventionally, CHOP was thought to be a 

downstream target of the PERK-ATF4 axis,  whereas recent evidence suggests that this concept 

might not be comprehensive, as the activation of CHOP can be independent of the PERK branch 

of UPR. In chronic ER stress, induction of CHOP may induce apoptosis in premalignant cells and 

prevent malignant transformation. In a Kras-induced lung cancer model, knockout of CHOP 

elevates the tumor incidence. A similar phenotype has also been seen in a HCC mouse model98, 

suggesting a different role of CHOP in tumorigenesis compared to the PERK-ATF4 axis. However, 

although the stressed cells or premalignant cells can go through the UPR-mediated cell death, 

the DAMPs released by dead cells can still initiate immune responses and promote the 

inflammatory environment, which benefits tumorigenesis and tumor growth. 

In the established TME, the deprivation of oxygen and nutrition together with the acidic 

surrounding pH predominantly burst ER-stress110. Mechanistically, oxygen shortage leads to 

cellular ROS accumulation, which further contributes to ER stress and stabilizes HIF1 - a 

fundamental transcriptional factor in response to hypoxia114. Meanwhile, highly reactive 

peroxidized lipids, which are generated as byproducts of ROS, could destroy ER chaprone115. 
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Glucose and glutamine deprivation, which is commonly detected in the TME and probably mainly 

due to the Warburg effect, restricts the HBP. Given that HBP generates UDP-sugars, which are 

essential for protein glycosylation and protein folding. Besides the environmental factors, the cell-

intrinsic factors such as the activation of oncogenic signaling and enhanced protein 

synthesis/secretion rate induce or aggravate ER stress. Indeed, malignant transformation 

mediated by suppression/loss of tumor suppressors (e.g. p53, PTEN, or TSC 1/2) significantly 

promotes the protein synthesis, contributing to ER stress110. 

4.4.5 Activating Transcription Factor 6 

Compared to the IRE1 and PERK arm of UPR, the ATF6 branch of UPR is the most 

underinvestigated. Mammalian cells express two ATF6 isoforms – ATF6(known as ATF6, 670 

aa) and ATF6 (703 aa); both share a high degree of sequence similarity in their b-Zip domains 

for binding to ER stress-response element but exhibit distinct transcriptional activation N-terminal 

domains. It has been documented that the  form of ATF6 is a more potent but more labile 

transcriptional activator compared with its  form homo-isomer, and the activation of ATF6 

occurs earlier than ATF6 upon ER-stress116. Therefore, in my study and this thesis, I investigate 

and focus on the role of ATF6 in liver tumorigenesis.  

Unlike IRE1 and PERK (type I transmembrane protein), ATF6 is a type II transmembrane 

glycoprotein with a molecule weight around 90 kDa, which falls into the bZIP transcription factor 

family117. Under phycological conditions, ATF6 is kept in an inactive form via interaction with BIP. 

Upon ER stress, ATF6disassociates from BIP and exposes its Golgi-localisation sequences (GLS) 

at 468–475 aa and 476–500 aa within the ER-luminal domain, eliciting its Golgi apparatus 

translocation. Notably, the successful transportation of ATF6 from ER lumen to Golgi apparatus 

requires coat protein II endosomes118. ATF6 is produced both in monomers and in oligomers, 

probably due to the coexistence of intra- and inter-disulfide bridges in its ER luminal domain. 

However, only ATF6 in its reduced monomeric form may enter the Golgi apparatus87, suggesting 

the importance of the redox status in activating the ATF6 arm of UPR and a potential link of ATF6 

to cellular redox regulation87. The full-length ATF6 is cleaved successively by Site-1 protease 

(S1P) and S2P to remove its luminal domain and the transmembrane anchor, respectively117. The 

remaining 50 kDa N-terminal cytoplasmic domain (nATF6) containing the nucleus translocation 

sequence could enter the nucleus and bind to the promoter of ER stress element-containing 

genes, UPR element-containing genes, and cAMP response element-containing genes119. 
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According to certain researches, ATF6 may accelerate hepatocarcinogenesis via modulating the 

expression of its target genes98. A missense variation in ATF6 increases the host's susceptibility 

to HCC by enhancing the mRNA expression of its downstream genes120. Indeed, it has been 

discovered that BIP, the most important target of ATF6 and a master regulator of ER stress, could 

indicate the malignancy of tumor cells98. In response to ER stress, ATF6 rapidly promotes the 

production of BIP, and the latter binds to unfolded or misfolded proteins, alleviating ER stress98. 

In unstressed cells, BIP is usually restricted to the ER lumen and maintained at a physiological 

expression level, however, it has been detected on the cell surface of many human malignant 

cells, probably due to the overexpression of BIP in these cells98. 

Although studies have documented a potential link between ATF6 and liver cancer, the actual 

role of ATF6 in hepatic tumorigenesis and the underlying molecular mechanisms remain elusive. 

In this study, I aimed at exploring the potential relationship between ATF6 expression, its impact 

on the liver microenvironment, and hepatic tumorigenesis. 
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5 Hypothesis and aims 

In my Ph.D. project, three main questions regarding the ATF6 branch of UPR were addressed in 

the context of liver cancer.  

First, what is the role of persistent activation of ATF6 in the development of liver cancer?  

Second, what are the underlying mechanisms of the ATF6 activation-mediated tumor-promoting 

effects?  

Last, how could our knowledge about hepatic ER stress in different etiologies be employed to 

guide therapeutical interventions for liver cancer treatments? 

Increasing evidence suggests that activation of the ATF6 branch of UPR is closely related to liver 

pathogenesis, including liver cancer2. However, the reported role of the ATF6 branch of UPR in 

liver cancer is controversial, and also the underlying mechanisms require further understanding. 

In order to decipher the role of the ATF6 branch of UPR in liver tumorigenesis, I generated 

hepatocyte-specific ATF6 activation mice and hepatocyte-specific ATF6 knockout mice. I 

analyzed the hepatocyte-specific ATF6 activation mice with or without oncogenic challenges, 

focusing on whether the presence of activated ATF6 affects hepatic tumor onset and progression. 

In parallel, I characterized hepatocyte-specific ATF6 knockout mice in the face of dietary, 

chemical, and genetic oncogenic challenges to see if the absence of ATF6 could alleviate the 

hepatic tumor burden. 

The inflammatory liver microenvironment has been long recognized as one of the main factors 

contributing to the onset of liver cancer. The presence of oxidative stress and metabolic 

remodeling in the inflammatory hepatic milieu continues to draw the scientific and medical 

communities' attention. Given the fact that the ATF6 arm of UPR is closely related to oxidative 

stress and energy metabolism, I characterized the hepatocyte-specific ATF6 activation mice 

under dietary anti-oxidative stress treatment. I also analyzed the transcriptome, proteome, and 

metabolome of mice with hepatocyte-specific ATF6 activation to address these hypotheses. 
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6 Materials and methods 

6.1 Mice, diets, and treatments 

The R26-LSL-nATF6-HA mouse line was a kind gift from Prof. Dirk Haller from Technische 

Universität München (TUM); the generation of this mouse line has been published previously121. 

The animals were bred with C57BL/6J mice for at least 10 generations to keep this line in 

C57BL/6J genetic background. Alb-Cre mice, Rag1-/- mice, SPP1-/- mice, and ATF6flox/flox mice are 

obtained from The Jackson Laboratory and are all in C57BL/6J genetic background.  

The R26-LSL-nATF6-HA mice were cross with Alb-Cre mice to generate hepatocyte-specific 

nATF6-HA–overexpressing heterozygous mice (nATF6tg/wt). Hepatocyte-specific nATF6-HA–

overexpressing heterozygous mice (nATF6tg/wt) were bred with Rag1-/- mice and SPP1-/- mice to 

generate nATF6tg/wtRag1-/- mice and nATF6tg/wtSPP1-/- mice, respectively. The ATF6flox/flox mice 

were cross with Alb-Cre mice to generate hepatocyte-specific ATF6 knockout mice (homozygous, 

ATF6ΔHep). All control mice were age, sex, and genetic background matched. 

The breeding and housing of the mouse lines mentioned above took place at German Cancer 

Research Center (DKFZ), Heidelberg. Mice were maintained under specific pathogen-free (SPF) 

conditions. Treatments to the mice were performed in accordance with German Law (G-178/19, 

G-80/17, G-279/16, G-141/19, and DKFZ332). 

6.2 Measurements of serum parameters 

Blood was drawn from the heart of the mice after dissection, and centrifugation was used to isolate 

serum using serum isolation gel tubes (Sarstedt, Z/1.1). The serology parameters were measured 

with FUJIFILM DRI-CHEM NX500i machine and commercially available FUJIFILM DRI-CHEM 

slides for ALT, AST, TCHO, TBIL, ALB, and ALP. 

6.3 Measurement of hepatic triglycerides 

The measurement of hepatic TG was described previously122. In brief, around 30 mg of frozen 

liver tissue was crushed in liquid nitrogen. Then 250μl 0.9% NaCl buffer was added, the samples 

are collected and incubated on a heating block for 10 min at RT, 450 rpm. Afterward, 250μl 0.5M 

KOH was added to the sample, mixed by vortexing, and incubated on a heat blocking for 30 min 

at 71°C, 450rpm, followed by an addition of 500μl 0.15M MgSO4, vortexed and centrifugation at 

13,000g for 10min, RT. The supernatants from each sample were collected and 1:4 diluted before 

being measured by optical densitometry O.D. 505 with GPO-PAP from Roche Diagnostics. 
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6.4 Intraperitoneal glucose tolerance test 

The protocol for the intraperitoneal glucose tolerance test was described previously122. In brief, 

before the experiment, mice were fasting for 8 hours, and their blood glucose concentrations were 

checked before injecting glucose solution. Then, the mice were injected i.p. with 5μl/g body weight 

glucose solution(20%). At the given time intervals, blood glucose was tested with the "Accu-chek 

Performa Glucometer" by puncturing the facial vein. 

6.5 Intraperitoneal insulin tolerance test 

The protocol for the intraperitoneal glucose tolerance test was described previously122. In brief, 

before the experiment,  mice were fasting for 6 hours, and their blood glucose concentrations 

were checked before injecting insulin solution. Then the mice were given 1U/Kg body weight 

insulin solution via i.p. injection. At the given time intervals, blood glucose was tested with the 

"Accu-chek Performa Glucometer" by puncturing the facial vein. 

6.6 Protein isolation and western blot 

The protocols for protein isolation and western blot analysis were described previously72. In short, 

liver homogenates and cell lysis were prepared in RIPA buffer (Cell Signaling Technology  

#9806S), which contains Protease Inhibitor Cocktail (Thermo Scientific) and Phosphatase 

Inhibitor Cocktail (Thermo Scientific). The BCA assay was used to determine the protein 

concentrations. A total of 30 ug of protein was denatured at 95°C for 5 min in Laemmli buffer 

containing 5% -mercaptoethanol and loaded in sodium dodecyl sulfate (SDS)-gel for 

electrophoresis. Following that, the protein was deposited onto PVDF membranes (Immobilon-P, 

Merck Millipore) by semi-dry electroblotting (Trans-Blot Turbo Transfer, Bio-Rad). The PVDF 

membranes were further incubated in 5% BSA solution (in PBST) overnight before primary 

antibody incubation. Primary antibodies (Table 1) were incubated overnight at 4°C in a shaking 

environment. After 3 times wash with PBST, corresponded secondary antibody solution (Table 1) 

was incubated with the membrane for 1.5h. The detection was accomplished using the Clarity 

Western ECL Substrate (Bio-Rad) in conjunction with the ChemiDoc Touch imaging equipment 

(Bio-Rad). 

Table 1: Antibodies used for WB. 

Antibody Host Dilution Company Number 

Anti-mouse IgG, HRP-
linked 

horse 1:10000 CST 7076 
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Anti-O-Linked N-
Acetylglucosamine  

Mouse 1:1000 Abcam ab2739 

Anti-rabbit IgG, HRP-
linked 

goat 1:10000 CST 7074 

ATF6 Rabbit 1:1000 CST 65880 

ATF6 Rabbit 1:1000 SAB 32008 

ATF6 Mouse 1:1000 NOVUS NBP-40256 

BIP rabbit 1:1000 CST 3177 

CHOP rabbit 1:100 CST 5554 

Cyclin D1 rabbit 1:1000 CST 55506 

EIF2a rabbit 1:1000 CST 9722 

GAPDH rabbit 1:1000 CST 2118 

HA rabbit 1:2000 Abcam ab9110 

P38 rabbit 1:1000 CST 9212 

PARP rabbit 1:1000 CST 9532 

PCNA rabbit 1:1000 CST 13110 

PDL1 rabbit 1:1000 CST 60475 

p-EIF2a rabbit 1:1000 CST 3597 

PERK rabbit 1:1000 CST 5683 

p-P38 rabbit 1:1000 CST 9211 

Vinculin mouse 1:500 Santa Cruz sc-73614 

6.7 Isolation of RNA, quantitative real-time PCR and RNA sequencing 

According to the manufacturer’s protocol, total RNA isolation from snap-frozen liver tissue or 

cultured cells was performed with RNeasy Mini Kit (Qiagen). The on-column digestion was carried 

out using an RNase-free DNase kit (Qiagen) according to the manufacturer’s protocol to 

completely remove genomic DNA. RNA concentration and quality were determined by Nanodrop 

(Thermo Scientific) for quantitative real-time PCR and by Qubit for RNA sequencing. In a 384-

well plate, qRT-PCR was performed in duplicates using Fast Start SYBR Green Master Rox 

(Roche) and Eurofins supplied custom-made primers using a 7900 HT qRT-PCR equipment 

(Applied Biosystems, Life Technologies Darmstadt, Germany)122. RNA-seq was performed in 

collaboration with Genomics & Proteomics Core Facility in DKFZ. 

6.8 Isolation and staining of lymphocytes for flow cytometry 

The Isolation and staining of lymphocytes for flow cytometry were following the protocol described 

in the article72. The animals were sacrificed, and the livers were perfused with 0.9% NaCl buffer. 

Then livers were collected, minced, digested with Collagenase and DNase, and subsequently 

passed through a 100μm filter. Then hepatic lymphocytes were purified by a 2-step Percoll 

gradient. Spleens were passed through a 100m mesh and then washed to isolate splenic 
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lymphocytes. The samples were then treated with red blood cell lysis buffer for 5 minutes at RT, 

followed by a washing step. 

For stimulation of lymphocytes, cells were cultured in RPMI 1640 supplemented with 2%(v/v) fetal 

calf serum. Cell Activation Cocktail with Brefeldin A (Biolegend #423304) and Monensin Solution 

(Biolegend #420701) were diluted in the medium at the rate of 1:500 and 1:1000, respectively. 

Antibody staining was done in the presence of Fc receptor blockade in flow cytometry-activated 

cell sorting (FACS) buffer. For live/dead discrimination, the ZombieDyeNIR dye was stained 

according to the manufacturer's specifications. After washing with FACS buffer and centrifugation 

(400g, 5min, 4°C), cells were stained for 40 minutes at 4°C with 25μl of titrated antibody master 

mix and then washed. For sorting experiments, the samples were then sorted using FACS. 

eBioscience IC fixation (#00-8222-49) was used to fix samples for samples that only need surface 

staining for flow cytometry, as directed by the manufacturer’s instruction. For samples that need 

intracellular staining, eBioscience Perm buffer (#00-8333-56) was used. BD FACSFortessa was 

used to analyze the stained cells, and FlowJo was used to analyze data. In collaboration with the 

DKFZ FACS core facility, a FACS Aria II machine and a FACS Aria FUSION machine were 

employed for sorting. 

6.9 Histology, immunohistochemistry and scanning 

The histology, immunohistochemistry, and scanning were described previously32. Mice were killed 

and tissues were collected and fixed in 4% paraformaldehyde for 24 hours. Then the tissues were 

paraffin-embedded, cut, and stained in collaboration with the technical team from the Department 

of Chronic Inflammation and Cancer at German Cancer Research Center (DKFZ), Heidelberg. In 

brief, FFPE and cryo-preserved tissues were cut to prepare 2μm sections. These sections were 

stained with Hematoxylin/Eosin or immunohistochemistry staining with antibodies listed in Table 

2 on a Bond-MAX machine (Leica).  

Table 2: Antibodies used for IHC. 

Antibody Host Dilution Company Number 

A6 rat 1:50 Hybridoma Bank - 

AFP goat 1:100 R&D AF5369 

ATF6 (human) mouse 1:100 Abnova H00022926 

B220 rat 1:3000 BD 553084 

BIP rabbit 1:200 CST 3177 

CD3 rabbit 1:500 Invitrogen MA1-90582 

CD4 rat 1:50 BD 550278 

CD44v6 rat 1:500 eBioscience BMS145 
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CD8 rat 1:200 BD 553027 

CD8 rat 1:200 Invitrogen 14-0808-82 

CHOP rabbit 1:100 CST 5554 

CK19 rat 1:500 Hybridoma Bank - 

cl-Caspase 3 rabbit 1:300 CST 9661 

Collagen IV rabbit 1:100 Cedarlane CL50451AP-1 

F4/80 rabbit 1:400 CST 70076 

g H2AX rabbit 1:500 Novus Biologicals NB100-2280 

GP73 Mouse 1:100 Santa Cruz sc48011 

GS rabbit 1:1000 Abcam ab16802 

HA rabbit 1:300 Abcam ab9110 

Ki67 rabbit 1:200 Thermo scientific RM-9106-S1 

Ly6G rat 1:800 BD 551459 

MPO rabbit 1:50 Abcam ab9535 

NKP46 Goat 1:60 R&D BAF2225 

NQO1 rabbit 1:800 Abcam ab34173 

p 21 rabbit 1:1000 Abcam ab188224 

p 62 rabbit 1:500 Biozol  MBL-PM045 

PD1 goat 1:100 R&D AF1021 

PDL1 rabbit 1:50 CST 64988 

Phospho c-Jun rabbit 1:200 CST 3270 

p-STAT3 rabbit 1:100 CST 9145 

SPP1 goat 1:1000 R&D AF808 

For lipid droplets staining,  5μm sections from cryo-preserved tissues were stained with Sudan 

Red (0.25% Sudan IV in ethanolic solution). All stained slides were scanned with the Aperio AT2 

DX System (Leica) and analyzed by macro-based analysis by ImageJ.  

6.10 Immunofluorescence microscopy  

The Immunofluorescence microscopy was described previously32. Immunofluorescence 

microscopy was performed in collaboration with Danijela Heide, Jenny Hetzer at German Cancer 

Research Center (DKFZ), Department of Chronic Inflammation and Cancer (Heidelberg). In brief, 

mice were dissected, and tissues were embedded in OCT for the preparation of 25μm slices. The 

sections were permeabilized and blocked with 0.3% Triton X-100 (Sigma-Aldrich) and 10% FBS 

in PBS. Primary antibodies CD3 (Invitrogen, MA1-90582), CD8 (BD, 553027), and PD1 (R&D, 

AF1021) were used to stain the samples. Stained slides were covered with fluorescence mounting 

medium (DAKO), the stained slides were scanned with the NanoZoomer S60 Digital slide scanner 

(hamamatsu photonics). 
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6.11 Lipid extraction from mouse liver tissue and LC-MS analysis 

Lipid extraction from mouse liver tissue and LC-MS analysis was done in collaboration with Dr. 

Lisa Schlicker at the German Cancer Research Center (DKFZ), Department of Tumor Metabolism 

and Microenvironment (Heidelberg). Liver tissues from WT and ATF6 overexpression were 

harvested at 3 months age (Ctrl: n= 5, Exp: n=7) were extracted according to Matyash et al123. 

MTBE extracts were dried with a constant nitrogen airflow at 35°C. Lipids were dissolved in 200 

µl isopropanol and subjected to LC-MS analysis. 

Lipids were separated on a C8 column (Accucore C8 column, 2.6 µm particle size, 50 x 2.1 mm, 

Thermo Fisher Scientific) mounted on an Ulitmate 3000 HPLC (Thermo Fisher Scientific) and 

heated to 40°C. The mobile phase buffer A consisted of 0.1% formic acid in CH3CN/H2O (10/90, 

v/v) and buffer B consisted of 0.1% formic acid in CH3CN/IPOH/H2O (45/45/10, v/v/v). Following 

the injection of 3 µl lipid sample, a concentration of 20% solvent B was maintained for two minutes. 

Following that, a linear increase to 99.5 % B occurred within five minutes and was maintained for 

27 minutes. After returning to 20% B within 1 minute, the column went through re-equilibration at 

20% B for 5 minutes, thus the total run time is 40 minutes. From 2 to 35 minutes, the flow rate 

was kept at 350 l/min and the eluent was directed to the QE Plus's ESI source. MS analysis was 

carried out using a Thermo Fisher Scientific Q Exactive Plus mass spectrometer. Data analyses 

were carried out by Dr. Lisa Schlicker using EI-Maven. 

6.12 Electron microscopy 

The electron microcopy was described previously32 and performed in collaboration with 

Prof.Dr.Marco Prinz from the Universitätsklinikum Freiburg. In short, freshly isolated liver samples 

were fixed with glutaraldehyde. Then the liver samples were stained with toluidine blue followed 

by epon-embedding and cutting. Following trimming and ultrathin cutting, liver tissues were 

treated with uranyl acetate and lead citrate as previously described32. 

6.13 Positron emission tomography–computed tomography (PET-CT) and Magnetic 

resonance Imaging (MRI) 

The PET-CT and MRI were done in collaboration with Dr. Jugold Manfred from the core facility of 

DKFZ.  

The PET / CT examinations are carried out on a special small animal scanner (Inveon 

PET/SPECT/CT, Siemens) in the Core Facility Small Animal Imaging (DKFZ). Before the PET-

CT measurement, the animals are injected with the F18 radioactively labeled tracer FDG via a tail 
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catheter. The maximum injection quantity is 100µl and the total activity applied is between 3-8 

MBq. Shortly before the examination, the animals are deprived of their food for four hours in order 

to ensure targeted absorption of the tracer into the tumors. The mice are anesthetized with 

sevoflurane (2.5% v / v in air) for immobilization. 

The MRI examinations are carried out on a preclinical 1 Tesla small-animal tomograph (ICON, 

Bruker, Ettlingen, Germany). First, the mice are anesthetized [inhalation anesthesia with 

sevoflurane (3–3.5% by volume) and air (0.5 l / min)] before 0.1 ml of contrast medium 

(Prohance® (Gadoteridol, Bracco)), 0.5 mmol / kg body weight, Bayer Schering Pharma) is 

administered intraperitoneally. 

6.14 High-Throughput 16S Ribosomal RNA (rRNA) Gene Sequence Analysis  

High-Throughput 16S Ribosomal RNA (rRNA) Gene Sequence Analysis was performed in 

collaboration with Dr. Olivia Coleman and Prof. Dirk Haller from Technische Universität München. 

DNA was extracted from mouse caecal content using a modified procedure by Godon et al., for 

high-throughput 16S rRNA Gene Amplicon Sequencing124. Briefly, mouse caecal contents were 

mechanically lysed using 0.1-mm glass beads and a bead beater (FastPrep-24 fitted with a 

cooling adapter) and followed by purification of DNA  using NucleoSpin gDNA columns (Machery-

Nagel, No. 740230.250). PCR (25 cycles) was employed to amplify amplicon libraries (V3/V4 

regions of 16S rRNA genes), which were further purified with the AMPure XP system (Beckmann 

Coulter, Indianapolis, IN). The purified libraries were pooled in an equimolar amount before 

sending for sequencing with a MiSeq system (Illumina, San Diego, CA) in paired-end mode 

(PE275). 

The data analysis (Amplicon Sequence Analysis Sequencing data) was performed on the website 

www.imngs.org (the IMNGS pipeline)125. For the R1 and R2 read, 5 nucleotides from the 5’ end 

and another 5 nucleotides from the 3’ end are trimmed, respectively (trim score 5). To remove an 

expected error rate (1. Chimera), UCHIME is employed126. The readings from de-multiplexed 

samples were combined and grouped using UPARSE v8.1.1861_i86 by 97% similarity127.As the 

last step, to achieve a OTU table for all samples, all sequences were remapped to their 

representative sequences. R programming environment (R Core Group, Vienna Austria) with the 

use of Rhea128 was employed for further analysis of the sequencing data. 

6.15 Generation of nATF6 overexpression and ATF6 knockout cell lines 

nATF6 overexpression and ATF6 knockout cell lines were generated in collaboration with Dr. Jan 

Kosla from our group. 

http://www.imngs.org/
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For nATF6 overexpression cells, the CDS coding activated form of murine Atf6 (nAtf6, AA 1-373) 

and HA-tag on the C-terminus of nAtf6 was cloned between XhoI and EcoRI restriction sides of 

the retroviral plasmid MSCV-linker-IRES-GFP, resulting in MSCV-nAtf6-IRES-GFP vector. nATF6 

overexpressing (FL83B nATF oe) and control (FL83B MLIG) cells were prepared by transduction 

of FL83B cells with retroviral particles containing MSCV-nAtf6-IRES-GFP and MSCV-linker-IRES-

GFP construct respectively.  Viral particles were produced in Phoenix GP cells (ATCC CRL-3215) 

after transfection with either MSCV-nAtf6-IRES-GFP or MSCV-linker-IRES-GFP vector together 

with VSV-G (Clontech) vector. Cells were expanded and sorted for Green fluorescent protein 

(GFP) using a FACS Aria II (BD).  

The FL83B Atf6 knock-out (ko) cells were prepared by transient transfection (Lipofectamine™ 

3000 Transfection Reagent, ThermoFisher) of FL83B cells with vectors derived from 

pSpCas9(BB)-2A-Puro (PX459) V2.0 and following selection with puromycine (10 g/ml) for 3 

days. Sequences for single guide RNAs (sgRNAs) and primers for verification of indel formation 

were designed using CRISPOR.org webtool. Control cells for FL83B Atf6 ko cells were 

transfected with PX459 V2.0 without any sgRNA cloned in. The indel formation was verified by 

TIDE assay. 

Phoenix GP cells were grown in Dulbecco modified eagle medium (DMEM) containing GlutaMAX, 

10 % FCS, 1 % PS in a P100 (TPP) dish until they reach 80 % confluence in an incubator with 

37°C, 5% CO2 and 21% oxygen. 

6.16 Statistical analysis 

Data in the thesis are presented as the mean±SEM. For statistical analyses, GraphPad Prism 

software version 7.04 (GraphPad, La Jolla, CA) was employeed. For all data requires only two 

groups comparison, unpaired, parametric t-test was employed. When comparing multiple groups 

by ordinary one-way ANOVA with Turkey’s multiple comparison. Fisher's exact test was used to 

calculate the incidence of HCC. Statistical significance is either indicated as p values in the figure 

or showed as follows:*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

 

 

 

 

 



43 
 

7 Results 

7.1 ATF6 expression and activation in human and mouse liver pathologies 

ER stress has been frequently observed in pre-malignant diseases and various tumors. In my first 

few analyses (in collaboration with Lukas Frick), I analyzed the expression levels of ER stress-

related genes in existing databases. Notably, I found several genes involved in ER stress were 

dysregulated in the context of liver cancer (Data not shown). Among them, ATF6 drew my main 

interest, given its vital role in mediating the UPR while its function in hepatic pathogenesis remains 

largely elusive. As shown in Figure 10a – 10d, I next investigated the expression of ATF6 at the 

mRNA level from different databases. Surprisingly, in most of the tested databases, ATF6 is 

significantly upregulated in hepatic tumor samples compared to normal liver tissues.  
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Figure 10: Elevated ATF6 mRNA expression in hepatic tumors in human. a) - d). ATF6 expression 
signature in normal liver, non-tumor tissue, and HCC tissue. Data obtained from existing databases. All 
data are shown as mean ± SEM. All data were analyzed by unpaired T-test, one-way ANOVA, and Tukey`s 
multiple comparison test. p values are indicated or represented as *, *p<0.05;**p<0.01; ***p<0.001; 
****p<0.0001. 

Additionally, I employed a publically available dataset from the Cancer Genome Atlas (TCGA) to 

conduct the gene expression profiling interactive analysis (GEPIA), which shows a consistently 

elevated ATF6 expression in mRNA in both HCC and CCA (Data not shown).  

 

Figure 11: ATF6 protein expression and activation status are altered in HCC. Patient samples were 
subjected to western blot analysis. Each patient set includes tumoral tissue (T) as well as surrounding non-
tumoral tissue (S). 

To corroborate my findings from the databases, I first performed quantitative real-time PCR(qPCR) 

and western blot analyses of tumoral and tumor-surrounding tissue from HCC patients. In line 

with what I observed in the bioinformatics analysis, qPCR analysis shows the ATF6 mRNA 

expression is significantly higher in hepatic tumoral tissues compared to the tumor surrounding 

tissues (Data not shown). Strikingly, by western blot analysis, showing different forms of ATF6, I 

found that the activated form of ATF6 (nATF6) is mainly accumulated in the tumoral tissues 

compared to the surrounding tissues (Figure 11), indicating that not only the expression level of 

ATF6 but also its activation status is vital for disease progression. 

Successively, I collected a set of tissue microarrays containing 197 non-tumoral tissues and 393 

HCC tissues. I performed IHC staining of ATF6 to better observe the activation and expression 

status of ATF6 in these samples. As shown in Figure 12, both representative pictures (Figure 12a) 

and the quantification of all stained tissue microarrays (Figure 12b) indicate the expression level 

and the activation extent of ATF6 is stronger in HCC tissues compared to non-tumoral tissues.  
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Figure 12: Activation and elevated expression of ATF6 protein in HCC tissues. a). Representative pictures 
of ATF6 IHC staining in 197 non-HCC samples and 393 HCC samples. b). Quantification of ATF6 IHC scores 
from IHC staining in a. c). The criterion for ATF6 IHC scoring in b. All data are shown as mean ± SEM. All 
data were analyzed by unpaired T-test, p value is indicated. 

The elevated ATF6 expression and activation in HCC tissues indicate that the quality of ER stress 

in ATF6high tissues and ATF6low tissues is different. Then I reasoned whether the activation of the 

ATF6 arm of UPR is a consequence or a cause of hepatic carcinogenesis. Thus I performed ATF6 

IHC staining in liver tissues from NASH patients, as NASH is known as a pre-tumor stage disease. 

Strikingly, in control samples, biopsies from healthy livers qualified for liver transplantation, I noted 

that the ATF6 expression is kept at a low level and evenly distributed in the cytoplasm of 

hepatocytes. However, in all tested NASH samples, regardless of the stage of the disease 

(referred to the NAFLD Activity Score (NAS)), the expression of ATF6 protein is significantly 

increased, and a large proportion of the protein is condensed in the nucleus (Figure 13), indicating 

that ER stress already exists in the pre-tumor stage. 
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Figure 13: Elevated ATF6 protein expression and activation in human NASH livers. Representative 
pictures of ATF6 IHC staining in healthy and NASH livers. 

To further validate and confirm the same expression and activation pattern of ATF6 in murine 

experimental models, I checked ATF6 expression in liver and tumor tissues from hydrodynamic 

tail vein injection (HDTVi)-induced liver cancer models by qPCR. In these models, ATF6 

expression largely depends on the oncogenes/tumor suppressors that drive tumorigenesis, as 

ATF6 upregulation at mRNA level was clearly detectable in mice injected with Notch/Akt and 

Kras/p19, but not in YAP/Akt model (Figure 14). Accordingly, I hypothesized that the expression 

level and the activation status of ATF6 could be important in both human and murine 

hepatocarcinogenesis. 

 

Figure 14: ATF6 mRNA expression in HDTVi mouse models. qPCR analysis of ATF6 expression in 
oncogenes induced liver cancer in mice. All data are shown as mean ± SEM. All data were analyzed by 
unpaired T-test and compared to ‘Vector’ group. p values are indicated or represented as *,  
*p<0.05;**p<0.01; ***p<0.001; ****p<0.0001. 
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7.2 Generation of mice with liver-specific nATF6 overexpression 

7.2.1 Generation of hepatic nATF6 overexpression mice 

To validate my hypothesis and further investigate the role of ATF6 activation in liver pathologies, 

I generated a mouse model carrying ATF6 activation specifically and persistently in hepatocytes 

(Figure 15). Specifically, a fragment containing two loxP sites, a stop castle, and the activated 

form of ATF6 (nATF6) tagged by hemagglutinin (HA) was inserted under the ROSA-26 locus of 

the R26-LSL-nATF6 animal121. This mouse line was further bred with another line overexpressing 

Cre recombinase under the albumin promoter (Figure 15a).  

 

Figure 15: Generation of hepatocyte-specific nATF6 overexpression mice. a). A schematic representation 
to show the generation of hepatocyte-specific nATF6 overexpression mice. b). Representative picture to 
show the homozygous lethal phenotype in R26-LSL-ATF6 x Alb-Cre mouse line. c). Hematoxylin-Eosin (H&E) 
staining of the liver from b. d). Genotyping analysis of R26-LSL-ATF6 x Alb-Cre mice cohort. The presence 
of nATF6 transgene and Albumin-Cre were tested by PCR in each mouse. 
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Theoretically, animals with three genotypes should be generated at F2 generation; namely, mice 

with homozygous overexpression of nATF6 transgene (nATF6tg/tg), mice with heterozygous 

overexpression of nATF6 transgene (nATF6tg/wt), and mice without nATF6 transgene expression 

(nATF6wt/wt). However, I found that nATF6tg/tg mice are lethal (Figure 15b), and I only received 

control mice without transgene expression (nATF6wt/wt) and animals expressing heterozygous 

ATF6 transgene (nATF6tg/wt) (Figure 15d). The homozygous mice (nATF6tg/tg)  probably die either 

embryonically or shortly after birth and show an obvious liver failure phenotype (Figure 15c). 

Both control mice (nATF6wt/wt) and heterozygous mice (nATF6tg/wt) grow and behave normally until 

6 months of age, when I start to register a difference in body weight between control (nATF6wt/wt) 

and heterozygous animals (nATF6tg/wt) (Figure 16). 

 
Figure 16: Bodyweight curve of nATF6wt/wt and nATF6tg/wt mice. The body weight of nATF6wt/wt and 
nATF6tg/wt mice was traced on a weekly basis. All data are shown as mean ± SEM. Mice body weight at the 
end time point was compared by unpaired T-test. p values are represented as *, *p<0.05;**p<0.01; 
***p<0.001; ****p<0.0001. 

7.2.2 Functional characterization of hepatic ATF6 activation in mouse liver 

To confirm nATF6 overexpression in this mouse model and to investigate its effects on the UPR 

activation. I sacrificed control animals (nATF6wt/wt) and heterozygous animals (nATF6tg/wt) at 4-

week and 12-week of age, respectively. The qPCR results targeting endogenous and exogenous 

ATF6 suggest that overexpression of nATF6 works as expected. The overexpressed nATF6 

appears to have a suppressive effect on the expression of endogenous ATF6 at the mRNA level 

(Figure 17a) – similar to a feedback mechanism. 
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Figure 17: Functional verification of hepatocyte-specific ATF6 overexpression in mice liver. a). Real-time 
qPCR analysis of the expression levels of indicated UPR-related genes in livers of nATF6wt/wt and nATF6tg/wt 

mice. b). Western blot analyses of the expression of UPR-related molecules in livers of nATF6wt/wt and 
nATF6tg/wt mice. c). Representative pictures show IHC staining of HA, CHOP, and BIP in livers of nATF6wt/wt 

and nATF6tg/wt mice. HA staining indicates overexpressed nATF6, BIP staining suggests the extent of ER 
stress, and BIP itself is also a target of ATF6; CHOP staining indicates the induction of apoptotic pathways. 
d). Electron microscopy of hepatocytes from nATF6wt/wt and nATF6tg/wt mice. All data were shown as mean 
± SEM. All data were analyzed by unpaired T-test. p values are indicated in the graph. 

Taking advantage of HA-tag labeling on the exogenous overexpressed nATF6 fragment, I was 

able to detect the overexpression of nATF6 quantitatively and qualitatively. By performing western 

blot analyses, I could observe the overexpressed nATF6 with an HA-tag in livers of heterozygous 

mice (nATF6tg/wt) but not in controls (nATF6wt/wt) (Figure 17b). Importantly, from the histological 

analysis for HA expression (Figure 17c, IHC: HA), I could see that the overexpressed nATF6 was 

mainly condensed in the nucleus of hepatocytes, indicating the nuclear translocation of 

exogenous nATF6 – an essential procedure for the function of transcriptional factors — is 

successful. Further, combined with the qPCR results of ATF6 target genes (e.g. Bip, and p58ipk), 

I could see the apparent activation of the ATF6 branch of UPR after nATF6 overexpression 

(Figure 17a - 17c). Lastly, as a golden standard for proving the UPR activation, I employed 

electron microscopy (EM) analyses to observe the subcellular structure of the ER in hepatocytes 

of nATF6wt/wt and nATF6tg/wt mice. From the EM pictures, I could see well-structured ERs in the 

hepatocytes from nATF6wt/wt mice. In contrast, ERs from hepatocytes of nATF6tg/wt mice show 

much tension, as revealed by the enlarged ER lumen in hepatocytes trying to increase ER 

capacity. Some hepatocytes failed this attempt and resulted in ER dysfunction (Figure 17d).  

In summary, using the R26-LSL-nATF6 x Alb-Cre mouse model, I have successfully 

overexpressed nATF6 in hepatocytes, and the overexpressed nATF6 functions as a 

transcriptional factor to activate the ATF6 arm of UPR. 

7.3 Persistent ATF6 activation in mouse liver induces ROS-mediated liver damage 

7.3.1 Persistent ATF6 activation in hepatocytes induces hepatocyte turnover and hepatomegaly 

in mouse liver 

The survival analysis of nATF6wt/wt and nATF6tg/wt mice suggests that the nATF6tg/wt mice did not 

survive the first 1.5 years of life (Figure 26b). I collected livers of the mice at 3-month and 6-month 

time points, respectively (Figure 18a). Notably, at both time points, livers from nATF6tg/wt mice 

show a hepatomegaly phenotype compared to healthy controls, as revealed by the liver weight 

and liver-to-body weight ratio (Figure 18b). 
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By checking serology parameters, I found the alanine transaminase (ALT) level and alanine 

transaminase (AST) level in the serum are significantly elevated in nATF6tg/wt mice at both 3-

month and 6-month time points (Figure 19). In healthy livers, these transaminases are usually 

expressed by hepatocytes and rarely released into the serum. These enzymes are released to 

the blood upon acute stress or under pathologic conditions, which leads to cell death in 

hepatocytes. The increased serum ALT and AST levels serve as golden standard markers for 

detecting liver disease in the clinic for years. Indeed, in livers of nATF6tg/wt mice, which show an 

incredibly high level of ALT and AST in the serum, I have observed elevated apoptosis as shown 

by western blot analyses for the activation of apoptosis-related molecules – cleaved-Caspase 3 

and poly(ADP-ribose) polymerase (PARP) (Figure 17b). Similar results have been obtained by 

histological staining of the cleaved form of Caspase 3 (Figure 20,  IHC: cl-Caspase 3). 

Besides dying hepatocytes, I have seen a larger proportion of hepatocytes with proliferative 

potential, as revealed by the histological staining of Ki-67, a generally accepted marker for 

proliferating cells (Figure 20). Indeed, western blot analyses of proliferating cell nuclear antigen 

(PCNA) and cyclin D1 show significant upregulation of these two proteins (Figure 17b), indicating 

that cell death and proliferation of hepatocyte occurs in parallel in the liver of nATF6tg/wt mice. 

Moreover, similar hepatic phenotypes of hepatomegaly and increased hepatocyte turnover have 

been observed also in 6-month old animals. Notably, I found a gender difference in cystic liver 

phenotype, which will be discussed later in section 7.4.2 (Figure 18a). 

7.3.2 Persistent ATF6 activation leads to DNA damage and chromosome instability in hepatocytes 

The rapid compensatory proliferation of hepatocytes has been frequently linked to oxidative stress, 

DNA damage, and chromosome instability. As I have observed obvious liver damage and 

increased hepatocyte turnover in livers of nATF6tg/wt mice. I checked the DNA damage in livers of 

nATF6tg/wt mice by IHC staining of -H2AX. Indeed, I could identify hepatocytes displaying positive 

staining for -H2AX staining, indicating damaged DNA existing in these cells (Figure 21a – 21b). 

Moreover, by employing a microarray-based comparative genomic hybridization (aCGH) assay, I 

tested the genomic DNA from hepatic tissues of nATF6wt/wt and nATF6tg/wt mice. Strikingly, gain 

and loss of fragments have been detected in different regions of chromosomes in the liver of 

nATF6tg/wt mice, indicating these animals' liver already has chromosome instability at 3-month age 

(Figure 21c). 
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Figure 18: Persistent ATF6 activation in hepatocytes induces hepatomegaly in mouse liver. a). 
Representative liver pictures from indicated mice group at 3-month and 6-month age. b). Liver weight and 
liver to body weight ratio of mice in the indicated groups at 3-month and 6-month age. All data were 
shown as mean ± SEM. All data were analyzed by unpaired T-test. p values are represented as *, 
*p<0.05;**p<0.01; ***p<0.001; ****p<0.0001. 
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Figure 19: Persistent ATF6 activation in hepatocytes induces liver damage in mice. a). Serology 
parameters from the male (upper panel) and female (lower panel) mice in indicated groups at 3-month 
age. b). Serology parameters from the male (upper panel) and female (lower panel) mice in indicated mice 
group at 6-month age. All data were shown as mean ± SEM. All data were analyzed by unpaired T-test. p 
values are indicated as *, *p<0.05;**p<0.01; ***p<0.001; ****p<0.0001. 

 

Figure 20: Persistent ATF6 activation in hepatocytes induces hepatocyte turnover. IHC staining of 
indicated molecules. HE staining shows the histological features of the liver, Ki 67 staining shows 
proliferative hepatocytes, cl-Caspase 3 staining shows apoptotic hepatocytes, p 62 staining shows 
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autophagosome cargos, p c-Jun staining shows activation of JNK signaling, p 21 staining shows cell cycle 
arrest in the liver. 

 

Figure 21: Persistent ATF6 activation in hepatocytes induces DNA damage and chromosome instability 
in nATF6tg/wt mice liver. a). IHC staining of g-H2AX in liver sections from nATF6wt/wt (n=3) and nATF6tg/wt 
(n=3) mice. b). Quantification of g-H2AX positive cells in a. c). aCGH analysis of liver samples from 
nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice, blue bars indicate the gained fragments in the chromosome 
and red bars indicate the lost fragments in the chromosome. 

7.3.3 Persistent ATF6 activation in hepatocytes re-modulates the transcriptomic and proteomic 

profiles of the liver 

To understand the underlying mechanisms of the phenotype I observed in nATF6tg/wt mice, I 

prepared mRNA samples and protein lysate from livers of 3-month and 6-month old animals 

(including both genotypes) for bulk RNA-seq and mass spec-based proteomics analyses. 

For both RNA-seq and proteomic analyses, the control and experimental groups clustered quite 

well in the unsupervised clustering analysis (Figure 22a and Figure 23a). Strikingly, hepatic 

overexpression of nATF6 significantly changed the transcriptomic and proteomic profiles in 

mouse liver. The MA-plot (Figure 22b) of RNA-seq and the volcano graph (Figure 23b) of 

proteomics indicate the expression of many molecules is changed at both transcriptional and 

translational levels. 

Mouse 1 Mouse 2 Mouse 3 
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Gene Set Enrichment Analysis (GSEA) of RNA-seq and mass spec data revealed multiple 

biological events in mouse liver, including the UPR, apoptosis, p53 pathway, and cell-cycle 

regulation, have changed upon nATF6 overexpression. Interestingly, events related to 

inflammatory responses, including TNF-NKB signaling, also arose in the GSEA. Additionally, 

events associated with malignant transformation, such as angiogenesis and epithelial-

mesenchymal transition (EMT), also showed up in the analysis (Figure 22c and Figure 23c). 

Metabolic changes have also been identified and are involved in driving pathology but will be 

discussed later in this thesis. 

7.3.4 ATF6-mediated liver damage is ROS-dependent and can be alleviated by anti-ROS treatment 

As I have detected significant cell cycle alteration, DNA damage, and chromosome instability in 

livers of nATF6tg/wt mice, I reasoned which intermediator could mediate the liver phenotypes 

induced by persistent ATF6 activation. 

As discussed in the introduction, the UPR activation is closely related to ROS generation due to 

the function of ER and its close contact with mitochondria. Thus, I checked the expression of 

critical molecules involved in oxidative stress. Surprisingly, I found ROS-related genes, including 

glutathione peroxidase 1 (GPX1), GPX2, GPX3, GPX7, and NAD(P)H Quinone Dehydrogenase 

1 (Nqo1), are significantly upregulated upon ATF6 activation (Figure 24a); indicating the 

involvement or at least the induction of oxidative stress in livers of nATF6tg/wt mice. Among these 

ROS-related genes, the GPX family catalyzes the process of organic hydroperoxides and 

hydrogen peroxide (H2O2) reduction by glutathione, thereby protecting cells from oxidative 

damage. To ensure what I saw in RNA-seq data is accurate, I further performed IHC staining of 

P62 and NQO1, which are key molecules in NRF2 mediated anti-oxidative stress response; and 

MPO, which are mainly released by neutrophils and are able to cause oxidative damage in host 

tissue (Figure 24b). As expected, all these oxidative stress-related molecules are dramatically 

accumulated in livers of nATF6tg/wt mice over time, implying strong ROS induction, potentially 

crucial for driving pathology. 

To address whether ROS is the primary mediator for ATF6 activation-induced hepatic phenotypes, 

I treated 4-week old nATF6wt/wt and nATF6tg/wt mice with a chow diet containing butylated 

hydroxyanisole (BHA). Mice fed a nutrition-matched normal diet (ND) served as controls. All mice 

behaved as expected despite different diet treatments - when it comes to the macroscopic feature 

of the movement, the food and water intake, etc. But mice fed the BHA diet did not gain weight at 

the same speed as those treated with the control diet (Data not shown). 
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I further tracked the serology parameters of these animals on a monthly basis. At the age of 4 

weeks (before initiation of BHA-diet treatment), all serology parameters in nATF6wt/wt mice fell into 

the healthy range. In contrast, nATF6tg/wt mice showed significant indications of liver damage, as 

I have illustrated before. Strikingly, just 1-month of BHA-diet treatment is sufficient to maintain the 

ALT and AST in the serum of nATF6tg/wt mice at a significantly lower level compared to nATF6tg/wt 

mice receiving control diet (Figure 25a); indicating amelioration of liver damage in nATF6tg/wt mice 

by BHA-diet treatment. Further serology analyses revealed that the BHA-diet is capable of 

maintaining the liver damage in nATF6tg/wt mice constantly at a relatively low level throughout the 

whole life of the animals (Figure  25a). 

To gain more comprehensive knowledge about the effect of BHA on the liver of nATF6tg/wt mice, 

I dissected a group of animals after 3 months of BHA-diet feeding. Interestingly, beyond our 

expectations, although the liver damage seems to be relieved according to the serology 

parameters, the hepatomegaly showed in nATF6tg/wt mice was not rescued but became even 

worse under BHA treatment (Data not shown).  

However, histologically, I have observed that the expression levels of BIP (revealing the level of 

ER stress), phosphorylated c-Jun, and p21 (indicating the cell cycle arrest) were all significantly 

diminished by BHA-diet treatment (Figure 25b), suggesting reduced liver damage. 

In summary, these data suggest that oxidative stress plays a critical role in nATF6 

overexpression-mediated liver damage.  
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Figure 22: Persistent ATF6 activation in hepatocytes alters the transcriptional profile in mice liver. a). 
The unsupervised cluster of RNA-seq data from nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice liver shows in 
a heatmap. b). MA-plot shows the differently expressed genes from a. c). Gene Set Enrichment Analysis 
(GSEA) of RNA-seq data shows significantly changed pathways, including the UPR, apoptosis, cell cycle-
related regulation, inflammation-related pathways, etc. 
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Figure 23: Persistent ATF6 activation in hepatocytes alters hepatic proteome. a). The unsupervised 
cluster of proteomics data from the liver of nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice shows in a heatmap. 
b). Volcano-plot shows the differently expressed proteins from a. c). Gene Set Enrichment Analysis (GSEA) 
of proteomics data shows the significantly changed pathways, including the UPR, E2F targets, cell cycle-
related regulation, inflammation-related pathways, etc. 

 

Figure 24: Persistent ATF6 activation in mouse liver induces ROS production. a). A heat-map shows the 
expression of indicated genes in the nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice liver at 3-month and 6-
month age. b). Representative IHC staining of indicated molecules in the liver of nATF6wt/wt and nATF6tg/wt 
mice at 3-month age, P62 staining shows autophagosome cargos, NQO1 staining indicates change of 
cellular redox state, MPO staining indicates activation of neutrophil granulocytes. 

 P62 

  NQO1 

     MPO 
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Figure 25: Anti-ROS BHA diet alleviates liver damage in nATF6tg/wt mice. a). Serum ALT levels of nATF6wt/wt 
and nATF6tg/wt mice treated with control diet or BHA-containing diet at different time points. b). 
Representative IHC staining of indicated molecules in nATF6tg/wt mice treated with control diet or BHA-
containing diet at 4-month age, BIP staining reveals the levels of ER stress, CK 19 staining indicates 
expansion of BECs, P 21 staining shows cell cycle arrest. 

7.4 Hepatic ATF6 activation induces tumorigenesis in mouse liver 

7.4.1 Persistent ATF6 activation in mouse liver leads to hepatic tumor formation 

From the dissection of 3-month and 6-month old nATF6tg/wt and control mice, I found that 

persistent activation of nATF6 induces ROS-mediated liver damage. By comparing the survival 

data of nATF6tg/wt mice to that of nATF6wt/wt mice, I observed a significant decrease in the survival 

rate in nATF6tg/wt mice at the age of 1 year (Figure 26b). Most of the nATF6tg/wt mice had to be 

sacrificed at around 1-year-old. They show an obvious harmful phenotype (tumor-suspicious big 

belly), which reaches the termination criterion according to my approved animal protocols, 

whereas the control animals remained healthy. To understand what was happening in livers of 
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nATF6tg/wt mice at their old ages, I sent 9-month-old animals for positron emission tomography-

computed tomography (PET-CT) and MRI to view their livers non-invasively. 

 

Figure 26: Persistent nATF6 expression in mouse liver leads to liver cancer formation. a). A schematic 
representation shows the experimental strategy. b). The survival curve of the nATF6wt/wt and nATF6tg/wt 
mice. c). Representative PET-CT (left panel) and MRI (right panel) images from nATF6wt/wt and nATF6tg/wt 
mice. d). Representative liver pictures from indicated mice groups at 9-month and 12-month age, tumors 
were indicated by black arrows. e). Hepatic tumor incidence of nATF6wt/wt and nATF6tg/wt mice at different 
ages.  

Interestingly, livers of nATF6tg/wt mice show suspicious malignant lesions due to increased 

absorption of Fluorodeoxyglucose (18F) in the hepatic areas, indicating a changed glucose 

metabolism and high demands for glucose in these areas. The MRI has detected areas with 

abnormal density, in line with the PET-CT results, suggesting nodules or premalignant lesions in 

livers of 9-month-old nATF6tg/wt mice (Figure 26c). Indeed, after dissection of 9-month-old 

nATF6tg/wt mice, I found multiple visible tumors exclusively in livers of nATF6tg/wt mice but not in 

nATF6wt/wt control mice (Figure 26d). A similar but more severe phenotype has been observed in 

12-month-old animals as well (Figure 26d). I summed up the tumor incidence in nATF6tg/wt mice; 

Surprisingly, I found that all male mice from nATF6tg/wt group developed liver cancer at 9-month 

age; while some female animals did not have visible tumors in the liver (data not shown). However, 

livers from female nATF6tg/wt mice display a more severe cystic phenotype, indicating a non-

negligible gender disparity in nATF6 expression-induced hepatic phenotypes in mice. In both male 

and female nATF6tg/wt mice, the tumor incidence is 100% at 12 months of age (Figure 26e). 
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7.4.2 Hepatic nATF6 expression-induced liver phenotypes show gender disparity in mice 

As mentioned in the previous section, a prominent sex disparity in the liver phenotype of nATF6tg/wt 

mice is displayed. Indeed, female nATF6tg/wt mice seem to suffer mainly from liver cysts rather 

than tumors (Figure 27a). The earliest time I detected hepatic cysts in female nATF6tg/wt mice was 

at 6 months of their age, at which stage no tumor has been observed in livers of nATF6tg/wt mice 

(Figure 18a). When female nATF6tg/wt mice reach a 12-month age, the cystic burden becomes 

obvious and severe as these animals show an enlarged belly. I had to terminate them according 

to my approved animal protocols (Figure 27a). I collected the liquid content in hepatic cysts of 

female nATF6tg/wt mice and sent it for LC-MS base analyses; the data shows the liquid content in 

hepatic cysts from female nATF6tg/wt mice are bile acids (Figure 27b). 

 

Figure 27: Sex disparity in nATF6 expression-induced liver phenotypes. a). Representative pictures of 
male and female nATF6tg/wt mice dissected at 12-month age. b). Liquid content in hepatic cysts of female 
nATF6tg/wt mice was analyzed by LC-MS, indicating that the liquid components in cysts of female nATF6tg/wt 
mice are bile acids. 

To better understand the gender disparity in the cystic phenotype, I performed bulk RNA-seq 

analysis of livers from male and female nATF6wt/wt and nATF6tg/wt mice at 6-month age.  
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It has been evidenced that male and female nATF6tg/wt mice show distinct gene expression 

patterns, as shown in the c-net style GSEA analysis (Figure 28). Under persistent ATF6 activation, 

livers from female mice have more robust activation in anti-oxidative stress and immune 

response-related biological events. In contrast, these events have no difference in the normal 

situation with the male mice (Figure 29). 

In addition, serology analyses and metabolic analyses show a gender disparity of nATF6tg/wt mice 

in liver cholesterol and bile acid metabolism (Figure 19a and Figure 36). Further studies are 

needed to understand the underlying mechanisms. 

 

Figure 28: Sex disparity in gene expression profiles in nATF6tg/wt mice. GSEA analysis of RNA-seq data 
from male and female nATF6tg/wt mice liver shows an apparent gender disparity in the transcriptional 
networks in livers of nATF6tg/wt mice. Genes located on sex chromosomes have been excluded from the 
analysis. 
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Figure 29: Gene expression profiles in male and female nATF6wt/wt mice. GSEA analysis of RNA-seq data 
from male and female nATF6wt/wt mice liver. No significant changes in pathways had been identified 
between livers of male and female nATF6wt/wt mice. Genes located on sex chromosomes have been 
excluded from the analysis. 

7.4.3 ATF6 activation-induced hepatic tumors show both HCC and CCA phenotype and are similar 

to human liver cancers in genetic patterns 

I focused on the connection between ATF6 activation and hepatic tumorigenesis in this project. 

For characterizing the growth pattern of ATF6 activation-induced hepatic tumors, I performed a 

series of IHC staining for hepatic sections from nATF6tg/wt mice. As shown in Figure 30a, the HE 

staining clearly shows the tumoral and non-tumoral areas; the tumoral area is more obvious in 

IHC staining of collagen IV, where the distribution of collagen IV is massively disrupted. 

Interestingly, hepatic tumors induced by ATF6 activation not only have an HCC phenotype (as 
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shown by AFP staining) but also contain tumors reminiscent of CCA (as shown by CK19 staining). 

Notably, HA staining shows the major proportion of cells within the HCC area expresses nATF6 

transgene, indicating the tumor originated from nATF6-overexpressed hepatocytes. However, in 

the CCA tumor, a considerable amount of cells either have no transgene expression or only have 

a low-level expression of nATF6 transgene, implying this tumor may originate from cells without 

ATF6 activation due to the environmental stress (Figure 30a). 

Besides the histological stainings, which shows typical characters of HCC and CCA in nATF6tg/wt 

mouse liver. I further isolated the genomic DNA from tumor areas and performed aCGH assay. 

As revealed in Figure 30b, the genome of the tumor cells shows significant genomic instability, 

indicated by the lost and gained fragments in their chromosome regions. Moreover,  by comparing 

the aCGH data with human tumors from established databases, I concluded the hepatic tumors 

in nATF6tg/wt mice are genetically mimicking the human situation (Figure 30c). 

 
Figure 30: Characterization of ATF6 activation-induced hepatic tumors. a). IHC staining of indicated 
molecules in the hepatic tumor sections from nATF6tg/wt mice; NT: non-tumoral area; T: Tumoral area. b). 
A microarray-based comparative genomic hybridization (aCGH) assay of liver tissue from nATF6wt/wt mice 
and tumoral tissue from nATF6tg/wt mice. c). Synteny analysis of chromosomal aberrations in tumors from 
nATF6tg/wt mice liver and human HCC shows the genetic instability in ATF6 activation-induced HCC in mice 
is similar to that in human HCC. 
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7.5 Liver-specific ATF6 activation reshapes hepatic metabolism and generates a 

nutrition-deprived microenvironment 

7.5.1 Liver-specific ATF6 activation re-modulates the glucose and amino acid metabolism in the 

liver of nATF6tg/wt mice 

To further uncover the underlying mechanisms of the pro-tumorigenic effect of ATF6 activation, I 

went back to the transcriptome and proteome data at 3-month and 6-month time points. At that 

stage, tumors are not established in livers of nATF6tg/wt mice. Among the enriched GSEA 

pathways, besides those I have discussed in previous sections, the misregulation of metabolism-

related pathways drew my attention (Figure 31c), given the liver and the ER play critical roles in 

systemic and cellular metabolism, respectively. 

The liver is the primary site for glucose storage, and its functionality is vital for maintaining blood 

glucose at a stable level. I checked the molecules involved in glucose metabolism in my RNA-seq 

data. Strikingly, the expression of key regulators involved in glucose metabolism was affected by 

ATF6 activation and changed significantly in livers of nATF6tg/wt mice (Figure 31a). Further 

analyses suggested that the activation of nATF6 tends to shift glucose metabolism in livers of 

nATF6tg/wt mice from oxidative phosphorylation towards aerobic glycolysis. The critical enzymes 

for aerobic glycolysis were upregulated upon hepatic ATF6 activation (Figure 31a). To functionally 

validate this finding, I first performed periodic acid-schiff stain (PAS) staining with liver sections 

from nATF6tg/wt and nATF6wt/wt mice. Strikingly, the PAS staining shows glycogen storage in livers 

of nATF6tg/wt mice has been massively depleted (Figure 32b). The change of glucose metabolism 

in the liver also affects nATF6tg/wt mice systematically. As shown in the glucose tolerance test, 

nATF6tg/wt mice are less susceptible to high-dose glucose injection, and the fasting glucose level 

in nATF6tg/wt animals is also lower than in nATF6wt/wt animals (Figure 32a). 

Indeed, NMR-based analyses of liver metabolites indicate the glucose metabolism in nATF6tg/wt 

mice liver has been fundamentally re-modulated. The lack of glucose in livers of nATF6tg/wt mice 

is the most predominant phenotype identified by NMR-based metabolic analyses (Figure 33); 

Indicating that persistent ATF6 activation shifts the glucose metabolism towards aerobic 

glycolysis rather than oxidative phosphorylation. Except for the glucose and lipid metabolism, the 

NMR metabolic analyses also provide information about changes in amino-acid metabolism in 

livers of nATF6tg/wt mice (Figure 33).  
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Figure 31: Hepatic nATF6 expression remodels liver glucose metabolism in mice. a). A schematic 
representation shows the glucose metabolism network and the changed expression of glucose 
metabolism-related genes in nATF6tg/wt mice liver. b). The expression of O-linked  N-acetylglucosamine in 
nATF6wt/wt and nATF6tg/wt mice was checked by western blot. c). Gene Set Enrichment Analysis (GSEA) of 
RNA-seq data from livers of nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice at 3-month age shows the 
enrichment of metabolism-related pathways, including oxidative phosphorylation, bile acid metabolism, 
fatty acid metabolism, glycolysis, cholesterol homeostasis, etc.  

To exclude other factors that might affect hepatic metabolisms, such as difference in movements 

or food/water intake between nATF6tg/wt and nATF6wt/wt mice, I transferred the animals into 

metabolic cages (TSE systems) to track their metabolic parameters (including O2 consumption, 

moving activity, food/water intake, etc.). As showing in Figure 32c, no noticeable difference in O2 

consumption, food/water intake, and movement between nATF6tg/wt and nATF6wt/wt mice had been 

recorded. Thus, I concluded the metabolic remodeling founded in livers of nATF6tg/wt mice is due 

to activation of the ATF6 branch of UPR. 

7.5.2 Liver-specific ATF6 activation re-modulates hepatic lipid metabolism in mice 

Besides glucose metabolism, lipid metabolism in hepatocytes is also of vital importance for 

maintaining body homeostasis. Due to significant changes in serum TG and cholesterol content, 

which I reported in section 7.3, linking ATF6 activation to lipid metabolism in livers of nATF6tg/wt 

mice is reasonable. As the initial step, I performed Sudan Red staining for lipids in liver sections 

of nATF6wt/wt and nATF6tg/wt mice. Impressively, a pronounced accumulation of lipid contents has 

been found in nATF6tg/wt mice liver at 3-month age (Figure 34a). Further study has shown this 

steatotic phenotype already exists in livers of nATF6tg/wt mice at 4-week age (data not shown). 

Additionally, I aimed to understand which lipid components are accumulated in livers of nATF6tg/wt 

mice. I performed a hepatic TG assay and a hepatic cholesterol assay with liver homogenate from 

nATF6wt/wt and nATF6tg/wt mice. Surprisingly, no difference in hepatic TG has been observed 

(Figure 34b), but a clear-cut increase in hepatic cholesterol level occurs in livers of nATF6tg/wt 

mice at 3-month age (Figure 34c), indicating a modification on cholesterol metabolism by ATF6 

activation. Indeed, genes involved in cholesterol and lipid metabolism, such as IL36, CD36, 

ACAT2, SQLE, SREBP1, DGAT2, and SCD1, were changed significantly upon ATF6 activation 

(Figure 34d). 
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Figure 32: Hepatic nATF6 expression affects systematic glucose metabolism in mice. a). The glucose 
tolerance test (left panel) and the insulin tolerance test (right panel) were performed in nATF6wt/wt and 
nATF6tg/wt mice at 4-month age. b). Histological PAS staining in liver sections from nATF6wt/wt and nATF6tg/wt 
mice at 3-month age. c). Metabolic cages analysis shows the O2 consumption, moving activity, and 
food/water intake in nATF6wt/wt and nATF6tg/wt mice at 3-month age. All data were shown as mean ± SEM. 
All data were analyzed by unpaired T-test. p values are indicated as *, *p<0.05;**p<0.01; ***p<0.001; 
****p<0.0001. 

 

 

Figure 33: Hepatic nATF6 expression alters glucose and amino acid metabolism in mice. a). The 
unsupervised cluster of NMR-based metabolic data from nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice at 3-
month age showed in a heatmap. b). The bar graph shows the significantly changed metabolites in 
nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice at 3-month age. All data are shown as mean ± SEM. All data 
were analyzed by unpaired T-test. p values are indicated in the graph. 
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Figure 34: Hepatic nATF6 expression alters cholesterol metabolism in mouse liver. a). Histological Sudan-
red staining of liver sections from nATF6wt/wt and nATF6tg/wt mice at 3-month age. b). Graphs show 
intrahepatic triglyceride and cholesterol concentrations in livers of nATF6wt/wt and nATF6tg/wt mice at 3-
month age. c). A heatmap shows the expression of lipid metabolism-related genes in livers of nATF6wt/wt 
and nATF6tg/wt mice at 3-month age. All data are shown as mean ± SEM. All data were analyzed by unpaired 
T-test. p values are indicated in the graph. 

For a better characterization of ATF6 activation-induced changes in lipid metabolism, I performed 

LC-MS-based lipidomic analyses. Surprisingly, I also found ether lipids O-Phosphatidylcholine 

(O-PC) and O-Posphatidylethanolamine (O-PE) are overrepresented in the experimental 

condition (Figure 35a and 35b). The transcriptome and proteomics data indicate that the fatty acid 

metabolism and cholesterol metabolism are attenuated in nATF6tg/wt mice liver. To further confirm 

this finding, I put nATF6wt/wt and nATF6tg/wt mice on a high-fat, high cholesterol diet - western diet 

(WD) (Figure 35c). Strikingly, the WD treatment accelerated hepatic tumorigenesis in nATF6tg/wt 

mice, as visible tumors already exist in livers of nATF6tg/wt mice at 6-month age (Figure 35d - 35h). 

Log2 FC 
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Figure 35: Hepatic nATF6 expression remodels lipid metabolism in mouse liver. a). A heatmap shows 
significantly changed lipid components in nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice liver. b). Volcano-plot 
shows significantly changed lipid components in nATF6wt/wt (n=5) and nATF6tg/wt (n=7) mice liver. c). A 
schematic representation shows the experimental strategy. d). Representative liver pictures from 
nATF6wt/wt (n=3) and nATF6tg/wt (n=3) mice fed the western diet for 20 weeks. Tumors are indicated with 
black arrows. e). Liver to body weight ratio of nATF6wt/wt and nATF6tg/wt mice in d. f). Serology parameters 
of mice in d. g). Hepatic tumor numbers and h). Hepatic tumor volumes of mice in d. All data are shown 
as mean ± SEM. All data were analyzed by unpaired T-test. p values are indicated in the graph. 

7.5.3 Persistent ATF6 activation in hepatocytes changes hepatic bile acids metabolism and 

induces a cholestatic liver phenotype in nATF6tg/wt mice 

Given that the hepatocyte is the primary site for bile acid secretion and bile acid act as the end 

product of cholesterol metabolism in the liver, I analyzed the bile acid components in livers and in 

serum of nATF6tg/wt mice by mass spectrometry. Interestingly, the bile acid concentration and the 
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bile acid composition have been massively changed upon ATF6 activation in the liver and the 

serum of nATF6tg/wt mice (Figure 36 and Figure 37). 

The difference in bile acid composition could be affected by two factors. The first one is ATF6 

activation in hepatocytes remodels bile acid metabolism as I have proposed. Indeed, the 

transcriptome and proteome data indicate activation of the ATF6 branch of UPR significantly 

affects bile acid metabolism. The second factor would be ATF6 activation in the liver remodels 

bacteria composition in the gut, given that secondary bile acids are products of bacterial 

modification in the colon. To test this hypothesis, I collected the feces content in mouse cecum 

and performed a 16s rRNA gene sequencing to illustrate the microbiota profile. However, no 

significant difference in microbiota components between nATF6wt/wt and nATF6tg/wt mice has been 

detected (Figure 38). Thus, I confirmed that the re-modulation of bile acid metabolism is directly 

caused by ATF6 activation in hepatocytes but not affected by the gut microbiota. 

 

Figure 36: nATF6 expression in hepatocytes changes bile acids metabolism in mouse liver. a). Bile acid 
concentration in the serum of 6-month old nATF6wt/wt and nATF6tg/wt mice. b). Bile acid concentration in 
the serum of 12-month old nATF6wt/wt and nATF6tg/wt mice. c). Bile acid composition in the serum of 6-
month old nATF6wt/wt and nATF6tg/wt mice. d). Bile acid composition in the serum of 12-month old 
nATF6wt/wt and nATF6tg/wt mice. e). Bile acid concentration in the liver of 6-month old nATF6wt/wt and 
nATF6tg/wt mice. f). Bile acid concentration in the liver of 12-month old nATF6wt/wt and nATF6tg/wt mice. g). 
Bile acid composition in the liver of 6-month old nATF6wt/wt and nATF6tg/wt mice. h). Bile acid composition 
in the liver of 12-month old nATF6wt/wt and nATF6tg/wt mice. All data are shown as mean ± SEM. All data 
were analyzed by unpaired T-test. p values are indicated in the graph. 
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Interestingly, bile acid concentrations in both the serum and the livers show a gender disparity 

upon ATF6 activation. As shown in Figure 36, bile acid is more concentrated in serum and livers 

of female nATF6tg/wt mice compared to their male counterparts. This is in line with what I have 

mentioned in the previous section - the female nATF6tg/wt mice show a severe cystic liver 

phenotype.  

 

Figure 37: nATF6 expression in hepatocytes changes bile acids components in mouse liver. a). Taurine-
conjugated bile acids in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. b). Glycine-conjugated bile 
acids in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. c). Free bile acids in livers of 6-month old 
nATF6wt/wt and nATF6tg/wt mice. d). Taurine-conjugated bile acids in livers of 6-month old nATF6wt/wt and 
nATF6tg/wt mice. e). Glycine-conjugated bile acids in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. 
f). Free bile acids in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. All data are shown as mean ± 
SEM. All data were analyzed by unpaired T-test. p values are indicated in the graph. 
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Figure 38: ATF6 activation in the liver does not affect microbiota composition in the gut. 16s rRNA gene 
sequencing of the caecal content from nATF6wt/wt mice and nATF6tg/wt mice, indicating no difference in 
microbiota components in nATF6wt/wt and nATF6tg/wt mice. p value is indicated in the graph. 

7.5.4 The metabolic reprogramming in livers of nATF6tg/wt mice is a direct consequence of ATF6 

activation 

To figure out whether the metabolic reprogramming in livers of nATF6tg/wt mice is a consequence 

of cellular activation of the ATF6 branch of UPR or a result of the altered hepatic 

microenvironment. I generated nATF6-overexpression cells and ATF6 knockout cells from FL83B 

mouse hepatocyte cell line.  

Further studies using NMR-based metabolic analyses in nATF6-overexpression cells have shown 

that activation of nATF6 shifts cellular metabolism towards aerobic glycolysis, as the metabolic 

end product, lactic acid, was accumulated in nATF6-overexpression cells (Figure 39a - 39b). 

However, the knockout of ATF6 in FL83B cells shows the opposite trend (Figure 40a - 40b). 

Interestingly, in line with the in-vivo study, activation of the ATF6 arm of UPR leads to the 

accumulation of UDP-species which are vital for protein glycosylation. Moreover, overexpression 

of nATF6 results in accumulated serine, alanine, and succinate in FL83B cells, whereas the 

knockout of ATF6 reverses these phenotypes (Figure 39b and Figure 40b). 

Taken together, I concluded that the metabolic reprogramming in livers of nATF6tg/wt mice is a 

direct consequence of ATF6 activation. 
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Figure 39: nATF6 expression shifts cellular metabolism towards aerobic glycolysis in vitro. a). The 
unsupervised cluster of NMR-based metabolic data from the control (n=6) and nATF6 overexpression (n=6) 
FL83B cells showed in a heatmap. b). Bar graphs show the significantly changed metabolites in the control 
(n=6) and nATF6 overexpression (n=6) FL83B cells. All data are shown as mean ± SEM. All data were 
analyzed by unpaired T-test. p values are indicated in the graph. 
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Figure 40: ATF6 knockout prevents aerobic glycolysis in vitro. a). The unsupervised cluster of NMR-based 
metabolic data from the control (n=6) and ATF6 knockout (n=6) FL83B cells showed in a heatmap. b). The 
bar graph shows the significantly changed metabolites in the control (n=6) and ATF6 knockout (n=6) FL83B 
cells. All data are shown as mean ± SEM. All data were analyzed by unpaired T-test. p values are indicated 
in the graph. 
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7.6 Liver-specific ATF6 activation contributes to the immunosuppressive liver 

microenvironment 

7.6.1 Persistent ATF6 activation generates an inflammatory hepatic microenvironment 

In hepatic nATF6-overexpression mice, I saw apparent liver damage and cell death, which has 

often been linked to hepatic inflammation due to the release of DAMPs. IHC staining of innate 

and adaptive immune cells confirms that persistent activation of nATF6 in mice liver induces 

chronic inflammation, characterized by noticeable accumulation of immune cells (Figure 41e). 

Further studies quantitatively confirmed my findings by fluorescence-activated cell sorting (FACS) 

analyses (Figure 41a - 41d). Interestingly, among these changed immune cells, the alteration in 

iNKT (Invariant natural killer T) cells represents the most striking change in livers of nATF6tg/wt 

mice. 
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Figure 41: ATF6 activation in mouse liver induces hepatic immune cells activation and inflammation. a). 
TSNE representation of immune-cell populations in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. 
b). Bar graphs show the immune-cell composition in livers of 6-month old nATF6wt/wt and nATF6tg/wt mice. 
c) - d). FACS analysis shows the indicated immune-cell percentages in livers of 6-month old nATF6wt/wt and 
nATF6tg/wt mice. e). IHC staining of indicated molecules shows different immune-cell populations in livers 
of 6-month old nATF6wt/wt and nATF6tg/wt mice. All data are shown as mean ± SEM. All data were analyzed 
by unpaired T-test. p values are indicated in the graph. 

7.6.2 The adaptive immune response, but not the innate immune response, is important for the 

anti-tumor immunosurveillance in livers of nATF6tg/wt mice 

In the previous section, I have detected obvious signs of activation of innate and adaptive immune 

responses, both of which are key players in the immunosurveillance of tumorigenesis. To further 

understand their roles in nATF6-mediated tumorigenesis, I designed strategies to block these two 

immune responses in livers of nATF6tg/wt mice. 

My previous data suggest that activation of the innate immune response is not decisively involved 

in the anti-tumor immunosurveillance in livers of nATF6tg/wt mice (data not shown). Thus I focused 

on the role of the adaptive immune response. I crossed R26-LSL-nATF6 x Alb-Cre mice with 

Rag1 whole-body knockout mice (Rag1-/-) to generate mice that have heterozygous nATF6 

expression in the hepatocytes under the R26 locus, but the whole body lacks mature T and B 

cells (nATF6tg/wtRag1-/-). As shown in Figure 43, the CD3 positive T cells have been largely 

depleted in this mouse model harboring defects in the adaptive immune response. I dissected the 

first group of nATF6tg/wtRag1-/- mice and their controls nATF6tg/wtRag1+/+ when they reach 9 

months time point (Figure 42a). Both the nATF6tg/wtRag1-/- mice and their controls 

(nATF6tg/wtRag1+/+ mice) developed liver cancer at 9-month age, but the tumor burden in 

nATF6tg/wtRag1-/- mice is much more severe compared to their control counterparts (Figure 42e -  

42f). Strikingly, when summarizing the overall survival rate in nATF6tg/wtRag1-/- and 

nATF6tg/wtRag1+/+ mice, I found the whole-body knockout of Rag1 significantly reduces the 

lifespan of nATF6tg/wt mice. Around half of the nATF6tg/wtRag1-/- mice reached the termination 

criteria at around 8-month age (Figure 42b), which occurs much earlier compared to nATF6tg/wt 

mice who need approximately 12 months to reach the termination criteria (Figure 42b). More 

importantly, I found many of the nATF6tg/wtRag1-/- mice have already had visible tumors in their 

livers at 6-month age (Figure 42c), whereas in nATF6tg/wtRag1+/+ mice, no tumor can be detected 

under the microscope at the same age (Figure 18a). These data strongly suggest that the adaptive 

immune response is of vital importance for anti-tumor immunosurveillance in livers of nATF6tg/wt 

mice. By IHC staining, I can identify that tumors induced by ATF6 activation in the Rag1 knockout 

background show typical HCC characters (Figure 43). 
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Figure 42: The adaptive immune response is vital for anti-tumor immunosurveillance in ATF6 activation-
induced liver cancer. a). A schematic representation shows the experimental strategy. b). Survival curve 
of nATF6tg/wtRag1+/+ mice and the nATF6tg/wtRag1-/- mice. c). Representative liver pictures from indicated 
mice groups at 6-month and 9-month age. Black arrows indicate tumors. d). Tumor incidence of 
nATF6tg/wtRag1+/+ mice and the nATF6tg/wtRag1-/- mice at different ages. e). Hepatic tumor numbers and f). 
Hepatic tumor volumes in 9-month old nATF6tg/wtRag1+/+ mice and nATF6tg/wtRag1-/- mice. All data are 
shown as mean ± SEM. All data were analyzed by unpaired T-test. p values are indicated in the graph. 
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Figure 43: Histological characterization of ATF6 activation-induced liver cancer in nATF6tg/wtRag1-/- mice. 
IHC staining of indicated molecules in tumor sections from nATF6tg/wtRag1-/- mice. HE staining shows the 
tumoral and non-tumoral area; CD3 staining indicates the successful removal of mature T cells in 
nATF6tg/wtRag1-/- mice; HA staining indicates cells with overexpressed nATF6; Collagen IV shows the 
disrupted collagen in the extracellular matrix; AFP staining as a biomarker for HCC; Ki67 staining shows 
the proliferating cells.  

7.6.3 Co-existence of pro-inflammatory and immunosuppressive mechanisms in nATF6tg/wt mice 

liver 

Flow cytometry analyses showed that T lymphocytes isolated from livers of nATF6tg/wt mice livers 

are more potent to secrete cytokines (e.g. TNF, and IFN) upon activation (Figure 44a). Indicating 

a pro-inflammatory phenotype of these cells in the inflammatory microenvironment. To better 

understand the mechanisms of how tumor cells escape the immunosurveillance mediated by 

adaptive immune cells, I performed histological staining of PD-1 and PDL1 in liver sections from 

nATF6tg/wt mice. 

Interestingly, IHC staining shows an increased proportion of PD-1 positive cells (Figure 44c), 

including a large proportion of T lymphocytes as represented by further flow cytometry analyses 

(Figure 41c). Indicating that T cells in livers of nATF6tg/wt mice undergo exhaustion and activation 

processes simultaneously. Immunofluorescence staining further shows the colocalization of PD-

1 positive cells with CD8 positive cells, corroborating the exhaustion of cytotoxic T lymphocytes - 

the main force to execute anti-tumor immunosurveillance (Figure 44b). 

Additionally, with the histological staining of PDL1 - the key molecule mediating T cell apoptosis 

through PD1-PDL1 interaction, I observed the expression of PDL1 is significantly enhanced in 

NT NT NT NT 

NT NT NT NT 

T T T T 

T T 

T 

T 



82 
 

livers of nATF6tg/wt mice compared to control animals(Figure 44d - 44e). Interestingly, the 

expression of PDL1 seems not only restricted in myeloid cells as customarily suggested, I also 

identified PDL1 signaling in hepatocytes in livers of nATF6tg/wt mice (Figure 44d). This means a 

potential role of the ATF6 arm of UPR to regulate PDL1 expression in hepatic parenchymal cells. 

With these data, I concluded that in livers of nATF6tg/wt mice, the pro-inflammatory immune 

response and the pro-tumorigenic immunosuppressive microenvironment exist simultaneously. 

 

Figure 44: Co-existence of the inflammatory and immunosuppressive mechanisms in livers of nATF6tg/wt 
mice. a). Bar graphs show the indicated cytokine secretion by T cells isolated from livers of 6-month old 
nATF6wt/wt and nATF6tg/wt mice with or without stimulation. b). Immunofluorescence staining of indicated 
molecules in liver sections from 6-month old nATF6wt/wt and nATF6tg/wt mice. c). IHC staining of PD1 in liver 
sections from 6-month old nATF6wt/wt and nATF6tg/wt mice. d). IHC staining of PDL1 in liver sections from 
6-month old nATF6wt/wt and nATF6tg/wt mice. e). Western blot analysis of PDL1 in liver homogenate from 
6-month old nATF6wt/wt and nATF6tg/wt mice. All data are shown as mean ± SEM. All data were analyzed by 
unpaired T-test. *p<0.05;**p<0.01; ***p<0.001; ****p<0.0001. 
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7.7 BECs contribute to ATF6-mediated tumorigenesis in the liver of nATF6tg/wt mice 

7.7.1 Persistent ATF6 activation in hepatocytes induces expansion of BECs in the liver of 

nATF6tg/wt mice 

Besides the hepatomegaly liver phenotype, nATF6tg/wt mice also show yellowish serum, indicating 

a potential biliary disease in these animals; this hypothesis is further supported by the ALP levels 

in serum of nATF6tg/wt mice (Figure 19). 

Indeed, through histological staining of cytokeratin-19 (CK-19), which serves as a marker for the 

hepatic biliary cells, I could identify a pronounced expansion of the biliary cells/progenitor cells 

around the portal area (Figure 45). This phenotype (hyperproliferation of biliary cells) is termed 

ductular reaction and is commonly found in the injured liver. Strikingly, with IHC staining of 

CD44v6, A6, p-STAT3, and GP73, I could identify biliary epithelial cells (BECs) with high 

expression of these molecules (Figure 45 and Figure 46), which could be essential for their 

expansion and the malignant transformation of the hepatocytes. 

 

Figure 45: Persistent ATF6 activation in hepatocytes induces expansion of BECs. IHC staining of CK19 and 

CD44v6 in liver sections from 3-month old nATF6wt/wt and nATF6tg/wt mice. 
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Figure 46: Hyperactive phenotype of BECs in livers of nATF6tg/wt mice. IHC staining of indicated molecules 
in liver sections from 3-month old nATF6wt/wt and nATF6tg/wt mice. A6 staining indicates the progenitor-like 
BECs, p-STAT3 positive cells and GP73 positive cells are mainly BECs. 

7.7.2 Secretion of SPP1 by BECs in the liver of nATF6tg/wt mice 

After seeing the hepatomegaly and liver damage phenotype in nATF6tg/wt mice at a young age (3 

months), I performed cytokine and chemokine profiles to illustrate which cytokines or chemokines 

were changed significantly in livers of nATF6tg/wt mice. Strikingly, among the cytokines and 

chemokines, I found the expression of a batch of candidates, including SPP1, ICAM-1, VCAM-1, 

IGFBP-1, CCL5, IL-33, and others, have changed significantly upon ATF6 activation (Figure 47a). 

Further, I checked the relationship between the upregulated cytokines and hepatic tumorigenesis 

from already published works. The molecule SPP1 (also known as Osteopontin, H19/20 in the 

cytokine array) drew my attention. SPP1 has been shown in many cases linked with hepatic 

pathogenesis. As the first step, I want to understand which cell types in the liver secretes SPP1. 

By employing IHC staining of SPP1, I could identify that SPP1 is expressed mainly by the BECs 

upon ATF6 activation. At the same time, other non-parenchymal cells also represent a small 

amount of SPP1 secretion (Figure 47b). 
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Figure 47: BECs derived SPP1 contributes to hepatic tumorigenesis in nATF6tg/wt mice. a). Elisa-based 
cytokine array and chemokine array analyses of liver homogenate from 3-month old nATF6wt/wt and 
nATF6tg/wt mice. b). IHC staining of SPP1 in liver sections from 9-month old nATF6tg/wtSPP1+/+ and 
nATF6tg/wtSPP1-/- mice. c). Representative liver pictures from indicated mice group at 8-month (left panel) 
and 9-month (right panel) age. Black arrows indicate tumors. 

7.7.3 BECs derived SPP1 contributes to ATF6-mediated tumorigenesis in mouse liver 

To validate whether elevated secretion of SPP1 in livers of nATF6tg/wt mice is crucial for ATF6 

activation-mediated hepatic tumorigenesis or not, I crossed R26-LSL-nATF6 x Alb-Cre mice with 
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SPP1 whole-body knockout mice (SPP1-/- mice). Thus, mice with heterozygous nATF6 expression 

in hepatocytes under the R26 locus, while the whole body lacks SPP1 expression 

(nATF6tg/wtSPP1-/- mice) were generated. As shown in Figure 47b, the SPP1 expression has been 

completely abolished in nATF6tg/wtSPP1-/- mice, suggesting a successful removal of SPP1 by 

cross the R26-LSL-nATF6 x Alb-Cre mice with SPP1-/- mice.  

I dissected the first group of nATF6tg/wtSPP1-/- mice and their controls nATF6tg/wtSPP1+/+ when 

they reach 9-month age. Both nATF6tg/wtSPP1-/- mice and their controls (nATF6tg/wtSPP1+/+ mice) 

developed liver cancer at 9 months. However, the tumor burden in nATF6tg/wtSPP1-/- mice seems 

to be reduced compared to their control counterparts (Figure 47c). 

7.8 Hepatic ATF6 deletion ameliorates the tumor burden of mice in different 

models 

7.8.1 Generation and validation of hepatocyte-specific ATF6 knockout mice 

In previous sections, I have detailed the phenotypes and related mechanisms in hepatocyte-

specific nATF6-activation mice. To further confirm the protumorigenic effect of the ATF6 arm of 

UPR, which I observed in the transgenic mice, I generated hepatocyte-specific ATF6 knockout 

mice (ATF6ΔHep mice) by crossing ATF6flox/flox mice with Alb-Cre mice (Figure 48). 

The ATF6flox/flox mice with loxP sites bordering the exons 8-9 of ATF6 gene, when bred ATF6flox/flox 

mice with Alb-Cre mice, the Cre mediated recombination results in a depletion of the fragment 

from exon 8 to exon 9 in ATF6 gene (Figure 48a). The homozygosity of floxed ATF6 gene and 

the presence of Alb-Cre were determined using PCR analysis (Figure 48b). The ATF6ΔHep mice 

grow normally and do not show any apparent phenotypes by themselves without challenge (data 

not shown).  

7.8.2 Knockout of ATF6 protects mice from chemical carcinogen-induced liver cancer 

In previous sections of my thesis, I have discussed my data suggesting that ATF6 activation plays 

a vital role in tumorigenesis and lipid metabolism, particularly cholesterol metabolism. To address 

whether loss of ATF6 would exert beneficial functions, I employed a well-established NASH and 

DEN (N-nitrosodiethylamine)-induced HCC model. According to the literature129, DEN plus HFD 

mediates HCC formation by inducing oxidative stress. I injected ATF6ΔHep mice and ATF6wt mice 

with 25 mg/kg (body weight) DEN at the age of 14 days. 4 weeks after DEN injection, the animals 

were treated with WD for 26 weeks (Figure 49a). The ATF6ΔHep mice and ATF6wt mice did not 

show a difference in animal body weight during the whole period of diet feeding (data not shown). 
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I dissected the animals when they were 32 weeks old. Surprisingly, I found all the ATF6wt mice 

developed visible liver cancer, while in ATF6ΔHep mice, no tumor or only small spots could be 

found in the liver (Figure 49b). 

 

Figure 48: Generation of hepatocyte-specific ATF6 knockout mouse model. a). A schematic 
representation shows the generation of hepatocyte-specific ATF6 knockout mice. b). Representative 
genotyping results of ATF6Flox/Flox x Alb-Cre mice. PCR tested the floxed ATF6 gene and Albumin-Cre 
transgene in each mouse.  

 

Figure 49: ATF6 knockout protects mice from NASH and chemical carcinogen-induced HCC. a). A 

schematic representation shows the experimental strategy. b). Representative liver pictures from 

indicated mice groups treated with DEN and western diet as explained in a. Black arrows indicate tumors. 
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7.8.3 Knockout of ATF6 conditionally protects mice from oncogene activation-induced liver 

cancer 

To validate whether the protective effect of ATF6 knockout is only restricted in DEN/NASH-

induced liver cancer or not. I used hydrodynamic tail vein injection for delivery of oncogene-

containing plasmids. Specifically, I used the plasmids combination of Kras overexpression plus 

p53 knockdown (Kras/p53). 12-week old ATF6ΔHep mice and ATF6wt mice were hydrodynamically 

injected with Kras/p53 plasmids. Interestingly, the ATF6 knockout mice showed a prolonged 

survival upon Kras/p53 plasmids injection, indicating a protective role of ATF6 knockout (Figure 

50a). Moreover, when I dissected a group of mice 6 weeks after plasmids injection, I found that 

the tumor burden in ATF6ΔHep mice is significantly lower compared to ATF6wt mice (Figure 50b – 

50f). 

To sum up, by employing animal models mentioned above, I concluded that ATF6 knockout could 

be beneficial for mice under oncogenic challenges. 

 
Figure 50: ATF6 knockout protects mice from oncogene-induced HCC. a). Survival curve of indicated mice 
groups treated with HDTVi (Kras/p53). b). Representative liver pictures in a. c). Hepatic tumor numbers 
and d). Hepatic tumor volumes of male ATF6Flox/Flox and ATF6ΔHEP mice treated with HDTVi (Kras/p53). e). 
Hepatic tumor numbers and f). Hepatic tumor volumes of female ATF6Flox/Flox and ATF6ΔHEP mice treated 
with HDTVi (Kras/p53). All data are shown as mean ± SEM. All data were analyzed by unpaired T-test. p-
Value indicated in the graph.  
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8 Discussion 

Being the primary site for lipid and glucose metabolism, hepatocytes are abundant in the amount 

of ER and other organelles (e.g. mitochondria) to fulfill their metabolic functions. In the face of 

various disturbances, which lead to ER stress and dysregulation of liver metabolic functions, such 

as inflammation, hyperglycemia, viral infection, and excessive nutrition, hepatocytes initiate an 

evolutionarily conserved pathway – the adaptive UPR – to maintain its homeostasis and to 

preserve essential functions of the liver.  

However, unsolved ER stress, characterized by chronic and persistent stress or acute and 

substantial stress, overwhelms the adaptive UPR and switches the response to “terminal UPR”, 

which induces apoptosis130 and concomitant adverse pathophysiologies - including inflammation, 

regenerative processes and metabolic dysfunction. Given this context-dependent feature of the 

UPR, the role of ER stress in liver pathophysiology varies – also depending on the time frame of 

the insults. When talking about ER stress or the UPR in the context of liver cancer, it is necessary 

to discuss their functions in tumorigenesis and tumor development separately. Here, I should 

highlight three emerging perspectives of the UPR relevant to tumor biology.  

 First, as tumors often arise and establish in stressful surroundings, the activation of UPR 

may already exist in the host cell prior to its malignant transformation.  

 Second, the quality or the type of UPR may differ in premalignant cells and transformed 

cells. For example, cells affected by the inflammatory microenvironment may employ the 

UPR to restore their physiological functions and maintain survival. However, malignant 

cells or tumor cells often hijack the UPR to fulfill its high demands in protein, nutrition, or 

other building blocks for colony expansion.  

 Third, the extent of ER stress burden or the type of UPR activation also shows the 

spatiotemporal difference. 

Indeed, in my mouse model with sustained activation of nATF6 in hepatocytes, the long-lasting 

and unsolved stress leads to cell death in hepatocytes, which I believe is the starting point of liver 

inflammation. Given the regenerative nature of the liver, dying hepatocytes will soon be replaced 

by ‘newly generated’ hepatocytes differentiated from hepatic progenitor cells, evidenced by Ki67 

staining and ductular reaction in livers of nATF6tg/wt mice. Interestingly, nATF6tg/wt mice are 

protected from acute stress-induced liver damage (data not shown), whereas in the long-term and 

upon chronic stress, these animals developed liver cancer. Indicating that the quality of UPR in 

‘aged’ hepatocytes and ‘newly generated’ hepatocytes in nATF6tg/wt mice is very likely to be 
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different. Probably the UPR in ‘newly generated’ hepatocytes is more to the adaptive direction, 

and it switches to “the terminal UPR” as the stress can not be resolved. This is especially the case 

in situations where the chronic insult (e.g. high caloric diet; chronic virus infection) is not 

interrupted. The diversity in quality of the UPR originates not only from different “ages” of 

hepatocytes but also reveals a spatial difference. The latter is mainly induced by hepatic vascular 

distribution, which entitles hepatocytes from different Zones with distinct levels of stimuli and 

oxygen supply15. Indeed, hepatocytes around the central vein are challenged more often by 

molecules from the digestive tracts than their counterparts in the portal triads. 

Except for the pro-survival effects of the UPR in tumor cells and the pro-inflammatory effects of 

the UPR in pre-malignant cells, ER stress is barely linked directly to liver cancer. In my opinion, it 

should not be misinterpreted that the UPR can initiate and drive the malignant transformation of 

normal cells on its own. Usually, ER stress leverages UPR-related mechanisms, like ROS 

production, oncogenic signaling activation, or metabolic remodeling to participate in the pro-

tumorigenic process. In my study, the protumorigenic effect of persistent ATF6 activation is 

mediated or partially contributed by ROS production. Anti-ROS BHA diet can limit the level of liver 

damage in nATF6tg/wt mice dramatically regardless of the animals' age. When talking about 

oxidative stress, it is worth mentioning NRF2, the master regulator of cellular redox status. Same 

as ATF6, the role of NRF2 in tumorigenesis is also under debate. Karin et al. hold the opinion that 

activation of NRF2 turns on oncogenic signalings and thus is protumorigenic131, whereas others 

see it differently. We have tried to either knockout NRF2 or activate NRF2 in nATF6tg/wt mice. The 

knockout of NRF2 in nATF6tg/wt mice is not affordable as even a heterozygous knockout of NRF2 

in the presence of nATF6 transgene is lethal to the animals. Whereas mild activation of NRF2 by 

cross CMVcaNrf2 mice with nATF6tg/wt mice is feasible, we have seen a reduced tumor burden in 

the mouse liver (data not shown); indicating that in nATF6tg/wt mice, the hepatic tumorigenesis is 

indeed a consequence of ROS generation. 

The neoplastic transformation of the liver has never been the sole responsibility of hepatocytes. 

Other cell types, such as KCs and hepatic infiltrating immune cells, are also intensively involved. 

It is commonly accepted that liver cancer arises exclusively as a result of underlying chronic 

inflammation12. Hepatic immune cells are the leading force in anti-tumor immunosurveillance in 

the liver. Meanwhile, they also act as the primary perpetrator in generating pro-tumorigenic 

inflammatory microenvironment. In the context of NASH-induced HCC, the adaptive immune cells 

(T and B cells) are key mediators for NASH-induced liver cancer, given that Rag1-/- mice are 

protected from NASH-diet induced HCC72. Unlike NASH-induced HCC, the lack of adaptive 
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immune cells boosts the tumor burden in murine liver cancer model induced by ATF6 activation, 

indicating that anti-tumor immune-surveillance is still working among the inflammatory hepatic 

microenvironment in nATF6tg/wt mice. Once we depleted mature T and B cells in nATF6tg/wt mice 

by crossing them with RAG1-/- mice, the tumor onset occurs when the mice were 6 months old, 

whereas the earliest tumor found in nATF6tg/wt mice with complete adaptive immune response 

was at 9 months time point. Similarly, the tumor burden in nATF6tg/wtRag1-/- mice at 9 months is 

more severe compared to it in nATF6tg/wt mice. The opposite functions of adaptive immune 

response in NASH-induced HCC and ATF6 activation-mediated HCC might be explained by the 

different origins of the malignant cells. In NASH-induced HCC, the transformation of hepatocytes 

is driven by the inflammatory milieu generated by hyperactive immune cells. Not all NASH liver 

will develop liver cancer as the malignant transformation promoted by the inflammatory 

surrounding can not always be successful. However, in nATF6tg/wt mice, the oncogenic events 

occur in every hepatocyte expressing the truncated form of ATF6. At the early stage, the immune 

system is capable of eliminating pre-malignant cells; however, with the establishment of the 

inflammatory microenvironment, immune escape occurs and finally results in liver cancer 

formation. In this scenario, it would be informative to understand the mechanisms of how the 

immune surveillance in nATF6tg/wt mice fails to eliminate the pre-cancerous cells. 

The mechanisms involved in the immune escape of pre-malignant cells include the 

immunosuppressive microenvironment and the dysfunction of immune cells. By checking these 

aspects in livers of nATF6tg/wt mice, I found in the first place, the PDL1 expressing cells from the 

myeloid lineage accumulated in livers of nATF6tg/wt mice. Additionally, immunosuppressive cells, 

namely MDSCs and M2 macrophages, are found to accumulate in livers of nATF6tg/wt mice. Last 

but not least, it is exciting to see hepatocytes themselves also express a low amount but 

detectable PDL1, which means, throughout the liver, more than 70% of the cells are able to 

suppress the function of T cells. I have not figured out yet whether the function of the immune 

cells is compromised or not while writing this thesis. I performed a TUNEL assay meant to see 

the death of hepatocytes. However, more robust signaling in immune cells has been observed 

compared to dying hepatocytes (data not shown). Thus I hypothesized that ATF6 activation-

induced phenotype in hepatocytes also affects the fate and function of other cell types in the liver. 

In the next step, I tried to answer how ATF6 activation in hepatocytes affects the function of 

neighboring cells. I have shown the hyperproliferation of hepatocytes in nATF6tg/wt mice, which 

requires a huge amount of energy and building blocks. Thus, I hypothesized that 

hyperproliferation of hepatocytes exhausts nutrition storage in hepatocytes and nutrition supply 
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for other non-parenchymal cells. To test this, I performed NMR-based metabolic analyses, RNA-

seq analyses, and proteomic analyses of livers from nATF6tg/wt mice. I proved that hepatocytes 

with persistent ATF6 activation shift their metabolic preference towards aerobic glycolysis. 

Moreover, I also showed in vitro that the metabolic shift is induced by persistent ATF6 activation, 

but not environmental factors. However, the relationship between nutrient deprivation and 

immune-cell dysfunction still requires further investigation. 

In my study, I could identify that ATF6 activation is involved not only in the regulation of glucose 

metabolism but also of lipid and amino acids metabolism, indicating a central role of the ATF6 

branch of UPR in controlling cellular metabolism. For further studies, given the vast difference in 

bile acid concentration and components in nATF6wt/wt and nATF6tg/wt mice, the remodeling of 

cholesterol metabolism by ATF6 is of the highest interest for me. Importantly, I thought that the 

cholesterol and bile acid metabolism is closely related to the gender disparity phenotype I saw in 

nATF6wt/wt and nATF6tg/wt mice, revealing the human situation primary biliary cholangitis is mainly 

founded in females. 

In the end, by using a genetically ATF6 knockout mouse model, I proved that knockout of ATF6 

confers broad-spectrum protection in different tumor models in mice, indicating the potential 

clinical application of ATF6 inhibitors. Thus, understanding the molecular mechanisms of how the 

ATF6 arm of UPR contributes to hepatic tumorigenesis is essential for its therapeutic usage. In 

addition, it is also worth noting that ATF6 may react to acute and chronic ER stress differently, as 

other scientists have reported that ATF6 activation protects the host from other types of disease 

(e.g. ischemia/reperfusion injury)132. 
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Figure 51: A schematic representation shows biological events involved in ATF6 activation-induced 
tumorigenesis. In brief, persistent ATF6 activation in hepatocytes induces the expression of UPR target 
genes which re-modulate the metabolic programs and benefits cell proliferation. Cellular ROS has been 
generated in this process, causing DNA damage and genomic instability in host cells, leading to cell death 
in hepatocytes. Dying hepatocytes release DAMPs, which can initiate the immune response and ductular 
reaction. The inflammatory liver microenvironment and SPP1 secreted by BECs both benefit the tumor 
onset. Meanwhile, metabolic reprogramming in hepatocytes burns hepatic glucose and suppresses the 
function of immune cells. 
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This appendix contains one published publication to which I contributed writing during my Ph.D. 

 

 

The immunological and metabolic landscape in primary and metastatic liver cancer 

Xin Li1,6, Pierluigi Ramadori 1,6, Dominik Pfister 1, Marco Seehawer 2,3, Lars Zender2,4,5 and 

Mathias Heikenwalder 1 ✉ 

Nature Reviews Cancer volume 21, pages541–557 (2021)15 
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