
University of Ulm
Institute of Physiological Chemistry
Director: Prof. Dr. Thomas Wirth

Effects of IKK/NF-κB Signaling in

MYC-driven Liver Tumorigenesis

Dissertation

submitted for the degree of Doctor in Medicine (Dr. med.)
at the Medical Faculty of Ulm University

Submitted by: Jiajia He

Place of Birth: Nanjing, P. R. China

Ulm, 2018



Amtierender Dekan: Prof. Dr. T. Wirth

1. Berichterstatter: Prof. Dr. T. Wirth
2. Berichterstatter: PD Dr. F. Leithäuser

Tag de Promotion: 14.06.2018



I

Table of contents

Abbreviations............................................................................................................... III

1. Introduction...............................................................................................................1

1.1 Epidemiology and Etiology of primary liver caner......................................... 1

1.2 MYC transcription factor family and liver cancer........................................... 6

1.3 The NF-κB transcription factor family.......................................................... 19

1.4 Aims of this study.......................................................................................... 27

2. Materials and Methods.............................................................................................28

2.1 Mouse model..................................................................................................28

2.2 Genotyping.....................................................................................................29

2.3 Measurement of liver serum parameters........................................................30

2.4 RNAAnalysis.................................................................................................32

2.5 Protein analysis.............................................................................................. 33

2.6 Histology........................................................................................................34

2.7 Statistical analysis.......................................................................................... 38

2.8 Reagents and Materials.................................................................................. 39

3. RESULTS.................................................................................................................43

3.1 MYCLAP-tTA/NEMOΔLPC mice show a strong upregulation of MYC and

downregulation of NEMO in the liver................................................................. 43

3.2 Liver specific ablation of NEMO accelerated MYC-induced tumorigenesis

and tumor related death........................................................................................46

3.3 MYCLAP-tTA/NEMOΔLPC animals show different morphological changes

during the development of hepatocarcinogenesis from MYCLAP-tTA mice...........48

3.4 Liver-specific NEMO ablation increases apoptosis and proliferation levels in

MYC-driven tumorigenesis..................................................................................49

3.5 Liver-specific NEMO ablation promotes infiltration of inflammatory cells,



II

tumor associated fibrosis and angiogenesis......................................................... 56

3.6 Involvement RAF-MEK-MAPK signaling pathway in MYC-driven liver

tumorigenesis....................................................................................................... 61

3.7 MYCLAP-tTA/NEMOΔLPC mice possess both HCC and ICC features.............. 63

3.8 NEMOΔLPC mice showed no steatohepatitis at 12 months.............................71

3.9. MYC inactivation could reverse the tumor phenotype................................. 73

4. Discussion................................................................................................................ 83

4.1 MYC overexpression in the liver induces typical hepatocarcinogenesis.......83

4.2 NEMO ablation shows substantial effects on MYC-driven tumorigenesis... 85

4.3 Effects of NEMO deletion itself on the phenotypes...................................... 91

4.4 MYC inactivation reverses both HCC and cHCC-CC...................................93

5. Summary.................................................................................................................. 94

6. References................................................................................................................96

7. Acknowledgements................................................................................................ 126

8. Curriculum Vitae....................................................................................................128



III

Abbreviations

3’ 3 prime end
5’ 5 prime end
ADM Acinar-to-ductal metaplasia
AEC 3-amino-9-ethylcarbazole
AFB1 aflatoxin B1
ALP alkaline phosphatase
ALT alanine aminotransferase
ANK ankyrin
αSMA Alpha smooth muscle actin
AST aspartate aminotransferase
BAFFR B-cell-activating factor
BCA Bicinchoninic acid
Bcl-3 B-cell lymphoma 3
bHLH-LZ basic region helix-loop-helix-leucine zipper
β-ME β-Methylphenethylamine
BR basic region
BRAF v-Raf murine sarcoma viral oncogene homolog BBSA Bovine

serum albumin
BSA bovine serum albumin
CAD carbamoylphosphate synthetase, aspartate transcarbamoylase

and dihydroorotase
Ca2+ Calcium ion
CC3 cleaved caspase 3
CCl4 carbon tetrachloride
CDC25A cell division cycle 25A
CDK Cyclin-dependent kinases
cDNA Complementary DNA
C/EBP CCAAT/enhancer binding protein
cHCC-CC combined hepatocellular-cholangiocarcinoma
ChIP chromatinvimmunoprecipitation
ChIP-chip Chromatin-Immunoprecipitation Chip
ChIP-seq chromatinvimmunoprecipitation-sequencing
CK7 Cytokeratin 7
CK19 Cytokeratin 19



IV

ConA concanavalin A
CPS1 Carbamoyl phosphate synthetase I
Cre Cre recombinase
cRel V-Rel avian reticuloendotheliosis viral oncogene homolog
CSF-1 colony-stimulating factor-1
CT Computed tomography
C-terminus Carboxyl terminus
DamID DNA adenine methyltransferase identification
DAPI 4',6-diamidino-2-phenylindole
DEN diethylnitrosamine
DHFR dihydrofolate reductase
DNA Deoxyribonucleic acid
DNase Deoxyribonuclease
DOX doxycycline
DTT Dithiothreitol
ECL Enhanced chemiluminescence
EDA-ID ectodermal dysplasia with immunodeficiency
EDTA Ethylenediaminetetraacetic acid
e.g. Exempli gratia (Latin)
ERK extracellular regulating kinase
GADD45 Growth Arrest and DNA Damage-inducible 45
GADD153 Growth Arrest and DNA Damage-inducible 153
GGT Gamma-Glutamyl Transpeptidase
GLUT1 glucose transporter 1
HBSS Hank's Balanced Salt Solution
HBV hepatitis B virus
HCC hepatocellular carcinoma
HCl Hydrogen chloride
HCV hepatitis C virus
H&E Hematoxylin and eosin
H2O2 Hydrogen peroxide
HIF hypoxia-inducible factor
HPC hepatic progenitor cell
HRP Horseradish peroxidase
HSC hepatic stellate cell



V

ICC intrahepatic cholangiocarcinoma
i.e. Id est (Latin)
IF Immunofluorescence
Ig-κ Immunoglobulin kappa light chain
IgG Immunoglobulin G
IHC Immunohistochemistry
IκBs Inhibitors of NF-κB
IκBα Inhibitor of NF-κB alpha
IκBβ Inhibitor of NF-κB beta
IκBε Inhibitor of NF-κB epsilon
IκBγ Inhibitor of NF-κB gamma
IκBζ Inhibitor of NF-κB zeta
IKK IκB kinase
IKK1/IKKα Inhibitor of NF-κB kinase subunit 1/ Inhibitor of NF-κB kinase

subunit α
IKK2/IKKβ Inhibitor of NF-κB kinase subunit 2/ Inhibitor of NF-κB kinase

subunit β
IL-1 Interleukin-1
IL-6 Interleukin-6
IL10 Interleukin-10
IL17 Interleukin-17
IP incontinentia pigmenti
IVIS in vivo imaging system
JNK c-Jun N-terminal kinase
KCl Potassium chloride
KH2PO4 Potassium dihydrogen phosphate
LAP liver activator protein
LPS Lipopolysaccharide
LT lymphotoxin
LTβR lymphotoxin-β receptor
MAD mitotic arrest deficient
MAPK Mitogen-activated protein kinases
MAX MYC associated factor X
MB MYC-boxes
MC29 myelocytomatosis virus 29
MGA MAX gene associated/ MAX dimerization partner



VI

MgCl2 Magnesium chloride
miR microRNA
MIZ1 MYC-interacting zinc finger 1
MNT MAX’s next tango
MRI Magnetic resonance imaging
mRNA Messenger ribonucleic acid
MXI MAX interactor
MYC v-myc avian myelocytomatosis viral oncogene homolog
Myc-ER Myc-estrogen receptor
NaCl Sodium chloride
NAFLD nonalcoholic fatty liver disease (NAFLD)
NASH nonalcoholic steatohepatitis
Na2HPO4.7H2O Disodium hydrogen phosphate heptahydrate
NBD NEMO-binding domain
NEMO /IKKγ NF-κB essential modulator/Inhibitor of NF-κB kinase subunit γ
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NIK NF-κB-inducing kinase
NLS Nuclear localization sequence
N-terminus Amino terminus
Oct3/4 octamer-binding transcription factor 3/4
ODC ornithine decarboxylase
PAGE polyacrylamide gel electrophoresis
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PDGF platelet derived growth factor
PLC primary liver cancer
POD peroxidase
PSC primary sclerosing cholangitis
Pu Purine
PVDF polyvinylidene difluoride
PyOD pyruvate oxidase
RANK receptor activator for nuclear factor κB
RelA V-Rel avian reticuloendotheliosis viral oncogene homolog A
RelB V-Rel avian reticuloendotheliosis viral oncogene homolog B
RHD Rel homology domain



VII

ROS reactive oxygen species
rpm Revolutions per minutes
SDS Sodium dodecyl sulphate
Sox2 sex determining region Y-box 2
Sox9 sex determining region Y-box 9
STAT3 Signal transducer and activator of transcription 3
TAD Transactivation domain
TBS Tris-buffered saline
TetO TetO operator sequence
TG transgenic
TGFβ transforming growth factor β
TLRs Toll-like receptors
TNFα tumor necrosis factor α
TNFR TNF receptor
TNT Tris-NaCl-Triton X100 protein lysis buffer

TRADD TNFR1‑associated death domain protein

TRAFs TNF receptor associated factors
TRRAP transformation/transcription domain-associated protein
Tris tris-(hydroxymethyl-)aminomethan
Tsp1 thrombospondin-1
tTA tetracycline-responsive transactivator
U unit
Ub ubiquitin
UV ultraviolet
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
v-myc myelocytomatosis viral oncogene
Wnt Wingless-related integration
w/o without
XIAP X-linked inhibitor of apoptosis protein
WT Wild type



VIII

SI units and prefixes
cm Centimeters
°C Degree Celsius
% Percentage
ml Milliliter
IU International Unit
kDa Kilodalton
bp Base pairs
μg Microgram
kg Kilogram
μl Microliter
mg Milligram
g Gram
μm Micrometer
w/v Weight / volume
mM Millimolar



INTRODUCTION

1

1. Introduction

1.1 Epidemiology and Etiology of primary liver caner

1.1.1 Epidemiology of primary liver cancer

Primary liver cancer (PLC) ranks as the fifth most common cancer and the second

leading cause of cancer related death globally (El-Serag & Rudolph, 2007; Ferlay et

al., 2015; Valery et al., 2017). PLC primarily comprised of hepatocellular carcinoma

(HCC), accounting for 75-80%, intrahepatic cholangiocarcinoma (ICC), accounting

for 10-15%, combined hepatocellular-cholangiocarcinoma (cHCC-CC), with a

reported incidence varying between 0,4 and 4.7% and other rare types (Goodman,

Ishak, Langloss, Sesterhenn, & Rabin, 1985; McGlynn & London, 2011; Petrick et al.,

2016; Ryerson et al., 2016; A. Q. Wang et al., 2016; Yeh, 2010; X. Yin et al., 2012).

The annually new cases of PLC are about 782,000 worldwide (around 50% in China

alone) (Ferlay et al., 2015). And the incidence of the disease as well as the health

burden is much higher in less developed countries than developed countries. In 2013,

it was estimated that the age-standardized incidence rates per 100 000 is about 14.72

in developing countries while 7.42 in developed countries, and the age-standardized

death rates per 100 000 is 15.59 in developing countries vs 7.26 in developed

countries (Global Burden of Disease Cancer et al., 2015). According to data from

GLOBOCAN 2012, PLC is responsible for approximately 745,000 deaths (accounting

for 9.1% of total cancer-related deaths) globally (Ferlay et al., 2015). An annual

report on the cancer status from 1975-2014 pointed out that the total cancer deaths in

both men and women continue to decrease, while for liver cancer the death rates

increased for last 40 years (Jemal et al., 2017). Also, in the USA, PLC showed an

extremely increasing mortality in both men and women in the 20 years between 1990

and 2009 (Llovet, Villanueva, Lachenmayer, & Finn, 2015). The incidence of PLC is

highest in Eastern Asia, Northern and Western Africa, while the lowest in Northern

Europe and South-Central Asia (Ferlay et al., 2015; Torre et al., 2015). Recently one

study predicted that by 2030, the new cases and the incidence rates of PLC both

increases in men and women in most countries, with exception of China, Japan and

some European countries due to the changing distributions of risk factors for PLC
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(Valery et al., 2017). Nevertheless, PLC has the features of high mortality and poor

prognosis and brings a heavy health burden to people worldwide.

1.1.2 Etiology of primary liver cancer

The major risk factors for HCC differ in high and low incidence rates areas. In HCC

high prevalent countries of Asia and Africa, hepatitis B virus (HBV) chronic infection

and aflatoxin B1 (AFB1) exposure are the dominant risk factors. However, in HCC

low-incidence rate regions, risk factors including chronic hepatitis C virus (HCV)

infection, alcoholic addiction, obesity/nonalcoholic fatty liver disease

(NAFLD)/nonalcoholic steatohepatitis (NASH) and other metabolic syndrome as well

as type 2 diabetes are more important to the development of HCC (Kew, 2014;

McGlynn, Petrick, & London, 2015). Globally, chronic HBV infection contributes to

around 50% of all HCC cases and almost all childhood cases (El-Serag, 2011). Also,

the risk to develop HCC is further increased if the patients are elderly or male, have

been exposed to AFB1, have excessive alcohol or tobacco consumption or co-infected

with HCV (El-Serag, 2011; Kew, 2014; McGlynn et al., 2015).

1.1.3 Molecular pathways involved in hepatocarcinogenesis

It has been reported that deregulation of various signalling pathways are involved in

hepatocarcinogenesis, such as Ras/Raf/MEK/MAPK pathway, Wnt/ß-catenin

pathway, Notch, Hedgehog, PI3K/Akt/mTOR and transforming growth factor-ß

(TGF-ß) pathways (Della Corte et al., 2017; El-Serag & Rudolph, 2007; Lu et al.,

2016; Villanueva et al., 2012; Wong & Ng, 2008; Zhou, Lui, & Yeo, 2011). In our

study, we focused on the investigation of role of Ras/Raf/MEK/MAPK pathway in

our animal model. Ras signalling is known to be involved in distinct multicellular

processes including cell survival, growth and migration (Vojtek & Der, 1998).

Mitogen-activated protein kinases (MAPKs), comprising a family of serine and

threonine kinases of c-Jun-N-terminal kinase (JNK), extracellular regulating kinase

(ERK) and p38, are important signaling components of Ras/MAPK pathway, which

are involved in diverse cellular responses, such as proliferation, differentiation,

survival and migration (Min, He, & Hui, 2011). Deregulated MAPKs are often

identified to contribute to different cancer development, including HCC (Huynh et al.,
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2003; Ito et al., 1998). Of note, various studies on the Raf/MAPK/ERK pathway have

contributed to the identification and development of the first systemic effective agent

Sorafenib, a multikinase inhibitor, for the targeted treatment of HCC (Min et al., 2011;

Newell et al., 2009; Saidak et al., 2017). Marquardt, J. U. et al. have reviewed

numerous studies and concluded very detailed signaling pathways that are involved in

primary liver cancer (Marquardt, Andersen, & Thorgeirsson, 2015). More studies are

needed to gain a profound knowledge of different signaling pathways or molecular

mechanisms of hepatocarcinogenesis for developing effective therapeutic agents for

HCC.

1.1.4 Cellular origin of primary liver cancer

Although numerous studies have attempted to elucidate the so-called cell-of-origin

question for primary liver cancer, it still remains uncertain and under investigation. It

has been known that a wide spectrum of different tumor types including HCC, ICC

and cHCC-CC can be induced depending on the target cell of various carcinogens and

diverse malignance as well as kinds of involvement of functional signalling pathways.

The basic hepatic structure consists of parenchymal cells (hepatocytes and

cholangiocytes/biliary epithelial cells) and nonparenchymal cells (kupffer cells,

stellate cells, portal fibroblasts and endothelial cells) (Stanger, 2015).

It is known that primary liver cancer mainly consists of two types, namely

hepatocellular carcinoma and cholangiocarcinoma, which usually arise from

hepatocytes and cholangiocaytes, respectively. However, evidence shows that other

possibilities also exist depending on the specific target of malignant transformation.

For instance, it has been suggested that the primary liver cancer can originate from the

liver stem/progenitor cells (Fausto, 1990; Holczbauer et al., 2013; J. S. Lee et al.,

2006; T. A. Roskams, Libbrecht, & Desmet, 2003; F. Zhang et al., 2008). In addition,

it has been suggested that the cHCC-CC tumor type is rare, showing both

hepatocellular and bile duct differentiation, but more aggressive than HCC or ICC,

and mostly accounts for less than 5% of primary liver cancer cases. Due to the

heterogeneity of both HCC and ICC, and the less frequent animal models of

combined hepatocellular carcinoma and cholangiocarcinoma, the cellular origin for

cHCC-CC is also unclear up to now (Yeh, 2010). No matter what, abundant evidence
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that PLCs with stem or progenitor cell features show a poor outcome (Marquardt,

Galle, & Teufel, 2012).

1.1.4.1 Hepatocytes as the origin of PLCs

The liver is a special organ with multiple functions and remarkable ability of

regeneration (Duncan, Dorrell, & Grompe, 2009). Mature hepatocytes account for

approximately 60-80% of the liver cells. It is therefore high likely that under exposure

to toxins, viral infection, immune attack or other chronic inflammatory

microenvironment, the mature hepatocytes may undergo malignant transformation.

Evidence from numerous genetically engineered animal models of liver

carcinogenesis supports this hypothesis.

In addition, by hydrodynamic gene delivery, genetic alterations could be

predominantly induced in the hepatocytes, and this technique also helps to support the

concept that mature hepatocytes as cellular origin of hepatocarcinogenesis (X. Chen

& Calvisi, 2014; L. Zender et al., 2010). Besides the contribution to HCC, it has been

implicated that exposure to biliary injury, mature hepatocytes may also reprogram to

biliary epithelial cells (Fan et al., 2012; Michalopoulos, Barua, & Bowen, 2005;

Sekiya & Suzuki, 2014; Yanger et al., 2014). Recent studies have revealed that ICC

can originate from hepatocytes (Fan et al., 2012; Sekiya & Suzuki, 2012; S. Zender et

al., 2016). However, a recent in vivo study using lineage tracing system has

demonstrated that, hepatocyte-derived biliary epithelial cells retain a memory of

hepatic origin and differentiate back to hepatocytes upon the specific injury cessation

(Tarlow, Pelz, et al., 2014). It implies that mammal hepatocytes can undergo

reversible biliary metaplasia upon injuries, but the prerequisite condition is the

existence of expansive and ongoing liver damage.

1.1.4.2 Cholangiocytes/Biliary epithelial cells as the origin of PLCs

Besides the trans-differentiation of hepatocytes to cholangiocytes upon ceratin

injuries, inducing the development of ICC, lines of evidence show the origination of

ICC from cholangiocaytes/ biliary epithelial cells (Table 2). For example, one recent

study using cell-lineage visualization system has implied that the ICC originates from

cholangiocytes but not from hepatocytes (Ikenoue et al., 2016). Another research
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using cell-lineage tracing tool has proved that cholangiocytes are a target of malignant

transformation and an origin of ICC in the context of combined chronic inflammatory

liver injury and p53 loss (Guest et al., 2014).

1.1.4.3 Liver stem/progenitor cells as the origin of PLCs

Hepatic stem/progenitor cells are believed to reside in the terminal branches of the

Canal of Hering and can give rise to both hepatocytes and biliary epithelial cells,

therefore are bipotential cells (Haruna, Saito, Spaulding, Nalesnik, & Gerber, 1996;

Suzuki et al., 2008). Up to now, there have been many rodent models to induce liver

stem/progenitor cells by different liver injuries (Dabeva & Shafritz, 1993; Espanol-

Suner et al., 2012; Lemire, Shiojiri, & Fausto, 1991). Also, it has been well studied

that liver cancers can derive from these bipotential progenitor cells (Komuta et al.,

2008; J. S. Lee et al., 2006; Peng, Li, Cai, Tan, & Wu, 2010; T. A. Roskams et al.,

2003; F. Zhang et al., 2008). Various experimental models induced the activation of

putative liver stem/progenitor cells, resulting in liver carcinogenesis. These animal

models usually combined liver injury with impaired hepatocytes regeneration,

mimicking many human liver diseases (Duncan et al., 2009). Of note, gene expression

analysis has demonstrated that, among many oncogenes and signaling pathways, the

activation of MYC oncogene and its targets is exclusively required for

reprogramming hepatocytes into liver cancer stem/progenitor cells and important for

tumor development (Holczbauer et al., 2013). Furthermore, another study revealed

that different expression levels of MYC have a differential impact on hepatic

stemness traits. At low expression levels, MYC activation resulted in increased

proliferation and enhanced stem cells properties. However, MYC may induce a pro-

apoptotic program and loss of stem cells potential when exceeding a threshold level of

expression (Akita et al., 2014).

Overall, diverse studies have revealed and emphasized that many cell types can be the

cellular origin of liver tumorigenesis and seem to reflect the tumor biological

characteristics. Abundant evidence makes it extremely clear that, PLCs bearing stem

or progenitor cell features always show an activation of diverse oncogenic pathways

and are associated with a poor prognosis (Govaere et al., 2014; Marquardt et al., 2012;

Sia, Hoshida, et al., 2013). What we should keep in mind is that the early
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identification of the PLCs cellular origin is extremely necessary for early detection of

this disease, and to reduce the tumor initiating cells effectively.

1.2 MYC transcription factor family and liver cancer

1.2.1 General information about MYC oncogene and cancer

MYC belongs to a transcription factor family that includes three conserved genes,

MYC (c-MYC), MYCL (L-Myc) and MYCN (N-Myc) which have several similar

physiological functions(Brodeur, Seeger, Schwab, Varmus, & Bishop, 1984; Eilers &

Eisenman, 2008; Malynn et al., 2000). In the late 1970s, a gene sequence of the

genome from the avian acute leukemia virus MC29 (MC29V) was detected to induce

myelocytomatosis, and was therefore named v-myc, which later proved to be a host

cell-derived gene (Duesberg & Vogt, 1979; Sheiness & Bishop, 1979). And in 1982,

researchers successfully isolated chicken DNA (c-myc) that is a cellular homologue

of the oncogene (v-myc) of the MC29V (Vennstrom, Sheiness, Zabielski, & Bishop,

1982). In the course of approximately 40 years of research, the multiple cellular

functions of MYC have been identified. MYC target genes are implicated to be

involved in the control of growth and proliferation, cell cycle and differentiation,

energy metabolism and various signaling pathways (Bouchard, Staller, & Eilers, 1998;

Dang, 1999; Eilers & Eisenman, 2008; Meyer & Penn, 2008; Nasi, Ciarapica, Jucker,

Rosati, & Soucek, 2001; Pelengaris, Khan, & Evan, 2002).

The deregulated or elevated expression of MYC proto-oncogene has been implicated

in a wide range of cancers and is often seen in aggressive and poorly-differentiated

tumors. Such cancers include hepatocellular carcinoma, breast, colon, cervical, small-

cell lung carcinomas, human Burkitt’s lymphoma, osteosarcomas, glioblastomas,

melanoma, myeloid leukaemias and pancreatic cancer (Dang, 1999; Fallah, Brundage,

Allegakoen, & Shajahan-Haq, 2017; Nesbit, Tersak, & Prochownik, 1999; Nguyen,

Papenhausen, & Shao, 2017; Santoni-Rugiu, Jensen, Factor, & Thorgeirsson, 1999;

Satoh et al., 2017; Schlagbauer-Wadl et al., 1999; Xu, Chen, & Olopade, 2010). It has

been well established that deregulated expression of MYC is sufficient to induce

many tumors by different transgenic animal models (Adams et al., 1985; Chesi et al.,

2008; Leder, Pattengale, Kuo, Stewart, & Leder, 1986; Morgenbesser & DePinho,

1994; Ohgaki, Sanderson, Ton, & Thorgeirsson, 1996; X. K. Zhang, Huang, Qiu, &
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Chiu, 1990). Despite its role in tumor initiation, many studies using animal models

with inducible MYC have established that by inhibition of MYC overexpression,

tumors could be sustainably repressed, indicating that MYC is also crucial for tumor

maintenance in those tumors which are addicted to MYC oncogene (Arvanitis &

Felsher, 2005, 2006; Felsher & Bishop, 1999; M. Jain et al., 2002; Marinkovic,

Marinkovic, Mahr, Hess, & Wirth, 2004; Shachaf et al., 2004; Soucek et al., 2008).

Given these facts, alteration of the MYC oncogene is of vital importance to the

development of various human cancers. And it has been proven that using a

conditional transgenic model with a dominant negative inhibitor of MYC

heterodimerization could efficiently and effectively repress the Ras-induced lung

adenocarcinoma, indicating that it could be a feasible strategy for cancer therapy by

systemic MYC inhibition (Soucek et al., 2008).

1.2.2 MYC structure and molecular mechanisms

The functional domains of MYC proteins contain several parts and are illustrated by

previous studies (Pelengaris et al., 2002). The N-terminus of MYC proteins consists

of three conserved motifs, termed MYC-boxes (MB) I, II and III, which are required

for MYC protein stability, protein interaction, and transcriptional modulation of MYC

target genes, hence are essential for all known biological functions (Adhikary &

Eilers, 2005; Herbst et al., 2005; Herbst, Salghetti, Kim, & Tansey, 2004; Klapproth

& Wirth, 2010). In addition, MYC proteins also harbor a C-terminal basic region

helix-loop-helix-leucine zipper (bHLH-LZ) dimerization motif and a DNA-binding

basic region (BR). The dimerization of MYC proteins with its associated factor X

(termed MAX) is fundamental for DNA-binding activity and transcriptional

transactivation (Amati et al., 1992; Blackwood & Eisenman, 1991; Blackwood,

Luscher, & Eisenman, 1992; Blackwood, Luscher, Kretzner, & Eisenman, 1991; P. J.

Hurlin, Ayer, Grandori, & Eisenman, 1994; Kato, Lee, Chen, & Dang, 1992). The

MYC-MAX heterodimers are sequence specific and therefore necessary for the

binding of MYC proteins to specific DNA sequences CACGTG (known as E-boxes)

in the promoter regions of target genes, thereby activating target gene transcription

(Blackwood & Eisenman, 1991; Pelengaris et al., 2002). Evidence of MYC as a

transcriptional activator was first indicated by the fusion of the N-terminal domain of

MYC to the DNA-binding domain of yeast Gal4, which was able to activate a reporter
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construct expression (Kato, Barrett, Villa-Garcia, & Dang, 1990). The discoveries of

other interacting proteins (which were a part of chromatin-remodeling complexes)

expanded our understanding of MYC as a transcriptional activator. For instance, it

was shown that MYC N-terminal domain was able to interact with the

transformation/transcription domain-associated protein (TRRAP) and recruit histone

acetyltransferase activity (McMahon, Van Buskirk, Dugan, Copeland, & Cole, 1998;

Nikiforov et al., 2002; Park, Kunjibettu, McMahon, & Cole, 2001).

Furthermore, a large body of evidence has highlighted the importance of the

MYC/MAX/MAD (mitotic arrest deficient) network in regulating cell growth,

proliferation and differentiation (Bouchard et al., 2001; Foley & Eisenman, 1999;

Grandori, Cowley, James, & Eisenman, 2000; Luscher, 2001). It has been suggested

by transcription reporter assays that MAX is transcriptionally inert or has weak

repressor activities (Kato et al., 1992; Kretzner, Blackwood, & Eisenman, 1992).

MAX functions at the center of the MYC/MAX/MAD transcription factor network

and serves as a cofactor for DNA binding with additional members of this network,

which include the MYC proteins and a group of MYC antagonists, such as MNT

(MAX’s next tango), MXD1-4 (formerly MAD1, MXI1, MAD3 and MAD4), and

MGA (Ayer, Kretzner, & Eisenman, 1993; Henriksson & Luscher, 1996; P. J Hurlin,

Quéva, & Eisenman, 1997; P. J. Hurlin, Steingrìmsson, Copeland, Jenkins, &

Eisenman, 1999). These MAD proteins are also bHLH-LZ dimers but act as

transcriptional repressors and are related to terminal differentiation, cell-cycle

inhibition and tumor repression (Foley & Eisenman, 1999). Hence, depending on the

dimerization partner with MAX proteins, various biological functions are fulfilled by

transcriptional activation or repression of the target genes (Grandori et al., 2000; Liu,

Tesfai, Evrard, Dent, & Martinez, 2003). For example, while MYC inhibits the

differentiation of various cell types, the MAD transcription factors promote

differentiation by forming heterodimers with MAX (Pelengaris et al., 2002). MAD–

MAX dimers recruit corepressors and histone deacetylases (HDACs) to target DNA,

leading to the generation of histone modifying enzymes such as histone deacetylases,

histone acetyltransferases, and subsequent repression of MYC target genes (Amati,

Frank, Donjerkovic, & Taubert, 2001; Bouchard et al., 2001; P. J Hurlin et al., 1997;

Liu et al., 2003).
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Except for the important role in transcriptional activation, MYC transcription factors

also play a vital role in transcriptional repression (Wasylishen & Penn, 2010). The

very initial evidence showing that MYC functions as a transcriptional repressor

emerged from studies suggesting negative autoregulation of MYC proteins (Buckler,

Kessler, Duyao, Rothstein, & Sonenshein, 1988; Penn, Brooks, Laufer, & Land,

1990). However, the mechanisms of transcriptional repression by MYC still remains

less well understood. It has been shown that MYC proteins exert transcription

activation through E-box binding sites but repress transcription by a mechanism

dependent on initiator motifs of the basal promoters of target genes (L. H. Li, Nerlov,

Prendergast, MacGregor, & Ziff, 1994). With the identification of some repressed

targets and interactors, our understanding of MYC transcriptional repression is also

growing. For example, MYC-interacting zinc finger 1 (MIZ1) was identified as an

interacting protein and transcriptional activator. When MYC-MAX heterodimers

interact with MIZ1, which is directly bound to DNA enhancer or initiator elements, it

will displace coactivators and recruit corepressors, thereby disrupting transcriptional

activation (Kleine-Kohlbrecher, Adhikary, & Eilers, 2006; Peukert et al., 1997;

Schneider, Peukert, Eilers, & Hanel, 1997; S. Wu et al., 2003). In addition, there is

also evidence showing that MYC confers transcriptional repression through the

regulation of microRNAs (miRs), such as miR-15-16, miR-17-5p, miR-26a, miR-17-

92 cluster, miR-34a, and miR-9 (El Tayebi et al., 2013; Jackstadt & Hermeking, 2015;

Sander et al., 2008; Xue et al., 2015).

In addition, Myc oncoproteins also exert transcriptional modulation via targeting

diverse genes. The first Myc target gene was identified by the method of Myc-

estrogen receptor (Myc-ER) fusion protein system, which was found to respond to

Myc and encode a-prothymosin, a nuclear protein that may play a role in mammalian

cell proliferation (Eilers, Schirm, & Bishop, 1991). By this approach, a number of

other MYC target genes were identified, such as ornithine decarboxylase (Bello-

Fernandez, Packham, & Cleveland, 1993; Wagner, Meyers, Laimins, & Hay, 1993;

Xin et al., 2017).

New technologies employing DNA adenine methyltransferase identification (DamID),

chromatinvimmunoprecipitation (ChIP) or genomic marking methods on a genome-

wide scale have shown that MYC binding is actually broader than anticipated

(Barrilleaux, Cotterman, & Knoepfler, 2013; Coller et al., 2000; Eilers & Eisenman,



INTRODUCTION

10

2008; Orian et al., 2003; Zeller et al., 2006). These new powerful methods have

extended our ability to assess protein–DNA interactions in vivo, and to identify a

large number of direct MYC target genes. Additionally, the combination of high

specificity of ChIP assays with the high-throughput capabilities of microarrays (ChIP-

chip) or high-throughput nucleotide sequencing (ChIP-seq), has allowed for the

genome-wide identification of MYC binding sites (Jackstadt, Menssen, & Hermeking,

2013; Pelizzola et al., 2015; Sabo et al., 2014). Moreover, it has been shown that

MYC also regulates the expression of genes encoding noncoding RNAs and proteins

(T. Kim, Cui, et al., 2015; T. Kim, Jeon, et al., 2015; Winkle et al., 2015; Zheng, Do,

Webster, Khavari, & Chang, 2014).

It is important to note that both MYC-targeted genes and the regulating mechanisms

are manifold by which MYC functions as a transcription factor family (Fernandez et

al., 2003; O'Connell et al., 2003; Patel, Loboda, Showe, Showe, & McMahon, 2004;

Zeller, Jegga, Aronow, O'Donnell, & Dang, 2003; Zeller et al., 2006). It has been

suggested that Myc not only acts as a traditional transcription factor, regulating a few

target genes to play some given biological functions. Instead, it has been revealed that

Myc can regulate chromatin structure and affect genetic programs in a global fashion

(Knoepfler, 2007; Knoepfler et al., 2006). Moreover, MYC proto-oncogene family

itself is also regulated on diverse levels by various mechanisms (Levens, 2010;

Vervoorts, Luscher-Firzlaff, & Luscher, 2006). Taken together, it is especially

complex to well understand the MYC oncogene family and its functional network.

1.2.3 Biological activities of MYC

Soon after the discovery of MYC oncogene, several different biological activities

have been recognized, including regulation of cell growth and proliferation, cell cycle

and differentiation, angiogenesis, metabolism, genomic stability and so on. Also, a

large number of MYC target genes have been recognized by employing several new

technologies to identify MYC target gene expression profiles and thereby further

improves our understanding of MYC cellular functions, both physiologically and

pathologically.
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1.2.3.1 Cell growth and proliferation

Cellular proliferation is controlled at least in part at the gene transcription level, and it

is a crucial step in the transition from cellular quiescence to proliferation state by

activation of transcription factors (Bouchard et al., 1998). Not long after the

identification of MYC gene, it has been known that its encoded protein c-Myc is such

a transcription factor. And the MYC gene is transcribed in a proliferation dependent

manner in different cell types. MYC family genes are strongly expressed during

embryogenesis, and loss of MYC or N-MYC (not of L-MYC) function could lead to

embryonic lethality (Charron et al., 1992; Davis, Wims, Spotts, Hann, & Bradley,

1993; Hatton et al., 1996; Sawai, Shimono, Hanaoka, & Kondoh, 1991; Stanton,

Perkins, Tessarollo, Sassoon, & Parada, 1992). There is a large body of evidence

showing that MYC can be upregulated in response to several growth factors (through

both transcriptional and post-transcriptional mechanisms) (Waters, Littlewood,

Hancock, Moore, & Evan, 1991), cytokines, including IL-2, IL-3, IL-4, IL-6 and IL-7

etc (Minks et al., 1992; Morrow, Lee, Gillis, Yancopoulos, & Alt, 1992; Nabata,

Morimoto, Koh, Shiraishi, & Ogihara, 1990; Shibuya, Yoneyama, Ninomiya-Tsuji,

Matsumoto, & Taniguchi, 1992; Yang et al., 1996), as well as mitogens (Kelly,

Cochran, Stiles, & Leder, 1983) and these evidence directly connects Myc proteins to

the regulation of cell proliferation. The induction by growth factors is shown to

depend on the transit from cellular quiescence into proliferation, while MYC gene is

transcribed at equivalent levels throughout the cell cycle in continuously cycling cells

(Thompson, Challoner, Neiman, & Groudine, 1985). Although it is not completely

known how Myc is upregulated in quiescent cells stimulated with serum or mitogens,

the data indicates a role for the Ras/Raf/Mek/Erk signaling cascade in the

upregulation of Myc (Kerkhoff et al., 1998). Also it has been revealed that MYC play

a central role in the colony-stimulating factor-1 (CSF-1) induced mitogenesis, which

further indicates the important role of MYC in cell growth control (Roussel,

Cleveland, Shurtleff, & Sherr, 1991). In addition, Myc proteins also show an ability to

regulate cell growth both in vitro and in vivo by increasing protein synthesis and cell

metabolism (Iritani & Eisenman, 1999; Johnston, Prober, Edgar, Eisenman, & Gallant,

1999; Schuhmacher et al., 1999; Teleman, Hietakangas, Sayadian, & Cohen, 2008).

And this ability is further supported the finding of many globally regulated MYC
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target genes, including those involved in ribosome biogenesis, protein and nucleic

acid synthesis, mitochondrial biogenesis and cellular metabolism (van Riggelen, Yetil,

& Felsher, 2010).

1.2.3.2 Cell Cycle and differentiation

It has been revealed that G1 is usually shortened when cells enter the cell cycle with

activated MYC, and MYC is essential for progression from G0/G1 to S phase (de

Alboran et al., 2001; Facchini & Penn, 1998). A large body of evidence from many

groups over the last 4 decades has revealed the mechanisms MYC in the cell cycle

regulation, and deregulation of MYC activity has profound consequences (Knies-

Bamforth, Fox, Poulsom, Evan, & Harris, 2004) on cell cycle progression (Obaya,

Mateyak, & Sedivy, 1999; Oster, Ho, Soucie, & Penn, 2002). For instance, MYC

drives or allows cell cycle progression by activation of cyclin D2, cyclin E1, cyclin

A2, cell division cycle 25A (CDC25A), ornithine decarboxylase (ODC), carbamoyl-

phosphate synthetase 2/aspartate transcarbamylase/dihydroorotase (CAD) and

transcription factor E2F1 and E2F2 (Bello-Fernandez et al., 1993; Bouchard et al.,

1999; Galaktionov, Chen, & Beach, 1996; Leone, DeGregori, Sears, Jakoi, & Nevins,

1997; Miltenberger, Sukow, & Farnham, 1995; Zornig & Evan, 1996). Similarly,

MYC downregulation of cell cycle checkpoint genes such as GADD45, GADD153

and C/EBP alpha and inhibition of the CDK inhibitors may play a role in the

induction of cells from quiescence to cell cycle and the inhibition of differentiation,

respectively (Amundson, Zhan, Penn, & Fornace, 1998; Marhin, Chen, Facchini,

Fornace, & Penn, 1997; Tao & Umek, 1999; Vlach, Hennecke, Alevizopoulos, Conti,

& Amati, 1996).

Although it is true ectopic MYC expression can strikingly inhibit the differentiation

of various cells types (Coppola & Cole, 1986; Denis et al., 1987; Dmitrovsky et al.,

1986; Freytag, 1988; Prochownik & Kukowska, 1986), MYC can also promote

cellular differentiation(Gandarillas & Watt, 1997). It has been demonstrated by

several groups that MYC downregulation is required for cells to exit the cell cycle

and induce differentiation (Canelles et al., 1997; M. J. Kim et al., 2003; Sobolewski,

Cerella, Dicato, & Diederich, 2011). It is also documented that a cell cannot

terminally differentiate when MYC is strongly overexpressed (Kelly et al., 1983;

Luscher & Eisenman, 1990), while MYC inactivation or repression in hepatocellular
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carcinoma induces the differentiation of tumor cells into hepatocytes and epithelial

biliary cells (Shachaf et al., 2004). In addition, some striking phenotypes can be

induced by a loss of MYC expression in specific cellular compartments (Baudino et

al., 2002; Wilson et al., 2004).

Of note, MYC is also important for the stem cell biology regulating the balance

between stem cell self-renewal and differentiation (Wilson et al., 2004). It has been

shown that MYC-regulated miRNAs are key in stem cell pluripotency and

tumorigenesis (Dang, 2009). Moreover, MYC is also identified as one of the four so-

called Yamanaka factors (Sox2, Oct3/4, MYC and KLF4) that are sufficient to induce

reprogramming of terminally differentiated cells (such as fibroblasts) to a pluripotent

stem cell state (Araki et al., 2011; Laurenti, Wilson, & Trumpp, 2009; Singh &

Dalton, 2009; Takahashi & Yamanaka, 2006). And one recent study has revealed that

MYC is an amplifier of expressed genes in embryonic stem cells, which also helps to

explain many functions of MYC biology (Nie et al., 2012).

1.2.3.3 Angiogenesis

After the process termed vasculogenesis for the developing embryo formation of a

primary vascular plexus, further blood vessels are generated by angiogenesis, which

are remodeled progressively into a functional circulatory system. Vasculogenesis is

regulated by vascular endothelial growth factor (VEGF) and its receptors VEGFR1

and VEGFR2 and angiogenesis is regulated by angiopoietin 1 and 2 (Hanahan, 1997;

Risau, 1997). In the adult, angiogenesis is tightly controlled and regulates

neovascularization during biological processes such as ovulation, placental

development as well as wound healing. Uncontrolled angiogenesis plays a vital role

for malignancy, and the new blood vessels sprouting into tumors indicates that

angiogenesis is a necessary process for tumor growth (Hanahan & Folkman, 1996).

Angiogenesis is evoked partly in response to environmental factors, particularly

hypoxia, which regulates the expression of angiogenic genes critical for

vasculogenesis and angiogenesis during embryogenesis and in tumors (C. Chen et al.,

2013; Knies-Bamforth et al., 2004; Zhao, Huang, Ding, & Gong, 2016). And the

hypoxia-inducible factor 1α (HIF1α), HIF2α are involved in primitive erythropoiesis,

vasculogenesis and the promotion of tumor angiogenesis (Iyer et al., 1998; Xue et al.,

2015). MYC can regulate all these angiogenic factors, including VEGF, HIF1α,
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HIF2α, angiopoietin 1 and 2, which demonstrates the important role of MYC in

angiogenesis both biologically and in tumor conditions. In addition, it has been

shown that downregulation of anti-angiogenic thrombospondin-1 (Tsp1) is important

to enhanced angiogenesis and this is correlated with MYC induction of the miR17–

92 cluster (Dews et al., 2006).

1.2.3.4 Cell metabolism

Many of MYC target genes are also involved in the biogenesis of ribosomes, protein

synthesis nucleic acid synthesis, mitochondrial biogenesis, therefore required for

cellular energy production and biosynthesis (Arabi et al., 2005; Dang, 1999; Grandori

et al., 2005; J. Kim, Lee, & Iyer, 2008; van Riggelen et al., 2010). For example, the

gene lactate dehydrogenase A (LDH-A) participates in normal anaerobic glycolysis

and is often increased in human cancers, has been identified as a MYC target gene

(Shim et al., 1997). Other putative MYC target genes, such as those that encode CAD

(Miltenberger et al., 1995), ODC (Bello-Fernandez et al., 1993), the dihydrofolate

reductase (DHFR) (Mai & Jalava, 1994) and thymidine kinase (TK) (Pusch, Soucek,

Hengstschlager-Ottnad, Bernaschek, & Hengstschlager, 1997) are involved in DNA

metabolism an play an important effect on the G1/S transition. CAD is fundamental

for the early three rate-limiting processes in the biosynthesis of pyrimidine, and ODC

is involved in the synthesis of polyamines. Both are required for the enzymes

activities engaged in nucleotide biosynthesis. Moreover, the role of MYC in cellular

metabolism is also implicated by the functions of the target genes encoding

translational regulatory factors eIF-2a, eIF-4E and ECA39 (involved in amino acid

transport) (Benvenisty, Leder, Kuo, & Leder, 1992; Jones et al., 1996; Rosenwald,

Rhoads, Callanan, Isselbacher, & Schmidt, 1993; Schuldiner et al., 1996). In addition,

MYC target genes such as glucose transporter GLUT1, phosphofructokinase, enolase

(Osthus et al., 2000), hexokinase 2 and pyruvate dehydrogenase kinase 1 (J. W. Kim,

Gao, Liu, Semenza, & Dang, 2007) and high affinity glutamine importers ASCT2 and

SN2 (Wise et al., 2008) are involved in the regulation of glucose and glutamine

metabolism. Taken together, these evidence shows the central role of MYC in cellular

metabolism.
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1.2.4 MYC and tumorigenesis

MYC is one of the most potent oncogenes as evidenced by many experiments for cell

transformation phenotypes and the deregulated expression of MYC is involved in the

pathogenesis of many types of human tumors (Alitalo et al., 1983; Dang, 2012). It has

been suggested that MYC is an amplifier of global actively transcribed genes within a

cell (Lin et al., 2012; McCarthy, 2012). As we have mentioned previously, MYC

level is associated with cellular growth and proliferation, and deregulated MYC

expression is correlated with tumor formation. In many normal cells, MYC activation

alone is restrained from causing tumor formation via multiple controlled checkpoint

mechanisms, such as apoptosis, proliferative arrest and cellular senescence (Gabay, Li,

& Felsher, 2014). When pathologically activated, MYC enforces many of the cancer

“hallmark” characteristics, including replicative immortality, sustained cellular

growth and proliferation, activation of angiogenesis, apoptosis evasion, altered

cellular metabolism, blocking cellular senescence and differentiation, and suppression

of the host immune response (Gabay et al., 2014; Hanahan & Weinberg, 2000, 2011;

Nilsson & Cleveland, 2003; Pelengaris et al., 2002). However, altered expression of

MYC alone is not sufficient for induction of tumorigenesis; a compelling body of

evidence implies that at least two oncogenic events are required for malignant

transformation (Kelly & Siebenlist, 1986).

1.2.4.1 MYC in the initiation of tumorigenesis

The phenotype that MYC was first observed to induce malignant transformation was

detected only in some certain cell lines, which have acquired other genetic or

oncogenic events that rendered them susceptible or permissive (Dang, 1999; Spencer

& Groudine, 1991). It has been observed by several studies that MYC overexpression

can enforce DNA replication and cellular entry into S phase but fail to induce mitotic

cellular division (Dominguez-Sola et al., 2007; Felsher, Zetterberg, Zhu, Tlsty, &

Bishop, 2000; Mai, Hanley-Hyde, & Fluri, 1996). On one hand, MYC overexpression

is found to cause some normal cells to grow, replicate DNA and become polyploid,

but cannot make them divide (Dang, 1999; Felsher et al., 2000; Neto-Silva, de Beco,

& Johnston, 2010). On the other hand, MYC overexpression can contribute to DNA

damage in a way that disrupts double-strand DNA break repair and/or increases
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oxidative stress (Karlsson et al., 2003; Ray et al., 2006; Vafa et al., 2002). Moreover,

some normal cells can undergo proliferative arrest or cellular senescence when there

is MYC overexpression (Felsher et al., 2000; Grandori et al., 2003). Hence, MYC

overexpression alone cannot cause complete transit through the cell cycle.

In addition, the genetic and epigenetic contexts also to some extent influence the

consequences of MYC overexpression in a normal cell. For example, in the

embryonic liver, MYC overexpression leads to increased cellular proliferation, while

in the adult liver it only promotes cellular growth without mitotic division or

proliferation (Beer et al., 2004). Also, a partial hepatectomy or some liver toxin

treatment can promote hepatocytes proliferate more readily in adult liver with

deregulated MYC, and it has been proven that partial hepatectomy can accelerate the

ability of MYC to induce liver cancer in adult mice (Beer et al., 2004). In the same

study, Beer et al. observe that loss of p53 function in adult liver seems to be necessary

for MYC overexpression to induce hepatocytes proliferation and drive

hepatocarcinogenesis (Beer et al., 2004), which is similar to previous findings that

normal fibroblasts with MYC overexpression undergo DNA replication but fail to

show cellular mitotic division unless p53 function has been lost (Felsher et al., 2000).

These results reveal that MYC activation induces cellular proliferation and

tumorigenesis also depending on epigenetic and specific genetic backgrounds.

Moreover, it has been observed that highly activation level of MYC is more

frequently related with DNA damage and apoptosis, on the contrast, less level of

MYC activation seems to be correlated with cellular proliferative arrest and

senescence (Felsher et al., 2000; Grandori et al., 2003). Thus, the MYC oncogene

level also influences the consequences of MYC deregulation.

1.2.4.2 MYC cooperators in tumorigenesis

It is now obvious that evolution has installed in the normal mammalian cells multiple

innate mechanisms of tumor suppression that induce apoptosis or senescence when

there is abnormal proliferation ongoing, thereby prevent neoplastic transformation by

individual oncogenes such as MYC (Lowe, Cepero, & Evan, 2004). Many other

oncogenes or oncogenic events have been identified to cooperate with MYC

oncogene in the initiation of different tumorigenesis (DeoCampo, Wilson, & Trosko,

2000; Pfeifer et al., 1989; Welm, Kim, Welm, & Bishop, 2005). For instance, loss of
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tumor suppressor p53 function, overexpression of Bcl-2 have been found frequently

to synergize with MYC overexpression to induce cellular proliferation and drive

neoplastic transformation, by abrogating cell-cycle checkpoints which are important

for regulating proliferative arrest and apoptosis or senescence (DeoCampo et al., 2000;

Eischen, Weber, Roussel, Sherr, & Cleveland, 1999; Metz, Harris, & Adams, 1995; X.

Y. Yin, Grove, Datta, Long, & Prochownik, 1999). Except for these cell-autonomous

factors, host-dependent mechanisms such as carcinogens or toxins which contribute to

increased proliferation also synergize with MYC overexpression to trigger tumor

formation (Beer et al., 2008). In addition, cytokines such as transforming growth

factor-α (TGFα) are also critical in tumorigenesis and tumor maintenance in

cooperation with MYC activation (Calvisi & Thorgeirsson, 2005; Ohgaki et al., 1996;

Santoni-Rugiu, Nagy, Jensen, Factor, & Thorgeirsson, 1996).

As outlined above, MYC oncogene is involved in malignant transformation in a

permissive context resulting from both genetic and epigenetic defects. Tumorigenesis

may also benefit from MYC’ s ability to induce genomic instability, activate

angiogenesis and block differentiation. Modulation or changes in the

microenvironment may also create a context that is beneficial for tumor formation.

Although the mechanisms by which MYC induces neoplastic transformation and

apoptosis are not fully understood, it has become more acknowledged with the

identification of authentic target genes (Dang et al., 2006; Meyer & Penn, 2008).

1.2.4.3 MYC-driven tumors are oncogene addicted

A given cancer is likely to be induced by only a few changes, which result in the

activation an oncogene or the inactivation of a tumor suppressor gene. The term

“oncogene addiction” was first coined by Bernard Weinstein to describe the

observation that certain cancers often depend upon the continued activity of certain

oncogenes or pathways to for tumor maintenance (Weinstein, 2002) . Several animal

models for several oncogenes have reinforced the term. For instance, various

transgenic mouse models using inducible activation of MYC oncogene have

demonstrated that MYC driven malignant T cell and B cell lymphomas, acute

myleoid leukemia, skin papillomatosis, osteosarcomas and HCC can all be

sustainably reversed upon MYC inactivation (Felsher & Bishop, 1999; M. Jain et al.,

2002; Y. Li, Casey, & Felsher, 2014; Marinkovic et al., 2004; Pelengaris, Littlewood,
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Khan, Elia, & Evan, 1999; Shachaf et al., 2004). Similar results have been

demonstrated for several other oncogenes, such as addiction to the HRAS or KRAS

oncogenes in animal models of melanoma and lung adenocarcinomas, respectively

(Chin et al., 1999; Fisher et al., 2001); addiction to BCR-ABL oncogene in animal

models of B-cell acute lymphoblastic leukemia (Huettner, Zhang, Van Etten, & Tenen,

2000); as well as addiction to the BRAF oncogene in mouse models of papillary

thyroid carcinomas (Chakravarty et al., 2011). Theoretically, treatments targeting or

repairing these mutant oncogene products could possibly reverse cancers (Luo,

Solimini, & Elledge, 2009).

1.2.4.4 MYC inactivation can reverse tumorigenesis

To illustrate whether cancers are reversible, many experiments using conditional

transgenic mouse models have examined whether the conditional activation of an

oncogene could induce certain reversible tumorigenesis. Transgenic mouse models of

neoplasia use the tetracycline regulatory system developed by Bujard (Baron &

Bujard, 2000) that could be activated in an on/off model to investigate the role of

MYC in tumor initiation and maintenance, and this Tet system is among the most

popular approaches (Arvanitis & Felsher, 2005; Beer et al., 2004; Sylvie Giuriato,

Rabin, Fan, Shachaf, & Felsher, 2004; Jonkers & Berns, 2002; Marinkovic et al.,

2004; Shachaf et al., 2004). MYC oncogene suppression has been shown to

sustainably restrain tumorigenesis in a variety of tumors, such as hematopoietic

tumors, HCC, squamous carcinoma and osteogenic sarcoma (Felsher & Bishop, 1999;

M. Jain et al., 2002; Marinkovic et al., 2004; Pelengaris et al., 1999; Shachaf et al.,

2004). Of note, endogenous MYC expression is not suppressed in these studies.

In some tumors, MYC inactivation could induce sustained tumor regression, with

tumors cells well differentiated and histologically normal. In some other tumors, these

‘’normal’’ cells still harbor tumor dormancy and have the ability to revoke tumors

rapidly upon MYC reactivation (Shachaf & Felsher, 2005). For example, brief MYC

inactivation results in the sustained and robust regression of osteogenic sarcoma and

the terminal differentiation of tumor cells into mature normal osteocytes, while

subsequent MYC reactivation could not induce malignancy but induce cell apoptosis

(M. Jain et al., 2002). In other tumors, such as invasive liver cancers, MYC oncogene

inactivation is observed to induce sustained regression of the tumor, with tumor cells
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differentiating into hepatocytes and biliary epithelial cells; however, subsequent MYC

reactivation immediately restored their malignant features (Shachaf et al., 2004).

Similarly, MYC deinduction resulted in the initial regression of mammary

adenocarcinomas, which spontaneously recurred afterwards, and these tumors were

found to bear RAS mutations, suggesting that the secondary genetic events such as

RAS mutations can revoke the reversibility of MYC-induced breast cancers (Boxer,

Jang, Sintasath, & Chodosh, 2004; D'Cruz et al., 2001). Also, inactivation of MYC is

sufficient to induce sustained regression of hematopoietic tumors, with exception in

p53 negative tumors (S. Giuriato et al., 2006). However, when examined, all restored

tumors that recur after MYC suppression express either transgenic or endogenous

Myc, and remained with the identical molecular signature and therefore derived from

the tumor cells, suggesting that these tumors may continue to be MYC oncogene

addicted (Choi et al., 2011; Shachaf et al., 2004).

1.3 The NF-κB transcription factor family

About three decades ago, Sen & Baltimore identified a specific protein binding to a

conserved DNA sequence in the κ enhancer of the nuclei of activated B cells, and

named it as nuclear factor κ B (NF-κB) (Sen & Baltimore, 1986b). And in the same

year, these scientists also suggested that NF-κB activation was not restricted to B-

lymphoid cells but could be observed in other cells by exposure to active phorbol

esters (Sen & Baltimore, 1986a). Since then, numerous studies have been focused on

NF-kB and it continues to yield new understandings into fundamental diverse cellular

processes. Due to its key involvement in inflammation and immune system, it is not

surprising to understand the close relationship between deregulation of NF-κB

signaling pathway and diverse diseases including tumorigenesis (Karin, Cao, Greten,

& Li, 2002; Lawrence, 2009; Q. Li & Verma, 2002; Pikarsky et al., 2004).

1.3.1 NF-κB transcription factor: structure and functions

The NF-κB transcription factor family in mammals comprises five members: Rel

A/p65, RelB, c-Rel, p50 (NF-κB1) and p52 (NF-κB2), encoded by RELA, RELB, REL,

NFKB1 and NFKB2, respectively, which share a conserved 300 amino acid long N-

terminal Rel homology domain (RHD) responsible for DNA binding, homo- and

heterodimerization, nuclear translocation and interaction with inhibitors of NF-κB
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(IκBs) (Ghosh, May, & Kopp, 1998; Hayden & Ghosh, 2008; Schmitz, Mattioli, Buss,

& Kracht, 2004). Only members (RelA, RelB and c-Rel) carring the C-terminal

transactivation domain (TAD) can initiate the positive regulation of gene expression.

Other members lacking TAD (p50 and p52) may repress transcription unless forming

heterodimers with a TAD-containing NF-kB subunit or other non-Rel proteins

capable of coactivator recruitment (Hayden & Ghosh, 2012).

The NF-κB signaling pathway can be regulated by a series of positive and negative

regulatory elements. In most circumstances, the NF-κB dimers are kept inactive in the

cytoplasm by IκB proteins. The most obvious characteristic of NF-κB is the rapid

cellular translocation from cytoplasm to nucleus in response to extracellular stimuli.

When stimulated by extracellular signals, the NF-κB cascade includes the IκB kinase

(IKK) activation, leading to phosphorylation, ubiquitination, and degradation of IκB

proteins. NF-κB dimers are then released from IκB proteins, and further activated

through diverse posttranslational modifications and translocate to the nuclei where

they promote transcription of target genes through binding to specific DNA sequences.

NF-κB dimers achieve this by binding to κB sites in promoters/ enhancers of the

target genes bearing the consensus DNA sequence 5'-GGGPuNNPyPyCC-3' (Pu is

purine, Py is pyrimidine, and N is any base) (Karin & Ben-Neriah, 2000; Liou &

Baltimore, 1993; Siebenlist, Franzoso, & Brown, 1994). Therefore, the core

regulatory elements of the NF-κB signaling pathway consist of IKK complex,

inhibitory IκB proteins, and NF-κB dimers.

1.3.2 Regulation of NF-κB signalling activation

NF-κB activity is tightly regulated at various levels. The most potent NF-κB

activators are lipopolysaccharide (LPS), inflammatory cytokines such as tumor

necrosis factor (TNF) or interleukin-1 (IL-1) , as well as viral and bacterial DNA and

RNA that stimulate Toll-like receptors (TLRs) (Karin & Ben-Neriah, 2000; Pahl,

1999; West, Koblansky, & Ghosh, 2006). In unstimulated cells, NF-κB dimers are

sequstered in the cytoplasm by binding to inhibitory IκB proteins, such as IκBα, IκBβ,

IκBε, IκBγ, IκBζ and Bcl-3 (B-cell lymphoma 3) protein. The IκB proteins also

include p105 and p100, the precursors of p50 and p52, respectively. All IκB proteins

contain five to seven ankyrin (ANK) repeats which are responsible for protein-protein
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interactions with the RHD of NF-κBs (Hoffmann, Natoli, & Ghosh, 2006;

Oeckinghaus & Ghosh, 2009).

NF-κB signaling can be activated by two different pathways: the canonical pathway,

which is stimiulated in response to cytokines such as TNF, IL-1 or TLR agonists; and

the non-canonical (or alternative) signaling pathway, which is particularly important

in B cells, and each pathway exerts distinctive cellular functions (Dejardin, 2006;

Senftleben et al., 2001).

In the canonical pathway, NF-κB activation is characterized by phosphorylation of

IκBs by the kinase complex leading to the nuclear translocation of NF-κB dimers. The

IKK complex consists of two different catalytic IKK subunits (IKK1/IKKα and

IKK2/IKKβ) and NF-κB essential modulator (NEMO; also named IKKγ), and

function as the upstream regulator of IκB proteins (Delhase, Hayakawa, Chen, &

Karin, 1999; Mercurio et al., 1997; Rothwarf, Zandi, Natoli, & Karin, 1998; Zandi,

Rothwarf, Delhase, Hayakawa, & Karin, 1997). Both IKK1 and IKK2 are identified

as closely related protein serine kinases carrying a helix-loop-helix domain at the C-

terminus and a leucine zipper motif at the N-terminus (Mercurio et al., 1997; Zandi et

al., 1997). The catalytic capabilities of both IKK1 and IKK2 make essential

contributions to phosphorylation of IκBs and NF-κB activation. While the leucine

zipper motifs are found to mediate the interactions between IKK1 and IKK2, the

helix-loop-helix motifs are thought to be involved in interactions with the essential

regulatory subunits (Zandi et al., 1997). IκBα is the most prominent IκB protein and

can be phosphorylated by IKK complex at two different serine residues (namely

Ser32 and Ser36). After phosphorylation, IκBα is marked for subsequent

ubiquitination and degradation, and liberating NF-κB dimers, allowing nuclear

translocation, specific DNA-binding and transcriptional activity (Beg & Baldwin,

1993; Liou & Baltimore, 1993; Yaron et al., 1998).

Two decades ago, researchers found that IKK consists of similar amounts of IKK1,

IKK2 and two other polypeptides, which are forms of the third IKK subunit, termed

as IKKγ (or NEMO). Although NEMO does not possess a catalytic domain, it

contains several potential coiled-coil motifs, preferentially interacts with IKK2

(Rothwarf et al., 1998). An N-terminal region of NEMO interacts with a hexapeptide

sequence within the C-terminus of both IKK1 and IKK2 kinases and this region
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termed as the NEMO-binding domain (NBD) (May, Marienfeld, & Ghosh, 2002). An

in vitro study has found that due to an absence of NEMO, a cellular variant of

transformed rat fibroblasts is unresponsive tp all tested NF-κB stimuli (Yamaoka et al.,

1998). Different genetically altered mice studies have clearly demonstrated that

NEMO is absolutely critical for the activation of the IKK complex and therefore the

first essential component of the IKK complex (Rudolph et al., 2000; Schmidt-

Supprian et al., 2000). Loss of function mutations of NEMO has demonstrated that

NEMO disfunction is related with two distinct X-linked diseases named incontinentia

pigmenti (IP) and anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID)

and is the only protein of the NF-κB pathway which has been associated with human

genetic diseases (Courtois, Smahi, & Israel, 2001; Doffinger et al., 2001; A. Jain et al.,

2001; Schmidt-Supprian et al., 2000). Taken together, the activation of NF-κB

canonical pathway largely depends on IKK2 and NEMO activities, whereas IKK1

seems to play a supporting role in the activation (Israel, 2010).

The non-canonical NF-κB pathway selectively activates p100‑sequestered non-

canonical NF-κB members, predominantly NF-κB2 p52 and RelB (S. C. Sun, 2017).

The activation of the non-canonical pathway is induced by a subset of TNF receptor

superfamily members including lymphotoxin-β receptor (LTβR) (Dejardin et al.,

2002), B-cell-activating factor (BAFFR) (Claudio, Brown, Park, Wang, & Siebenlist,

2002), CD40 (Coope et al., 2002), receptor activator for nuclear factor κB (RANK)

(Novack et al., 2003), and TNFR2 etc (Rauert et al., 2010; Saitoh et al., 2003) and

highly dependent on the processing of p100, which is strictly controlled and occurs in

a tightly inducible way (S. C. Sun, 2012; Xiao, Harhaj, & Sun, 2001). A key signal

component of the non-canonical pathway is NF-κB‑inducing kinase (NIK), which

induces p100 site-specific phosphorylation and ubiquitination via the activation of its

downstream kinase IKK1. The degradation of p100 induces the generation of p52 as

well as nuclear translocation of RelB and p52 (Senftleben et al., 2001; Xiao, Fong, &

Sun, 2004; Xiao et al., 2001). The non-canonical NF‑κB pathway is well known for

its functions in the regulation of B cell survival and maturation, lymphoid

organogenesis, and osteoclasts differentiation (Hu et al., 2001; Q. Li, Lu, et al., 1999;

Novack, 2011; Takeda et al., 1999). Therefore, the activation of the non-canonical

NF-κB pathway is mainly induced through activation of NIK and IKK1, leading to
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the p100 processing to p50 and RelB and the nuclear activity of these two proteins

play the major functions in this pathway.

1.3.3 NF- κB in liver embryogenesis and liver physiology

Several constitutive knockout mouse models have illustrated that NF-κB plays a

central role in normal liver physiology and pathophysiology. Knocking out the relA

locus leads to embryonic lethality, concomitant with a massive degeneration of the

liver by apoptosis (Beg, Sha, Bronson, Ghosh, & Baltimore, 1995), and the liver

apoptosis has been demonstrated to be induced by TNF (Doi et al., 1999; Ghosh &

Karin, 2002; Rosenfeld, Prichard, Shiojiri, & Fausto, 2000). The NF-κB pathway is

considered an important anti-apoptotic factor in the liver also due to the fact that a

lack of IKK2/IKKβ and a lack of IKKγ/NEMO lead to embryonic lethality due to

TNFα-induced massive hepatocyte apoptosis (Q. Li, Van Antwerp, Mercurio, Lee, &

Verma, 1999; Makris et al., 2000; Rudolph et al., 2000; M. Tanaka et al., 1999).

Contrastly, mice lacking IKK1 survive until birth, although may suffer from multiple

morphogenetic events such as limb and skin abnormalities, suggesting that IKK1 is

not required for cytokine-induced activation of NF-κB or protection from TNFα -

induced liver apoptosis (Hu et al., 1999; Takeda et al., 1999).

To better investigate the role of NF-κB function in the liver, several conditional

knockout mouse models based on the Cre-Lox system have been generated. Among

these conditional knockout models, the first mouse model was the IKK2/IKKβ

knockout in hepatocytes (IKKβΔhep) (S. Maeda et al., 2003), which was generated by

crossing IKKβfl/fl mice with Alb-Cre mice, expressing Cre recombinase under the

control of hepatocyte-specific albumin promoter (Postic et al., 1999). These IKKβΔhep

mice showed a very low level of NF-κB activaiton after stimulation, demonstrating a

quite efficient block of NF-κB signaling pathway. This study also revealed that IKKβ

deficiency cannot induce massive hepatocyte apoptosis in response to a high soluble

TNF level, but is sufficient to induce hepatocyte apoptosis in the presence of non-

soluble TNF (S. Maeda et al., 2003). However, there was another study reporting

about the contradictory role of IKKβ, where a different exon spanning IKKβfl/fl mice

were generated and bred with Alfp-Cre transgenic mice, generating another IKKβΔhep

mouse line (Tom Luedde et al., 2005). Surprisingly, this IKKβΔhep mouse model

showed almost normal NF-κB response to TNF as evaluated by the NF-κB activity.
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And they showed that hepatocyte-specific deletion of IKK2 does not lead to impaired

NF-κB activation or increased apoptosis by TNFα stimulation, whereas, an inducible

conditional hepatocyte-specific ablation of NEMO resulted in complete block of NF-

κB activation and massive hepatocyte apoptosis (Tom Luedde et al., 2005). The

difference between these two IKKβΔhep mouse models could possibly explained by the

fact that these mice have different flox sites. The deletion of NEMO leads to a

complete block of NF-kB activation as previously shown in other cells such as

keratinocytes (Makris et al., 2000), whereas hepatocyte specific IKK2 deletion leads

to little residual NF-kB activation as a result of the presence of IKK1 but retains

normal liver function (S. Maeda et al., 2003). However, hepatocyte specific IKK2

knockout mice are more sensitive to induction of liver destruction upon concanavalin

A (ConA) administration (S. Maeda et al., 2003).

NF-κB pathway plays an important role in the liver in the context of liver injuries

such as viral infection, alcoholic, metabolic and immune-induced stress. An

activation of NF-κB pathway can lead to acute inflammation and wound-healing

responses. When there exists chronic injury, NF-κB activation is associated with

sustainably increased expression of proinflammatory cytokines, chemokines and

matrix metalloproteinases, which can eventually lead to liver fibrosis, cirrhosis and a

precancerous state that may increase the risk of HCC development (Elsharkawy &

Mann, 2007). Indeed, it is important to investigate the correlation of NF-κB activation

state with liver disease occurrence and progression and to identify different liver cell

types in which NF-kB pathway is activated, since NF-κB functions appear to be

distinct in hepatocytes, hematopoietic-derived Kupffer cells and hepatic

myofibroblasts (S. Maeda, Kamata, Luo, Leffert, & Karin, 2005).

1.3.4 Paradoxical roles of NF- κB pathway in the liver tumorigenesis

1.3.4.1 NF- κB as a tumor-promoter in liver tumorigenesis

Chronic inflammation is closely correlated with cancer development (Balkwill,

Charles, & Mantovani, 2005; Coussens & Werb, 2002; Grivennikov & Karin, 2010b),

and NF-κB closely bridges inflammation and carcinogenesis (Ben-Neriah & Karin,

2011). It has been estimated that 70-90% of human HCC develops from a continuous

injury and chronic persistent inflammation (El-Serag & Rudolph, 2007; Hino, Kajino,
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Umeda, & Arakawa, 2002; B. Sun & Karin, 2013), therefore is a prominent example

for inflammation associated cancer and provides a good inflammatory related cancer

model investigated the role of NF-κB in cancer development. The first two studies

that explored NF-κB’s role in mouse carcinogenesis in-vivo revealed that NF-κB

promotes inflammation-induced cancers, such as colitis-associated cancer and HCC,

thus suggesting that NF-κB inhibitors may be a thearpeutic option for cancers in

chronic inflammatory states (Greten et al., 2004; Pikarsky et al., 2004).

The Mdr2-knockout mouse model could be used as a realistic model of inflammation-

associated cancer, which spontaneously develops cholestatic hepatitis and by one year

most mice develop HCC chronic inflammation-induced HCC (Mauad et al., 1994;

Smit et al., 1993). Pikarsky, E. etc used this mouse model to validate their hypothesis

that NF-κB constitutes a missing link between inflammation and cancer. They

suggested that NF-kB is not required for early neoplastic formation, but essential for

promoting inflammation associated hepatocarcinogenesis (Pikarsky et al., 2004).

Another transgenic mouse model that specifically expressed cytokines

lymphotoxin(LT)α:β heterodimers in the liver showed a similar tumor-promoting role

for NF-κB in HCC development (Haybaeck et al., 2009). Mice with liver-specific LT

α:β expression developed chronic liver inflammation and showed elevated hepatocyte

proliferation which eventually lead to HCC occurrence, causally linking liver LT

overexpression to chronic hepatitis and HCC. And this study also suggested that liver

IKKβ activation is essential to sustain the chronic inflammatory response initiated by

LT α:β expression and therefore plays a tumor-promoting role in HCC (Haybaeck et

al., 2009). In a MYC-driven HCC mouse model, it has been observed that TGFα/c-

myc bitransgenic mice develop HCC earlier than single c-Myc transgenic mice, which

may be explained by constitutive NF-κB activity (Lakita et al., 2005). In this study,

the TGFα overexpression in the liver upregulated NF-κB activity and provides a

survival advantage to c-Myc-transformed hepatocytes by elevating the antiapoptotic

target genes such as Bcl-XL and XIAP, thus accelerating liver tumorigenesis (Lakita

et al., 2005). These studies indicate that hepatocyte IKK/NF-κB pathway may

promote liver carcinogenesis by maintaining the liver inflammatory

microenvironment and providing antiapoptotic signals and promoting survival of

aberrant cells. Furthermore, NF-κB could also promote liver tumorigenesis through
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interaction with other signaling cascades such as STAT3 pathway (Ben-Neriah &

Karin, 2011; Grivennikov & Karin, 2010a; He & Karin, 2011; Wan et al., 2014).

1.3.4.2 NF- κB as a tumor-suppressor in liver tumorigenesis

By contrast, in two different HCC mouse models, liver specific NF-κB inactivation

shows an increase of HCC incidence among the mice, supporting the NF-κB as a

tumor-suppressor in liver tumorigenesis (T. Luedde et al., 2007; S. Maeda et al.,

2005). In the diethylnitrosamine (DEN)-induced liver carcinogenesis mouse model,

hepatocyte specific deletion of IKKβ (IKKβΔhep) surprisingly shows a marked increase

in hepatocarcinogenesis while the DEN mice do not develop chronic liver

inflammation (S. Maeda et al., 2005). This is associated with increased production of

reactive oxygen species (ROS), enhanced JNK activation, and accelerated hepatocyte

apoptosis, leading to compensatory hyperproliferation of surviving hepatocytes, thus

cancer-prone hepatocytes (S. Maeda et al., 2005).

An even more striking antitumorigenic effect of NF-κB on hepatocarcinogenesis is

observed upon the specific deletion of NEMO in liver parenchymal cells (NEMOΔLPC)

(T. Luedde et al., 2007). In this study, NEMOΔLPC mice exhibit spontaneous non-

alcoholic hepatohepatitis (NASH), liver fibrosis, circhosis and HCC without any

exposure to the liver carcinogen. Their results reveal that IKKγ/NEMO-mediated NF-

κB activation has a key role to inhibit the spontaneous development of NASH and

HCC, identifying NEMO as a tumor-suppressor in the liver (T. Luedde et al., 2007).

Similar to the previous DEN challenged IkkβΔhep mice, excessive ROS accumulation

is also seen in livers of NEMOΔLPC mice which promotes cell apoptosis via various

mechanisms, including enhanced JNK activation (T. Luedde et al., 2007; S. Maeda et

al., 2005). Importantly, although hepatocyte-specific knock out of IKKβ increased

DEN-induced hepatocyte death and compensatory hyperproliferation, deletion of

JNK1 abrogated this response and mice lacking JNK1 were much less prone to DEN-

induced HCC, suggesting that IKK/NF-κB and JNK pathways plays an essential role

in hepatocarcinogenesis (Sakurai, Maeda, Chang, & Karin, 2006).

Therefore, the context of NF-κB inhibition helps to determine the tumorigenesis

outcome: it would promote tumorigenesis if NF-κB inhibition is inducing

inflammation; on the other hand, it will prevent or slow tumorigenesis by
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compromising the survival of transformed aberrant cells, as in the chronic

inflammation models (Vainer, Pikarsky, & Ben-Neriah, 2008).

1.4 Aims of this study

Given the fact that deregulation of MYC pro-oncogene contributes up to 70% of

human cancers and has been reported in HCC mouse models, in this study, we would

like to first of all establish a conditional transgenic mouse model of MYC-driven liver

tumorigenesis. Secondly, due to the contradictory roels of IKK/NF-κB pathway in

liver tumorigenesis, and the fact that not much has been investigated about the

specific interplay of MYC and IKK/NF-κB pathway in hepatocarcinogenesis, we

would like to investigate the effects of conditional NEMO ablation in liver

parenchymal cells on MYC-induced liver tumorigenesis. We address this question by

knocking out IKKγ/NEMO, the NF-κB essential modulator, which is essential for

canonical NF-κB pathway in a MYC-overexpressing mouse model. Thirdly, we

would like to check whether MYC-driven liver tumors are reversible upon MYC

oncogene inactivation simply by DOX administration. And lastly, due to previous

findings by Leudde,T etc, that hepatocyte NEMO ablation leads to spontaneous

development of NASH and HCC, we would like to investigate whether long-term

NEMO ablation in our mouse livers can also induce spontaneous steatohepatitis and

HCC. Our main focus of the present study is to shed light on the effects of liver

specific IKK/NF-κB ablation on MYC-driven liver tumorigenesis.



MATERIALSAND METHODS

28

2. Materials and Methods

2.1 Mouse model

Mice expressing the tetracycline-responsive transactivator (tTA) under the control of

the liver activator protein (LAP) promoter (LAP-tTA mice) were crossed with Alb-cre

transgenic mice (with the cre recombinase under the promoter of albumin), and the

double transgenic offsprings were crossed to NEMOfl mice (carrying a floxed NEMO

allele) to generate LAP-tTA+/Alb-cre+/NEMOfl/wt mice, which lastly were crossed to

tetO-Myc+ mice (bearing a constitutively active human MYC transgene and a

luciferase construct under the control of a bidirectional tTA-regulated promoter).

Mice were given 0.1g/L doxycycline (DOX) in drinking water perinatally until birth.

Four groups of animals were included in the present experiment: 1) WT mice (no

expression of MYC and no NEMO ablation), 2) NEMOΔLPC mice (specific deletion of

NEMO in liver parenchymal cells but no expression of MYC), 3) MYCLAP-tTA mice

(only overexpression of MYC, no ablation of NEMO), and 4) MYCLAP-tTA/NEMOΔLPC

mice (both overexpression of MYC and ablation of NEMO). Mice were kept in the

specific pathogen free animal facility and under constant monitoring at University of

Ulm. Animals were handled according to guidelines for ethical animal treatment (TV

989).

2.1.1 Doxycycline administration

All mice received 0.1g/L doxycycline during pregnancy until birth. Mice were

sacrificed due to massive tumor load at 45 days old. Further study also was done at an

earlier time point of 35 days old.

2.1.2 In vivo Bioluminescence imaging (IVIS)

To indirectly monitor the expression of MYC transgene, animals of interest were

anesthetized with isoflurane and injected with luciferin (150µg/g) intraperitoneally at

different time points of interest. IVIS Imaging system 200 was used to measure

luciferase activity.
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2.1.3 MRI analysis

MYCLAP-tTA mice and MYCLAP-tTA/NEMOΔLPC mice were euthanized and scanned on

day 45. Imaging was performed on an 11.7 Tesla small animal MRI system (Bruker

BioSpec 117/16, Germany). Data were obtained with a 40 mm quadrature volume

T/R resonator. Coronal images were acquired by applying a T2-weighted 2D fat-

suppressed multi-slice TSE sequence (T2-TSE). Acquisition parameters were as:

echo/repetition TE/TR time TE=34 ms/TR=5000 ms, resolution Δr = 100×100×500

µm³, field-of-view fov = 40×35 mm², and bandwidth = 100 KHz, and 4 signal

averages. Total acquisition time for 41 slices was 13 min.

2.1.4 Doxycycline rescued experiment

All mice received 0.1g/L doxycycline during pregnancy until birth to activate the

transcription of oncogene c-myc. At 40 days old, mice were treated with 1g/L

doxycycline for 10 days and 4 weeks, transgene expression was monitored by in vivo

bioluminescence imaging system. Serum levels of liver damage were measured before

and after doxycycline treatment.

2.2 Genotyping

2.2.1 DNA extraction

Mouse tails were mixed with the prepared solution made of 2.0 μl 1u/ μl KAPA

express extract enzyme, 10 μl 10xKAPA express extract buffer and 88 μl PCR-grade

water and vortexed to mix well. Then the mixed solution was incubated in a

thermocycler for 15 minutes at 75°C to allow the lysis of cells and release of DNA,

followed by incubation for 5 minutes at 95°C to inactivate the KAPA express extract

protease. Finally, the reaction product was vortexed for 2 to 3 seconds and centrifuged

at 13000rpm for 1 minute to pellet debris. And the DNA-containing supernatant was

then transferred to a fresh EP tube for PCR or stored at 4°C.
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2.2.2 Polymerase chain reaction (PCR)

The transgenes were detected by PCR with the following pair of primers (Table 1)

and performed according to specific PCR programs (Table 2). The PCR reaction

products were separated on 1.5-2.0% agarose gels and visualized on the UV

transilluminator. Typical reaction with KAPA2G genotyping mix consists of the

following components (Table 3).

2.3 Measurement of liver serum parameters

Blood samples were taken from mice sacrificed, then centrifuged at 3000 rpm for 10

min at room temperature to collect serum. Serum levels of aspartate aminotransferase

(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), Gamma-

Glutamyl Transpeptidase (GGT), and Bilirubin were measured using Reflotron

Analyzer system.

Table 1. Primer sets used for genotyping.

Gene Primer Sequence
tTA tTA 5’ 5’-gct agg tgt aga gca gcc tac att g-3’

tTA 3’ 5’-gtc cag atc gaa atc gtc tag cgc g-3’
MYC PBi5 EGFP 5’-ggt acc cgg gga tcc tct agt cag-3’

Low1-hMYC-ex2 5’-ggg gag gac tcc gtc gag g-3’
Cre Cre 5’ 5’-acc tga aga tgt tcg cga tta tct-3’

Cre 3’ 5’-acc gtc agt acg tga gat atc tt-3’
NEMO NEMO-P163 5’-ttc ttg gaa ggg tat ggc cag-3’

NEMO-P164 5’-tcc ggg ctt cct gga att-3’
NEMO-P165 5’-ggc ctc aca caa gca aag cat-3’

Table 2. PCR programs.

PCR tTA MYC Cre NEMO
Start 95°C/ 3min 95°C/ 3min 95°C/ 3min 94°C/ 2min
Cycles 35 35 35 34
Denaturation 95°C/ 15s 95°C/ 15s 95°C/ 15s 94°C/ 30s
Annealing 63°C/ 15s 60°C/ 15s 62°C/ 15s 55°C/ 30s
Extension 72°C/ 20s 72°C/ 20s 72°C/ 20s 72°C/ 45s
End 72°C/ 10min 72°C/ 10min 72°C/ 10min 72°C/ 10min
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Table 3. PCR reaction mix using KAPA mouse genotyping hot start kit

Component Final concentration μl
PCR grade water 9
2x KAPA2G Fast hot start genotyping
mix 1x 12,5

Forward primer (10 μM) 0,5 μM 1,25
Reverse primer (10 μM) 0,5 μM 1,25
Template DNA 1

2.3.1 SerumAST activity

Serum was diluted 1:10 with NaCl solution. Enzyme activity of AST was measured

by the strips specific for AST (Roche#10745120). The strips contain the substrate α-

ketoglutarate and alanine sulfinate which can be converted to pyruvate and glutamate

by AST in the serum. The resulting pyruvate can be cleaved into acetyl phosphate,

carbon dioxide and hydrogen peroxide by pyruvate oxidase (PyOD) on the strip. The

hydrogen peroxide can be converted into a blue indicator by peroxidase (POD) on the

strip. The amount of blue dye is measured kinetically as a measure of the enzyme

activity of AST.

2.3.2 SerumALT activity

Serum was diluted 1:5 with NaCl solution. Enzyme activity of ALT was measured by

the strips specific for ALT (Roche#10745138). The strips contain the substrate α-

ketoglutarate and alanine which can be converted to glutamate and pyruvate by serum

ALT. The pyruvate can be cleaved into acetyl phosphate, carbon dioxide and

hydrogen peroxide by PyOD on the strip. The hydrogen peroxide then converts a blue

indicator by POD on the strip. The amount of blue dye is measured as a measure of

the enzyme activity of ALT.

2.3.3 SerumALP activity

Enzyme activity of ALP was measured by the strips specific for ALP

(Roche#11622773). The strips contain the substrate o-cresolphthalein phosphate and

N-methyl-D-glucamine which can be converted to o-cresolphthalein and
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methylglucamine phosphate by ALP in the serum. The amount of product o-

cresolphthalein is directly propotional to ALP activity.

2.3.4 Serum GGT activity

Enzyme activity of GGT were measured by the strips specific for GGT

(Roche#10745081). The strips contain the substrate gamma-glutamyl-3-carboxy-1,4-

phenylenediamine and glycylglycine which can be converted to 3-carboxy-1,4-

phenylenediamine and gamma- glutamylglycylglycine by GGT. The resulting 3-

carboxy-1,4-phenylenediamine then reacts with 2-methylanthranilic acid and generate

a greenish blue dye which is measured as a measure of the enzyme activity of GGT.

2.3.5 Serum total bilirubin level

For the measurement of total bilirubin in serum, the strips specific for bilirubin

(Roche#10905321) was used. The strips contain substrate dyphylline which can

release the protein-bound indirect bilirubin. Both the direct and the indirect bilirubin

in the serum can react with 2-methoxy-4-nitrophenyldiazoniumtetrafluoroborate on

the strip to form a dye azobilirubin. And the concentration of bilirubin is proportional

to the dye that can be measured by the Reflotron system.

2.4 RNAAnalysis

2.4.1 RNA extraction, cDNA synthesis

Livers were excised and snap-frozen immediately in liquid nitrogen and stored in -

80°C. Liver tissue was pulverised and mRNA was extracted according to the

manufacturer's instructions from RNeasy kit (Qiagen). 1,5μg of the extracted RNA

was used to synthesize cDNA according to the Transcriptor High Fidelity cDNA

Synthesis Kit (Roche).

2.4.2 Quantitative RT-PCR

Primers of the genes were designed according to the Universal Probe Library (Roche).

Quantitative RT-PCR was performed with Light Cycler 480. The sequences of the
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primers were listed in Supplementary Table 1. The expression levels of interested

genes were normalized to the expression of Hprt for relative quantification. The

results were compared to those of control mice, which were set to 1 for easy relative

quantification.

Table 4. List of sequence for primers of genes.

Gene Primer sequence
Acta2 F 5’ caaccgggagaaaatgacc 3’ R 5’ cagttgtacgtccagaggcata 3’
Afp F 5’catgctgcaaagctgacaa 3’ R 5’ctttgcaatggatgctctctt 3’
Col1a1 F 5’ catgttcagctttgtggacct 3’ R 5’ gcagctgacttcagggatgt 3’
Col3a1 F 5’ tcccctggaatctgtgaatc 3’ R 5’ tgagtcgaattggggagaat 3’
Emr1 F 5’ ggaggacttctccaagcctatt 3’ R 5’ aggcctctcagacttctgctt 3’
Epcam F 5’cagaatactgtcatttgctccaa 3’ R 5’ gttctggatcgccccttc 3’
Hprt1 F 5’ ggagcggtagcacctcct 3’ R 5’ ctggttcatcgctaatcac 3’
Krt7 F 5’ aggagatggccaaccaca 3’ R 5’ ggcctggagtgtctcaaact 3’
Krt19 F 5’agtcccagctcagcatgaa 3’ R 5’taacgggcctccgtctct 3’

2.5 Protein analysis

2.5.1 Protein Sample Preparation

For the extraction of proteins, liver tissues were pulverised and resuspended in the

lysis buffer containing 4% SDS, 100 mM Tris-HCl, and protease/phosphatase

inhibitor cocktails (Roche). Tissue powder was mixed with five-fold volume lysis

buffer and homogenized with 25G syringes for 10 times and then incubated for 10

minutes at room temperature, followed by centrifugation at 13300rpm at 19°C. The

supernatant was collected in 1.5ml Eppendorf tubes. The concentration of protein was

measured according to the BCA Protein Assay Kit (Thermo Scientific). The rest

protein samples were snap-frozen in liquid nitrogen and stored in -80°C until further

analysis.

2.5.2 Western Blotting

For each western blot, 20μg protein was mixed with 4x Laemmlie buffer containing

5% β-Mercaptoethanol and heated at 95°C digital dry bath for 10 minutes. A 4-12%

SDS-PAGE was used for the separation of proteins. A nitrocellulose or PVDF

membrane was used to transfer proteins with the semi-dry blotter (Bio-Rad) at 25V
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for 1 hour. Membranes were blocked in 5% non-fat dry milk (w/v) dissolved in TBS

buffer (with 0.1% Tween-20) with gentle agitation on a laboratory shaker at room

temperature for 1 hour. Primary antibodies were diluted 1:1000 in TBST buffer (with

0.1% Tween-20) containing 5% non-fat milk powder or 5% BSA. Membranes were

incubated with primary antibodies at 4°C overnight. On second day, the membranes

were washed for three times (each time for 10 minutes) with TBS buffer containing

0.1% Tween-20, followed by incubation with HRP-conjugated secondary antibodies

(1:5000 in TBS buffer containing 0.1% Tween-20) for 1 hour at room temperature.

Membranes were then washed for three times with TBS buffer containing 0.1%

Tween-20, after which a chemiluminescence reagent ECL was added to the

membrane and the ODYSSEY Imaging System was used for signal detection.

2.6 Histology

2.6.1 Liver tissue preparation

Body weight and liver weight were measured for each mouse. Livers were divided

into several pieces. Samples for protein and RNA analysis were snap-frozen in liquid

nitrogen. Samples for histological analysis were fixed in 4% neutral buffered formalin

overnight and put in paraffin embedding machine according to standard protocols.

Embedded paraffin blocks were cut into 3μm sections by a rotary microtome and

mounted onto microscope slides for further analysis. Hematoxylin and eosin (H&E)

staining, immunohistochemical staining, immunofluorescence staining and sirius red

staining were performed on the formalin-fixed and paraffin-embedded tissue sections.

2.6.2 Hematoxylin and eosin (H&E) staining

Tissue sections were incubated at 56°C overnight, de-paraffinized by immersing in

100% xylene twice (5 minutes for each time) and rehydrated through a descending

alcohol series (twice in 100% ethanol, once in 90% and 70% ethanol for 3 minutes

respectively) to deionized water, followed by immersion in Mayer's hematoxylin

solution for 6 minutes, washing with deionized water for 3 minutes and immersion in

1% eosin solution for 5 minutes, and rinsed with deionized water. Slides were

dehydrated by rinsing through an ascending series of ethanol (80% once, 90% once
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and 100% twice) and at the end rinsing twice in 100% xylene. The slides were

mounted with xylene contained mounting medium.

Table 5. List of primary antibodies used for western blotting.

Antibodies Company Catalog Nr. Dilutions
Mouse anti- �SMA Millipore CBL171 1:1000
Goat-anti-CK19 Santa Cruz sc-33111 1:1000
Rabbit-anti-c-Myc Epitomics AC0116 1:1000
Rabbit-anti-Erk 2 Santa Cruz sc-154 1:1000
Rabbit-anti-GAPDH Santa Cruz sc-25778 1:1000
Rabbit-anti-IKK1/2 Santa Cruz Sc-7607 1:1000
Rabbit-anti-JNK 1/3 Santa Cruz sc-474 1:1000

Mouse-anti-NEMO BD Transduction
Laboratories 611306 1:1000

Rabbit-anti-p38 Cell Signaling 9212 1:1000
Rabbit-anti-Sox9 Santa Cruz sc-20095 1:1000
Rabbit-anti-Stat3 Cell Signaling 9132 1:1000
Rabbit-anti-p-c-Raf Cell Signaling 9427 1:1000
Rabbit-anti-p-
MEK1/2 Cell Signaling 9121 1:1000

Rabbit-anti-p-Erk Cell Signaling 4370 1:1000
Mouse-anti-p-JNK Cell Signaling 9255 1:1000
Rabbit-anti-p-p38 Santa Cruz sc-372 1:1000
Rabbit-anti-p-Stat3 Cell Signaling 9145 1:1000

2.6.3 Immunohistochemical stainings (IHC) and Immunofluorescence stainings

(IF)

Liver sections were incubated at 56°C overnight, de-paraffinized by immersing in

100% xylene twice (5 minutes for each time) and rehydrated through a descending

alcohol series (twice in 100% ethanol, once in 90% and 70% ethanol for 3 minutes

respectively) to deionized water. Antigen were unmasked by heating slides in sodium

citrate buffer (pH 6.0) for 10 minutes with a pressure cooker. Slides were cooled

down at room temperature for 25 minutes. For IHC staining, slides were incubated for

10 minutes in 3% H2O2 at room temperature before proceeding to the blocking step.

For both IHC and IF staining, slides were blocked with 5% BSA/PBS solution for 1

hour at room temperature, followed by incubation with primary antibodies in a

humidified chamber for at least 1 hour at room temperature or overnight at 4ºC. The

primary antibodies were diluted to an optimized dilution in 5% BSA/PBS solution
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listed in Table 3. Slides were washed 3x5 minutes in PBS and incubated with

secondary antibodies for 1 h at room temperature. Secondary antibodies were diluted

1:500 in in 5% BSA/PBS solution listed in Table 4. As to IHC, following incubation

with secondary antibodies, slides were incubated with streptavidin-linked horseradish

peroxidase (1:1000 in PBS) for 30 minutes at room temperature. The staining was

visualized by applying 3-amino-9-ethylcarbazole (AEC) substrate (DAKO) to the

slides and counterstained with hematoxylin. When using fluorescence detection, 4',6-

diamidino-2-phenylindole (DAPI) was used to counterstain. The slides for IHC and IF

were both stained with aqueous mounting medium.

2.6.4 Sirius Red staining

Liver sections were incubated at 56°C overnight, deparaffinized and rehydrated,

followed by incubation for 1 hour in 0.1 % SiriusRed dissoloved in saturated picric

acid. Slides were then rinsed twice with 0.5 % acetic acid to remove unbound dye and

dehydrated with 3x 100% ethanol and 2x xylene prior to mounting.

2.6.5 Quantification of stainings

2.6.5.1 Quantification of tumor area and tumor area to liver area ratio

For the quantification of tumor area, the whole liver section of each animal of 5-week

old age (when the tumor nodules were clearly separable) from MYC-induced tumor

mice was scanned by the Keyence BZ-9000 microscope. The quantification was

performed based on the morphological appearance of tumor nodules by applying the

BZII Analyzer software. And the tumor nodule area to liver section area ratio was

also evaluated for each animal.

2.6.5.2 Quantification of Ki67 positive cells

To analyze the proliferation rate of each mouse liver, Ki67 IHC staining was

performed at different time point. For the quantification of Ki67 positive cells, 6

micrographs/section were taken at 400X magnification in a blindfolded manner. The

positively stained nuclei of cells were counted. The total number of liver cells for

each graph were also counted by ImageJ cell counting function. The percentage of
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Ki67 positive cells out of total liver cells was calculated. The quantification of Ki67

positive cells for each animal was the average percentage from the 6 micrographs.

2.6.5.3 Quantification of cleaved caspase 3 positive cells

To analyze the apoptosis level of the liver, cleaved caspase 3 staining was done. For

the quantification of cleaved caspase 3 staining, 6 micrographs/section were taken at

400X magnification in a blindfolded manner. The positively stained cells and total

liver cells for each micrograph were counted by ImageJ. The percentage of cleaved

caspase 3 positive cells out of total liver cells was calculated. The average percentage

from the 6 micrographs of each mouse was used for the statistical comparison.

2.6.5.4 Quantification of sirius red staining

To analyze the fibrosis level of each animal, sirius red staining was performed. For

the quantification of fibrosis, 6 micrographs/section were taken at 400X magnification

in a blindfolded manner. Data was evaluated with BZII Analyzer. The area of the red

stained collagen was calculated as the percentage of the total area for each micrograph.

The average percentage from the 6 micrographs of each mouse was compared

statistically.

2.6.5.5 Quantification of CD31 staining

Immunofluorescence staining for angiogenesis marker CD31 was performed on

formalin-fixed and paraffin-embedded liver sections from 45 days old animals. For

the quantification of CD31 positive area, 8 micrographs/section were taken at 400x

magnification in a blindfolded way. Data was analyzed using the software BZII

Analyzer. The area of the green stained blood vessels was taken as the percentage of

the total area for each micrograph. The average value from the 8 micrographs of each

animal was evaluated statistically.

2.6.5.6 Quantification of �SMA positive area

To analyze the dysplasia level of each animal, immunofluorescence for �SMA was

performed. For the quantification of �SMA positive area, 8 micrographs/section were

taken at 400X magnification in a blindfolded manner. The �SMA positive area was
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counted with the software BZII Analyzer based on the immunofluorescence staining

of �SMA. The average value from the 8 micrographs of each animal was statistically

evaluated.

Table 6. List of primary antibodies for IHC and IF stainings.

Antibodies Company Catalog Number Dilutions
rat-anti-CK19 Sigma Aldrich MABT913 1:200
mouse anti-αSMA Millipore CBL171 1:100
rabbit anti-Ki67 Thermo Scientific RM-9106-S1 1:100
rabbit anti-Sox9 Santa Cruz sc-20095 1:100
rabbit-anti-CC3 Cell Signaling #9661 1:100
rabbit-anti-c-Myc Epitomics AC0116 1:100
rat anti-CD31 Dianova DIA310 1:20
rat anti-CD44v6 eBioscience BMS145 1:200
rat anti-CD45 BD Pharmingen 550539 1:100

Table 7. List of secondary antibodies used for histology.

Antibody Company Dilutions
donkey anti-goat 594 IgG Molecular Probes 1:500
donkey anti-mouse 594 IgG Molecular Probes 1:500
donkey anti-rabbit 488 IgG Molecular Probes 1:500
donkey anti-rabbit 594 IgG Molecular Probes 1:500
donkey anti-rat 488 IgG Molecular Probes 1:500
donkey anti-rat 594 IgG Molecular Probes 1:500
HRP-conjugated anti-rabbit-
biotin Dako 1:500

HRP-conjugated anti-rat-biotin Dako 1:500

2.7 Statistical analysis

Data were shown in bar diagrams by applying GraphPad Prism V 6.0. Continuous

variables were presented as mean ± SD. Student t-test was used to compare groups of

independent samples to corresponding group. Two-way ANOVA was used to

compare the effect of two different categorical independent variables on one

continuous dependent variable. Kaplan Meier curve was plotted to analyze overall

survival. Values of p<0.05 was considered statistically significant (*p<0.05, **p<0.01,

***p<0.001, ****p<0.0001), ns: not significant.
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2.8 Reagents and Materials

2.8.1 General Chemicals

Item Company
Acetic acid (glacial) Merck, Germany
Acrylamide solution 40% AppliChem, Germany
Agarose Ultrapure, Electrophoresis Grade Gibco BRL, USA
Ammonium persulfate (APS) Sigma-Aldrich, Germany
β-Mercaptoethanol (β-ME) Sigma-Aldrich, Germany
BSA (Albumin Fraction V) AppliChem, Germany
Calcium chloride Sigma-Aldrich, Germany
Citric acid monohydrate AppliChem, Germany
Disodium hydrogen phosphate Sigma-Aldrich, Germany
Doxycyclinhyclat Sigma-Aldrich, Germany
DTT AppliChem, Germany
EDTA– dihydrate AppliChem, Germany
Eosin AppliChem, Germany
Ethanol (absolute) Sigma-Aldrich, Germany

Formaldehyde (10 %) Otto Fischar GmbH & Co. KG,
Germany

Glycerol AppliChem, Germany
Glycine AppliChem, Germany
Hematoxylin, Mayer’s Hematoxylin, Mayer’s
Hydrochloric acid 37% Sigma-Aldrich, Germany
Hydrogen peroxide (H2O2) AppliChem, Germany
Isoflurane Actavis, Germany
Isopropanol Merck, Germany
Luciferin Synchem OHG, Germany
Methanol Merck, Germany
Magnesium chloride Sigma-Aldrich, Germany
Non-fat dried milk AppliChem, Germany
Paraffin, Paraplast McCormick Scientific VWR, Germany
Potassium chloride (KCl) Carl Roth GmbH, Germany
Potassium dihydrogen phosphate Merck, Germany
Potassium dihydrogen phosphate
(KH2PO4) Merck, Germany

Sucrose AppliChem , Germany
SDS AppliChem, Germany
Sirius Red Polysciences Europe GmbH, Germany
Sodium chloride (NaCl) AppliChem, Germany
Sodium hydroxide, pellets AppliChem, Germany
Tris (ultrapure) AppliChem, Germany
Tween 20 AppliChem, Germany
Urea AppliChem, Germany
Xylene VWR, France
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2.8.2 Other Reagents

Item Company
Ampuwa® Fresenius Kabi, Germany
Aquatex Braun, Germany
Blotting Filter Papers Invitrogen, USA
Coverglasses 24x50 mm VWR, Germany
DAPI Sigma Aldrich, Germany
DNA Ladder (1Kb Plus) Thermo Fisher, USA

DNA Polymerase I, Klenow Fragment New England Biolabs, USA

DNase I Roche Applied Science,
Germany

HBSS Merck Millipore, Germany
KAPA2G Fast HS Genotyping Mix with Dye
(500x) Peqlab, Germany

Lightcycler 480 Multiwell Plate 96 Roche, Germany
LightCycler 480 Probes Master Roche, Germany
Medical X-Ray Film Super RX Fujifilm, Japan
Mowiol Merck, Germany
NuPAGE® Novex 4-12% Bis-Tris Gel Invitrogen, USA
Page Ruler Prestained Protein Ladder Thermo Scientific, USA
Pap Pen 2mm Sigma, Germany
PhosSTOP Roche, Germany
Pierce ECL Western Blotting Substrate Thermo Scientific, USA
Primer Biomers, Germany
ProLong® Gold antifade reagent Invitrogen, USA
Protease inhibitor cocktail, Complete Mini Roche, Germany
PVDF membrane Milipore, USA
Reflotron® GOT, GPT, ALP, GGT and Bilirubin Roche Diagnostics, Germany
Restore PLUS Western Blot Stripping Buffer Pierce, USA
Slides Ultra Plus Menzel, Germany
Streptavidin Dianova, Germany
Tissue-Tek® O.C.TTM Compound Sakura, Japan

Universial Probe Roche Applied Science,
Germany

Whatman paper Invitrogen, USA

2.8.3 Buffers and solutions

Citrate buffer (10 mM, pH 6.0):
1.8 mM citric acid monohydrate, 8.2 mM trisodium citrate dihydrate

4xLaemmli loading buffer:
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10g SDS, 12.5ml 2MTris-HCl, pH 6.8,13ml Glycerol, 50ml ddH2O, bromophenol

blue 0.004g, add β-ME just prior to use each time.

PBS buffer (pH 7.4):
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4.7H2O, 1.8 mM KH2PO4

Semi-dry Transfer Buffer:
48 mM Tris, 39 mM glycine, 0.04 % SDS, 10% or 20% methanol

4% SDS lysis buffer:
1ml 1M Tris pH 7.6, 2ml 20% SDS, ddH2O (add to 10ml), Protease inhibitor 1

tablet/10ml, Phosphatase inhibitor 1 tablet/10ml

TBS buffer, 20x (pH 7.5):
1 M Tris, 3 M NaCl

2.8.4 Kits

Item Company
AEC+ High Sensitivity Substrate Chromogen Dako, USA
BCA Protein Assay Kit Thermo Scientific, USA
KAPA Mouse Genotyping Hot Start Kit VWR, Germany
Transcriptor High Fidelity cDNA Synthesis
Kit Roche Diagnostics, Germany

RNeasy Mini Kit Qiagen, Germany

2.8.5 General laboratory equipment

Item Company
Biofuge™ centrifuge Heraeus, Germany
Block thermostat / TCR 100 Carl Roth GmbH, Germany
BZ-9000 Keyence International, Belgium
Centrifuge (max.13.000) / Biofuge A Heraeus, Germany
Deep freezer (-80°C) Class N/HFU 586 Heraeus, Germany
Dryer T5050E Heraeus, Germany
Freezer (-20°C) Liebherr, Germany
Ice-machine automatic / AF10 Scotsman, Italy
Incubator Heraeus, Germany
IVIS Imaging System 200 PerkinElmer, USA
Laminary flow hood Heraeus, Germany
Light microscope Leica, Germany
LightCycler 480 Roche, Germany

https://www.qiagen.com/de/shop/sample-technologies/rna/total-rna/rneasy-mini-kit/
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Magnetic stirrer Kika Labortechnik, Germany
Nanodrop 1000 spectrophotometer Thermo Scientific, USA
PCR machine / Primus 96 Plus MWG Biotech, Germany
pH meter / Calimatic 761 Knick, Germany
Pipettes 2,10, 20,100, 200&1000μl Gilson, France
PowerPac™ Basic Power Supply Bio-Rad, Germany
Pressure cooker Fissler GmbH, Germany
Reflotron® Roche, Germany
Refrigerator Liebherr, Germany
Scale Scaltec, Germany
Scale / Sartorius BP-210-S Sartorius AG, Germany
Semi-dry transfer cell / Trans-Blot SD Bio-Rad Laboratories, USA
Shaker (Polymax 1040) Heidolph Instruments, Germany
Spectrophotometer Genesys 10S UV/VIS Thermo Scientific, USA
Steam sterilizer H+P Labortechnick GmbH, Germany
Tissue Embedding Station Leica, Germany
Vortex Genie-2 / G-560E Scientific Industries, USA
Waterbath B. Braun, Germany

2.8.6 Software

Item Comapny
Adobe Acrobat X, Version 10.1.14 Adobe Systems GmbH, Germany
Adobe Photoshop CS6, V13.0
1313131313313.0x64 Adobe Systems GmbH, Germany

GraphPad Prism 5, version 5.03 GraphPad Software Inc., USA
Hybrid Cell Count Keyence International, Belgium
Microsoft Office V14.7.3 Microsoft, USA
ImageJ 1.47t National Institutes of Health, USA
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3. RESULTS

3.1 MYCLAP-tTA/NEMOΔLPC mice show a strong upregulation of MYC and

downregulation of NEMO in the liver

MYCLAP-tTA mice were generated by crossing LAP-tTA transgenic mice with TetO-

MYC transgenic mice. LAP-tTA mice express the tetracycline-transactivator (tTA)

under the control of liver-activator protein promoter (LAP-P) and targets transgene

expression specifically to the liver. TetO-MYC mice coexpress human MYC (hMYC)

and a luciferase reporter gene under the control of a bidirectional promoter containing

the tetracycline responsive operon (TetO). In the liver of MYCLAP-tTA transgenic mice,

tTA binds to TetO and mediates the transcription of hMYC and luciferase reporter

gene. By applying 0.1g/L Doxcycline (DOX) in drinking water, transcription of both

transgenes could be switched off. NEMOΔLPC mice were generated by crossing mice

carrying an Albumin-Cre (Alb-Cre) transgene with mice bearing a floxed allele of

Ikbkg. Since albumin protein is expressed primarily in the liver, and is specifically

synthesized in adult animal hepatocytes, the recombination should occur in the liver

parenchymal cells (Fig 1). Specifically, we first bred LAP-tTA mice with Alb-cre

mice, and the double transgenic offsprings were crossed to NEMOfl mice to obtain

LAP-tTA+/Alb-cre+/NEMOfl/wt mice, which later on crossed to tetO-Myc+ mice. In

our present study, we gave mice 0.1g/L DOX in drinking water perinatally and until

birth. Our experimental groups include wild type (without MYC expression or NEMO

deletion), NEMOΔLPC mice, MYCLAP-tTA mice and MYCLAP-tTA/NEMOΔLPC mice.
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Fig 1. Generation of the transgnic mice with liver-specific MYC overexpression and
NEMO ablation. LAP-tTA mice were first crossed to Alb-cre transgenic mice. Double
transgenic offspring were then crossed to NEMOfl mice to obtain LAP-tTA+/Alb-
cre+/NEMOfl/wt mice, which later were crossed to tetO-Myc+ mice. In the presence of
DOX, MYC transgene was repressed, otherwise tTA mediated the transcription of
luciferase reporter gene together with MYC transgene.

Since MYC transgene is binded to a luciferase reporter gene, we could monitor both

transgenes expression by in vivo bioluminescence imaging under an IVIS system.

Abundant luciferase activity was detected in the liver area of MYCLAP-tTA mice 6

weeks after DOX removal, which reflected that MYC expression was specifically

targeted to the liver in MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC mice (Fig 2).

Overexpression of MYC and ablation of NEMO was confirmed by western blotting

which showed a strong upregulation of MYC and a strong downregulation of NEMO

in the liver (Fig 3). We could see that MYC expression was not affected by

simultaneous deletion of NEMO. There still existed a residual band of NEMO

expression, which could be due to the reason that NEMO is only deleted in the liver

parenchymal cells. In addition, by immunofluorescence staining of the liver sections,

we could see abundant expression of MYC protein in the liver tissue from both

MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals (Fig 4).
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Fig 2. Representative in vivo bioluminescence imaging indicating luciferase activity
abundantly localized to the liver area of MYC-transgenic mice at 6 weeks of age.

Fig 3. Western blot analysis of c-MYC, NEMO from protein extracts obtained from
animals sacrificed at 45 days of age indicating successful modulation of MYC and
NEMO tansgenes in the liver. GAPDH was used as the loading control. WT: MYCWT or
NEMOWT; TG: MYCLAP-tTA; ΔLPC: NEMOΔLPC.



RESULTS

46

Fig 4. Immunofluorescence staining for MYC positive cells (red), indicating most of the
parenchymal cells in the livers from MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC mice
harboring MYC expression. DAPI (blue) indicates the cell nuclei. Scale bar: 50 μm.

3.2 Liver specific ablation of NEMO accelerated MYC-induced tumorigenesis

and tumor related death

3.2.1 Animals with liver specific MYC overexpression show severely damaged

livers and have poor prognosis

Animals were sacrificed and analyzed due to massive tumor load at 45 days of age.

We first analyzed the tumor development in MYCLAP-tTA mice. Almost all MYCLAP-tTA

mice developed liver tumors and had to be sacrificed at the terminal stage. We

identified that 50% of the mice reached terminal stage at about 83 days of age, and in

some cases the liver tumor was only obvious at around 150 days. The result is similar

to that described in another study, in which they also activated expression of MYC

transgene in neonatal livers (Beer et al., 2004). There was some exception with very

few mice, which did not develop tumors even at later stages.

To investigate the effect of liver specific NEMO ablation on the MYC-driven

hepatocarcinogenesis, we analyzed the MYCLAP-tTA/NEMOΔLPC mice according to a

similar time course. The result surprisingly showed that liver tumor development and

progression of the MYCLAP-tTA/NEMOΔLPC mice was substantially accelerated
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compared to MYCLAP-tTA mice. And our data showed that 50% of the animals reached

terminal stage at around 56 days of age (Fig 5). The livers of the MYCLAP-

tTA/NEMOΔLPC mice appeared macroscopically overall enlarged compared to the

livers in MYCLAP-tTAmice with a huge number of tumor nodules (Fig 6).

Fig 5. Kaplan-Meier survival curve of animals from different genetic groups. Median
survival time is 83 days for MYCLAP-tTA mice and 56 days for MYCLAP-tTA/NEMOΔLPC

mice. ****p<0.0001.

Fig 6. Representative gross pictures of livers from animals at 45 days of age showing
massively enlarged livers with numerous tumor nodules in MYC-driven tumorigenic
mice.

3.2.2 Liver ablation of NEMO leads to higher values of liver damage markers

and cholestasis markers

For each single mouse, we measured the body weight and liver weight and calculated

the liver to body weight ratio. The result revealed that NEMO ablation significantly
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increased the liver to body weight ratio of the MYCLAP-tTA/NEMOΔLPC mice (Fig 7).

Since different serum parameters could reflect the damage of the liver to some extent,

we measured parameters such as ALT, AST, ALP, GGT and bilirubin by Reflotron

blood analyzer.

We could observe that NEMO deletion alone can lead to a significant increase of

ALT levels, which indicated the acute liver damage in NEMOΔLPC animals. By

comparing AST, ALP, GGT and bilirubin levels in MYCLAP-tTA and MYCLAP-

tTA/NEMOΔLPC animals, we could find that NEMO ablation in the liver significantly

increased these parameters, further demonstrating that NEMO deletion can lead to an

elevation of liver damage in MYCLAP-tTA/NEMOΔLPC mice (Fig 8). Of note, the

elevated serum levels of ALP, GGT and bilirubin also reflected cholestasis, which

was detected significantly higher in MYCLAP-tTA/NEMOΔLPC animals compared to

MYCLAP-tTA animals. This means that animals with both MYC overexpression and

NEMO deletion may also develop cholestatic hepatitis followed by tumor formation

or it was because of tumors that obstruct the bile ducts, which lead to the elevation of

these parameters.

3.3 MYCLAP-tTA/NEMOΔLPC animals show different morphological changes

during the development of hepatocarcinogenesis from MYCLAP-tTA mice

We excised the livers at 45 days and performed the H&E staining on the liver sections,

which showed surprisingly different morphological phenotypes in MYC-driven tumor

mice in the presence or absence of NEMO (Fig 9). The histology revealed that liver-

specific overexpression of MYC lead to massive tumor nodules, with solid tumor

nodules, in trabecular or pseudoglandular pattern in MYCLAP-tTA mice, similar to

human HCC. No tumor structures could be seen in the wildtype and NEMOΔLPC mice.

Interestingly, we could observe that in MYCLAP-tTA/ NEMOΔLPC mice, many tumor

nodules contained multiple cyst-like/glandular structures (Fig 9). This finding

prompted us to examine further at an earlier stage. At 35 days of age, the similar

observation was also present in MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC mice, with

multiple cysts/glandular structures in the latter group (Fig 9). Moreover, such

structures have been described previously in some studies as certain types of

intrahepatic cholangiocarcinoma (Vijgen, Terris, & Rubbia-Brandt, 2017). We then
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quantified the tumor area and calculated the tumor area to liver area ratio in 5-week-

old mice, and it was obvious that tumor area in MYCLAP-tTA/NEMOΔLPC mice was

markedly increased (Fig 10). To investigate whether the structure is independent to

each other or connected with the solid tumor nodules, we performed an MRI test on

mice from MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC group at 50 days old.

We could observe that the liver structure is thoroughly destroyed in MYCLAP-

tTA/NEMOΔLPC group, with various sizes of tumor nodules and the presence of

independent bright signs of ICC-like structures (Fig 11).

Fig 7. Mice were sacrificed at the terminal stage of 45 days of age. Body weight, liver
weight and liver weight to body weight ratio were measured. Error bars indicate the SD.
***p<0.001, ****p<0.0001.

3.4 Liver-specific NEMO ablation increases apoptosis and proliferation levels in

MYC-driven tumorigenesis

3.4.1 NEMO ablation in the liver leads to an upregulation of apoptosis with or

without MYC overexpression
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Fig 8. Serum levels of AST, ALT, ALP, GGT and bilirubin were shown. Data was
analyzed by t-test. AST: aspartate aminotransferase; ALT: alanine transaminase; ALP:
alkaline phosphatase; GGT: gamma-Glutamyl Transferase. Values of p<0.05 was
considered statistically significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), ns:
not significant.

To better understand how NEMO deletion contributes to the acceleration of liver

tumor development, we conducted immunofluorescence and immunohistochemical

stainings for cleaved caspase-3 (CC3) on liver sections from 45 and 35 days old

animals.

First, we measured cellular apoptotic death by immunofluorescence staining on liver

sections from 45 days old animals. We saw substantially increased apoptotic death of

hepatocytes in the liver of mice with specific NEMO ablation (Fig 12). Also, in mice

with MYC overexpression, apoptosis levels both increased significantly compared to

wild type mice. To better know which cells were mostly apoptotic, we performed

again immunohistochemical staining for CC3 on liver sections from 45 days old mice

and quantified the CC3 positive cells/field carefully. Expectedly, NEMOΔLPC animals

showed a significantly higher level of apoptosis of hepatocytes compared to wild type

animals statistically. Although there seemed to be more apoptosis in MYCLAP-

tTA/NEMOΔLPC animals compared to MYCLAP-tTA animals, the quantification was not

statistically significant at this stage (Fig 13).
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Fig 9. H&E staining of liver sections from animals at 35 days and 45days of age. Dashed
lines marked the tumors. Arrows showed the infiltration of the portal vein. Scale bars:
50μm.

Fig 10. Quantification of tumor area and tumor area to overall liver area ratio from
liver H&E sections obtained from 35 days of age. Error bars indicate the SD.
****p<0.0001.
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Fig 11. MRI analysis of MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals at age of 50
days.

We then checked animals at an earlier age of 35 days old (Fig 12), which the result of

quantification revealed that there were more apoptotic cells in MYCLAP-

tTA/NEMOΔLPC animals compared to MYCLAP-tTA animals statistically (Fig 13). That

means the activation of apoptosis was most obvious in mice bearing both liver

specific MYC overexpression and NEMO deletion.

3.4.2 MYC-driven tumors are highly proliferative and NEMO ablation leads to

even higher level of proliferation

To study whether there was any difference of proliferation between each group of

animals, we performed immunohistochemical staining of Ki67 on liver sections from

both 45 days and 35 days old animals. At 45 days, both MYCLAP-tTA and MYCLAP-

tTA/NEMOΔLPC animals showed extremely high levels of proliferation (Fig 14).
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Fig 12. Immunofluorescence staining showing cleaved caspase-3 positive cells (green) on
formalin-fixed and paraffin-embedded liver sections from animals sacrificed at 45 days
of age. Immunohistochemical staining of cleaved caspase-3 on liver sections from
animals sacrificed at 45 and 35 days of age. DAPI (blue) indicates cell nuclei. Scale bars:
50μm.
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Fig 13. Quantification of cleaved caspase-3 positive cells per field. Data was obtained
from liver sections of CC3 immunohistochemical staining at the indicated age. Error
bars indicate the SD. Values of p<0.05 was considered statistically significant (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001), ns: not significant.

Therefore, we did quantification of Ki67 staining from 35 days point. In parallel with

increased cell death, we also detected increased proliferation in the liver of

NEMOΔLPC mice compared to wild type mice, as well as in the liver of MYCLAP-tTA

and MYCLAP-tTA/NEMOΔLPC animals as demonstrated by an elevated number of Ki67

positive cells. This means that MYC-driven tumors were highly proliferative and

NEMO ablation itself could lead to an upregulation of proliferation. Furthermore, we

could observe a significant increase of proliferation in MYCLAP-tTA/NEMOΔLPC mice

compared to MYCLAP-tTA mice (Fig 15). However, overall the proliferating cell

number was obviously much huge than the apoptotic cells, which resulted to

massively enlarged and proliferative tumor nodules.
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Fig 14. Immunohistochemical staining of Ki67 on formalin-fixed and paraffin-embedded
liver sections from animals sacrificed at indicated time point. Scale bars: 50μm.
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Fig 15. Quantification of Ki67 positive hepatocytes per field for 35 days old mice. Error
bars indicate the SD. Values of p<0.05 was considered statistically significant, *p<0.05,
**p<0.01.

3.5 Liver-specific NEMO ablation promotes infiltration of inflammatory cells,

tumor associated fibrosis and angiogenesis

3.5.1 NEMO ablation induced an elevation of inflammatory infiltration in the

presence or absence of MYC overexpression

We hypothesize that NEMO ablation in the liver contributes to the acceleration of

tumor development and tumor related death at least part by increase of inflammation.

This hypothesis was verified by immunofluorescence staining for CD45, a common

marker for leukocytes. It was observed that there was a significant increase of

inflammatory infiltrating cells in NEMOΔLPC mice compared to wild type mice (Fig

16). And expectedly, CD45 positive cells were more abundant in liver sections from

MYCLAP-tTA/NEMOΔLPCmice compared to MYCLAP-tTAmice (Fig 16).

We then we checked the inflammation associated STAT3 pathway, since STAT3 has

been pointed out to be an important transcription factor involved in inflammation and

cancer crosstalk (Wan et al., 2014). The western blot indicated an upregulation

phospho-STAT3 in MYCLAP-tTA/NEMOΔLPC animals compared to MYCLAP-tTA animals

as shown in Fig 17, indicating that the effect of NEMO ablation could be associated

with the activation of STAT3 in MYC-driven liver tumorigenesis.
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Fig 16. Immunofluorescence staining of CD45 positive cells (red) on formalin-fixed and
paraffin-embedded liver sections obtained from animals sacrificed at 35 days and 45
days of age, indicating the presence of infiltrating cells. DAPI (blue) indicate the cell
nuclei. Scale bars: 50 μm.
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Fig 17. Western blot ananlysis of phospho-STAT3, STAT3 from SDS protein extracts
obtained from animals sacrificed at 45 days of age. GAPDH was used as the loading
control. WT: MYCWT or NEMOWT; TG: MYCLAP-tTA; ΔLPC: NEMOΔLPC.

3.5.2 NEMO ablation leads to a higher level of tumor-associated fibrosis in

MYC-driven liver tumors

Analysis of the liver histology indicated a more abundant area of fibrosis in the

MYCLAP-tTA/NEMOΔLPC animals compared to MYCLAP-tTA animals (Fig 9). So we

checked the tumor-related fibrosis by sirius red staining, which indicated the presence

of collagen fibers, confirming the result of H&E sections (Fig 18).

We also quantified the area of sirius red positive staining from liver sections of 35

days old animals. In wild type mice, the area of fibrosis was around 0.2% of the

whole liver area, while in NEMOΔLPC mice, the area was increased to 1.4%.

Expectedly, the fibrotic area was most abundant in MYCLAP-tTA/NEMOΔLPCmice, with

the mean fibrotic area ratio of 8% compared to the value of 3% in MYCLAP-tTA mice

(Fig 19).



RESULTS

59

Fig 18. Sirius red staining of liver sections from animals sacrificed at 45 and 35 days of
age. Scale bars: 50μm.
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Fig 19. Area of fibrosis shown as a quantification of sirius red positive staining as a
percentage of overall liver area. Data was obtained from 35 days old animals. Error
bars indicate the SD. Values of p<0.05 was considered statistically significant (*p<0.05,
**p<0.01, ***p<0.001).

And molecularly, we looked into the expression of some pro-fibrogenic genes by

quantitative RT-PCR, including Col1a1, Col3a1 and Vim, and interestingly we found

that all these genes were upregulated in the mice with NEMO ablation (Fig 20). We

also checked the mRNA level of the gene Acta2 encoding alpha-smooth muscle actin

(α-SMA) protein, which is regarded as a cell marker for activated hepatic stellate cells,

and the result revealed that NEMO deletion increased the level of Acta2 significantly

in the presence or absence of MYC overexpression (Fig 20). These data suggest that

the effect of liver specific deletion of NEMO could be associated with an activation of

hepatic stellate cells, which are important to the development of liver fibrosis.

Fig 20. Quantitative PCR showing the expression level of pro-fibrogenic genes relative
to the wild type control animals at 35 days of age. The mean mRNA level of wild type
control animals was set to 1. Error bars mean the SD. Values of p<0.05 was considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), ns: not
significant.
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3.5.3 NEMO ablation promotes tumor-associated angiogenesis
So far, we have demonstrated that liver ablation of NEMO significantly promoted

hepatocarcinogenesis in MYC-driven tumor animals. The specific mechanisms

remain to be elucidated. Since it has been shown that angiogenesis plays an important

role in the tumor development, progression, and metastasis of hepatocellular

carcinoma, we therefore also investigated the level of angiogenesis by

immunofluorescence staining of CD31 on liver sections from 45 days old animals.

The representative staining result was shown in Fig 21. By quantification of the

percentage of CD31 positive area, we unexpectedly found an upregulation of

neoangiogenesis level in NEMOΔLPCmice (Fig 22). Although there was no significant

difference between MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals, but there was a

clear tendency of elevation of angiogenesis in the latter group.

3.6 Involvement RAF-MEK-MAPK signaling pathway in MYC-driven liver

tumorigenesis

Much evidence has proposed that RAF-MEK-MAPK signaling pathway is generally

involved in inflammation and plays an important role in liver cancer development (L.

Li et al., 2016; Min et al., 2011). We therefore examined several components of this

pathway on protein levels. And the activation of MEK, c-Raf, Erk, p38 and JNK was

obvious in MYC-induced tumor mice compared to wild type mice. Except for p38

pathway, activation of all the other components appeared stronger in the MYCLAP-

tTA/NEMOΔLPCmice compared to MYCLAP-tTA mice (Fig 23). Interestingly, the western

blot showed that Erk was remarkably activated in mice with spontaneous liver

overexpression of MYC and NEMO ablation. It is reasonable to presume that RAF-

MEK-MAPK signaling pathway was positively involved in MYC-induced

hepatocarcinogenesis, and that Erk activation is at least in part contributes to the

phenotype in MYCLAP-tTA/NEMOΔLPC animals.
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Fig 21. Immunofluorescence staining showing angiogenesis marker CD31 positive cells
(red) on liver sections from animals at 45 days of age. DAPI (blue) indicates the cells
nuclei. Scale bar: 50μm.

Fig 22. Quantification of CD31 positive area as a percentage of overall liver area. Error
bars indicate the SD. Values of p<0.05 was considered statistically significant (*p<0.05,
**p<0.01), ns: not significant.
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Fig 23. Western blot ananlysis of phospho-Erk, Erk, phospho-p38, p38, phospho-JNK,
JNK, phospho-MEK1/2, phospho-c-Raf from SDS protein extracts obtained from mice
sacrificed at 45 days of age. GAPDH was used as the loading control. WT: MYCWT or
NEMOWT; TG: MYCLAP-tTA; ΔLPC: NEMOΔLPC.

3.7 MYCLAP-tTA/NEMOΔLPC mice possess both HCC and ICC features

We found previously that serum levels of cholestasis markers such as ALP, GGT and

bilirubin were significantly elevated in MYCLAP-tTA/NEMOΔLPC animals compared to

MYCLAP-tTA animals (Fig 8). Furthermore, we detected significantly different

structures of tumor from H&E staining between these two groups of animals (Fig 9).

We then questioned what the real reason behind the different tumor morphology was

or what was the correlation between the animal phenotype and the tumor

characterization.

3.7.1 MYCLAP-tTA/NEMOΔLPC mice showed a down-expression of hepatocyte

marker CPS1

Although hepatocellular carcinoma was heterogeneous in both groups, there were

intrahepatic cholangiocarcinoma (ICC)-like structures in liver sections from MYCLAP-

tTA/NEMOΔLPC mice at 45 days of age (Fig 9). To characterize the tumor phenotype,

we observed in MYCLAP-tTA/NEMOΔLPC mice, we performed immunohistochemical

stainings for hepatocyte marker (CPS1) on formalin-fixed and paraffin-embedded
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liver sections from both 45 days and 35 days old animals. Interestingly, we found that

the ICC-like structures were mostly negative for CPS1 in MYCLAP-tTA/NEMOΔLPC

mice, while in MYCLAP-tTA animals, most of the solid tumor structures were positively

stained (Fig 24).

Fig 24. Immunohistochemical staining for hepatocyte marker CPS1 on liver sections
from animals at 45 days and 35 days of age. Scale bars: 50μm.
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3.7.2 NEMO ablation leads to an upregulation of cholangiocellular and

progenitor cell marker in MYC-driven tumorigenesis

We next performed immunofluorescence staining for hepatic progenitor cell marker

or cholangiocellular marker cytokeratin 19 (CK19) on liver sections from 45 days old

animals. We could clearly see more abundant positive area were stained for CK19

(Fig 25). To know what the structure was like, we conducted again the

immunohistochemical staining for CK19 on the liver sections. Interestingly, the result

revealed that ICC-like structure was most positive for CK19 in MYCLAP-

tTA/NEMOΔLPC animals, while in other groups, CK19 was only found positive in bile

ducts (Fig 25). There is also intermediate state of cells, which were positive for CPS1

and negative for CK19 among the ICC-like structure. We hypothesize that there exist

at least two subtypes of tumor nodules in MYCLAP-tTA/NEMOΔLPC mice, the mature

HCC part, which forms conventional HCC, appearing to be more solid, and the

intermediate part, consisting of HCC-ICC like cells.

It has been shown that sex-determining region Y-box 9 (Sox9) is involved in

hepatocellular carcinoma and maybe correlated with the tumor progression and

prognosis. Also, recent studies have pointed out that Sox9 is a novel marker for liver

progenitor cells. We therefore performed immunohistochemical staining for Sox9 on

liver sections from 45 days old mice. Expectedly, on liver sections from MYCLAP-

tTA/NEMOΔLPC animals, the ICC like structure was mostly positive for Sox9 (Fig 26)
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Fig 25. Immunofluorescence staining showed CK19 positive cells (red) on liver sections
from 45 days old animals. DAPI (blue) indicates the cell nuclei. Right panel showed the
immunohistochemical staining for CK19 on liver sections from animals at 45 days of age.
Scale bar: 100 μm (for IF) and 50μm (for IHC).



RESULTS

67

Fig 26. Immunohistochemical staining for progenitor cell marker Sox9 on liver sections
from animals at 45 days of age. Scale bar: 50μm.

3.7.3 NEMO ablation leads to an activation of hepatic stellate cells

It has been published that alpha-smooth muscle actin ( �SMA)-positive

fibroblasts/hepatic stellate cells promote biliary cell proliferation and correlate with

poor survival in cholangiocarcinoma (Amann et al., 2009; Chuaysri et al., 2009; Han

et al., 2014; Ji et al., 2015; Okabe et al., 2011). Also, �SMA has been regarded as a

marker for the activation of hepatic stellate cells. And previously we found that

NEMO ablation significantly increased mRNA level of Acta2, which encoded the

protein �SMA. To investigate the expression pattern of �SMA on a histology level,

we also did immunofluorescence staining for �SMA and MYC on liver sections from

both 45 days and 35 days old animals. Staining of �SMA revealed an increased level

of activated hepatic stellate cells in the livers of 45 days old MYCLAP-

tTA/NEMOΔLPC mice compared to MYCLAP-tTA mice (Fig 27). Interestingly, there was

increased activation of hepatic stellate cells in NEMOΔLPC animals compared to

controls (Fig 27). We further quantified the �SMA staining specifically and the

results also confirmed that liver ablation of NEMO promotes the activation of hepatic
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stellate cells (Fig 28), which also contributes to stronger fibrosis in NEMOΔLPC

animals and MYCLAP-tTA/NEMOΔLPC animals (Fig 19).

Fig 27. Immunofluorescence staining for �SMA positive cells (green) and MYC positive
cells (red) on liver sections from 45 days old animals. DAPI (blue) indicates the cell
nuclei. Scale bar: 50μm.
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Fig 28. Quantification of percentage of �SMA positive cells from 45 days old animals.
Error bars indicate SD. Values of p<0.05 was considered statistically significant
(*p<0.05, **p<0.01).

And by checking the immunofluorescence staining of �SMA and MYC at an earlier

age of 35 days, we could also observe the same expression pattern that NEMO

ablation already promoted the activation of hepatic stellate cells at this stage (Fig 29).

The overall increased activated hepatic stellate cells and stronger fibrosis impaired the

regeneration process of the liver, while the regeneration involved a restoration of the

normal liver architecture. These results indicated that NEMO ablation leads to an

activation of hepatic stellate cells, and this may in part contribute to the different

phenotype between MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals.

3.7.4 NEMO ablation leads to increased protein expression and mRNA levels of

progenitor markers in MYC-driven tumors

At the protein level, we performed western blotting with liver SDS protein extracts

from 45 days old animals to analyze the expression levels of CK19, Sox9 and �SMA.

Similar to the respective staining results, it was detected that these three markers

expression levels were upregulated in MYCLAP-tTA/NEMOΔLPC mice compared to

MYCLAP-tTA mice (Fig 30). Although it was not obvious for an increase of CK19

expression level in NEMOΔLPC mice compared to wild type controls, the expression

level of Sox9 and �SMA was elevated in animals with liver NEMO ablation. These

results further confirmed what we saw previously from the histology.
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Fig 29. Immunofluorescence staining for hepatic stellate cell marker �SMA (green) and
MYC positive cells (red) on liver sections from animals at 35 days of age. DAPI (blue)
indicates the cell nuclei. Scale bar: 50μm.

Fig 30. Western blot showing the expression level of CK19, Sox9 and �SMA from liver
protein extracts of 45 days old animals. GAPDH was used as the loading control. WT:
MYCWT or NEMOWT; TG: MYCLAP-tTA; ΔLPC: NEMOΔLPC.

To further verify the mRNA levels of different progenitor marker genes such as Krt19,

Krt7, Afp, and Epcam, we did quantitative RT-PCR on the whole liver RNA extracts

from 45 days old animals. There was indeed a strong upregulation of Krt19, Krt7 and

Epcam in MYCLAP-tTA/NEMOΔLPC animals compared to MYCLAP-tTA animals (Fig 31).

This could explain why we saw more CK19 positive cells in mice bearing both MYC

overexpression and NEMO deletion as well as the different tumor morphology from

the histology. Although Afp mRNA level was significantly elevated in both MYCLAP-
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tTA/NEMOΔLPC animals and MYCLAP-tTA animals when compared to the controls, there

was no significant difference between themselves (Fig 31). Of note was that Epcam

was also strongly upregulated in MYCLAP-tTA animals compared to controls (Fig 31),

together with Afp upregulation, they indicated that there could also exist liver

progenitor cells in MYCLAP-tTA animals, while lacking the unknown intriguing factors

to induce them to differentiate into ICC-like structures which were found all over the

liver from MYCLAP-tTA/NEMOΔLPC animals.

Fig 31. Quantitative PCR showing the relative mRNA expression level of Krt19, Krt7,
Afp and Epcam, with the expression level of wild type animals set to 1. Error bars
indicate the SD. Values of p<0.05 was considered statistically significant (*p<0.05,
**p<0.01), ns: not significant.

3.8 NEMOΔLPC mice showed no steatohepatitis at 12 months

NEMOΔLPC mice were also analyzed over the time, and not a single animal showed

signs of tumor development. We followed NEMOΔLPC mice until 6 months and 12

months of age and analyzed the livers, which showed no macroscopic or microscopic

tumor nodules of HCC or steatohepatitis (Fig 32-33). Also, the liver weight and serum

liver enzymes showed no significant difference compared to the control mice at 12

months old (Fig 34). This is in contrast to other reports in NEMO ablation in

hepatocytes, which led to steatohepatitis and HCC (T. Luedde et al., 2007). An

explanation for this finding may lie in the time course of NEMO ablation and
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reexpression in our NEMOΔLPC mice, since NEMO expression was recovered to levels

similar to those found in wild type mice at 12 months old (Fig 35).

Fig 32. Representative gross pictures of livers from WT and NEMOΔLPC animals at 12
months old.

Fig 33. H&E staining of liver sections from WT and NEMOΔLPC animals at 12 months
old. Scale bars: 50μm.
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Fig 34. Body weight, liver weight, serum levels of ALT and AST of WT and NEMOΔLPC

animals at 12 months old were measured. ALT: alanine transaminase; AST: aspartate
aminotransferase. Error bars indicate the SD. ns: not significant.

Fig 35. Western blot showing the expression level of NEMO from liver protein extracts
of 12 months old animals. GAPDH was used as the loading control.

3.9. MYC inactivation could reverse the tumor phenotype

3.9.1 Dox administration turns off the transgene expression

It has been demonstrated that highly invasive and malignant liver cancers exhibit

rapid and sustained tumour regression upon MYC inactivation in a conditional MYC

activation-induced liver cancer mouse model (Shachaf et al., 2004). We are also

interested whether the phenotype in MYCLAP-tTA/NEMOΔLPC mice can be reversed by

MYC inactivation. We set up the breedings with all animals received Dox perinatally

till birth. The offsprings were then randomly divided into two cohorts, with or without

applying 1g/L Dox in the drinking water. Since it would be end-stage at 45 days and

ICC like structure was not remarkable at 35 days, we chose the 40-day time point to

treat the mice. To examine better the consequences of MYC inactivation in vivo, we
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used IVIS to visualize the liver tumor growth and response to Dox treatment, which

showed completely no luciferase activity at three days after Dox administration (Fig

36). We kept the mice with Dox administration for 10 days and sacrificed them.

3.9.2 Serum parameters for liver damage are reduced after Dox administration

Serum levels of AST and ALT from 40 days animals and 50 days animals were

measured by the Reflotron blood analyzer. In accordance with previous results,

NEMO ablation induced an elevation of serum AST and ALT levels in the presence

or absence of MYC overexpression (Fig 37). Furthermore, the result also showed a

significant reduction of both markers in MYCLAP-tTA animals after 10 days of Dox

treatment. The mean enzyme activity of AST ± SEM was calculated, 40 days before

Dox treatment (n=7): 235.1 ± 41.06 U/L; 50 days (n=5): 41.34 ± 4.356 U/L; and the

mean enzyme activity of ALT ± SEM, 40 days (n=7): 233.1 ± 64.27 U/L; 50 days

(n=5): 17.43 ± 2.168 U/L) (Fig 34).

That means after 10 days of Dox administration, AST and ALT levels were actually

reduced to reference ranges (AST: 10 - 91 U/L; ALT: 12 - 44 /L). However in

MYCLAP-tTA/NEMOΔLPC animals, the reduction of both enzyme activity was not

statistically significant, although showing a tendency of recovery, mean enzyme

activity of AST ± SEM, 40 days (n=8): 625.1 ± 97.45 U/L; 50 days (n=5): 333.4 ±

62.68 U/L; mean enzyme activity of ALT ± SEM, 40 days (n=8): 614.3 ± 94.02 U/L;

50 days (n=5): 346.2 ± 57.95 U/L. In addition, serum level of ALP was also

measured before and after Dox treatment, and we found that in MYCLAP-

tTA/NEMOΔLPC animals, ALP level was significantly reduced to normal reference

range.
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Fig 36. Representative in vivo bioluminescence imaging of animals at 40 days
without any Dox treatment (left) and animals at 43 days with Dox treatment for
3 days (right).

3.9.3 Liver tumorigenesis is repressed rapidly after inactivation of MYC

It has been reported that MYC oncogene inactivation by doxycycline treatment is

sufficient to induce rapid and sustained regression of liver cancers (Shachaf et al.,

2004). Expectedly, all MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals that

succumbed to liver tumors exhibited rapid and sustained tumor regression after 10

days treatment with doxycycline, which inactivated MYC transgene expression. Upon

gross investigation only 10 days after MYC inactivation there was no sign of tumour

persistence in MYCLAP-tTA animals where gross and microscopic liver morphology

had been rescued to normal structure (Fig 38, 39).
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Fig 37. Mice were sacrificed at the age of 40 days (without Dox treatment), 50 days (10
days after Dox treatment) and 68 days (4 wks after Dox treatment). Body weight, liver
weight and liver weight to body weight ratio were measured. Serum levels of AST, ALT,
ALP were shown. AST: aspartate aminotransferase; ALT: alanine transaminase; ALP:
alkaline phosphatase. Error bars indicate the SD. N≥4 mice/group. Values of p<0.05 was
considered statistically significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), ns:
not significant.

Macroscopically, livers from MYCLAP-tTA/NEMOΔLPC animals after 10 days treatment

with doxycycline appeared to be normal morphology and no evident tumor nodules

were found (Fig 38). However, when observed microscopically, liver morphology of

MYCLAP-tTA/NEMOΔLPC animals was not completely restored as seen in MYCLAP-tTA

animals (Fig 39). Therefore, MYC oncogene inactivation may effectively induce

rapid and sustained regression of MYC-induced hepatocellular carcinoma. However,

when liver ablation of NEMO consists existing, MYC-induced liver tumors could not

be rescued completely, at least by only 10 days after MYC inactivation.
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Fig 38. Representative gross pictures of livers from animals before doxycycline
treatment and 10 days as well as 4 weeks administration with doxycycline, showing
restored liver in MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC animals.

3.9.4 Characteristics of the residual abnormal structure in liver from MYCLAP-

tTA/NEMOΔLPC animals

As it was found previously, the tumor type in animals with MYC overexpression and

NEMO ablation was mixed HCC-ICC. We wondered after 10 days treatment with

Dox, the mixed tumor nodules in MYCLAP-tTA/NEMOΔLPC animals still existed or not.

Therefore, we performed immunohistochemical staining of CPS1 (for hepatocytes)

and CK19 (for cholangiocytes) on liver sections from animals before and after Dox

administration.

It was observed that the residual ICC-like structure was mostly CPS1 negative, but

with shrinked size of cysts (Fig 40). And from CK19 immunohistochemical staining

(Fig 41), we could still see the residual abnormal structure was positive for CK19,

which means that MYC inactivation has not reversed the ICC-like part into normal

liver.
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Fig 39. H&E staining of liver sections from animals at 40 days (without Dox treatment),
50 days (10 days after Dox treatment) and 68 days (4 weeks after Dox treatment).
Dashed lines marked the abnormal structures (tumor nodules in MYCLAP-tTA animals;
ICC like structure in MYCLAP-tTA/NEMOΔLPC animals). Scale bars: 50μm.
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Fig 40. Immunohistochemical staining of CPS1 on liver sections from animals sacrificed
at 40 days before Dox treatment and 50 days (10 days with Dox treatment) as well as 4
weeks after Dox treatment. Scale bar: 50μm.
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Fig 41. Immunohistochemical staining of CK19 on liver sections from animals sacrificed
at 40 days before Dox treatment and 50 days (10 days with Dox treatment) as well as 4
weeks after Dox treatment. Scale bar: 50μm.

3.9.5 MYC inactivation reduces invasive growth of the liver

Since one of the characteristics of the malignant cell is invasive growth, we

hypothesize that MYC inactivation repressed the growth or cell proliferation of the

liver. We performed immunohistochemical staining of Ki67 on the liver sections from

animals before and after Dox administration. Expectedly, the staining revealed

significantly reduced proliferating cells in liver from MYCLAP-tTA and MYCLAP-

tTA/NEMOΔLPC animals (Fig 42). Of note, there were few residual proliferating cells in

the ICC-like structure from MYCLAP-tTA/NEMOΔLPC animals. That means when liver

NEMO ablation exists, MYC inactivation after 10 days Dox treatment could not

completely reverse the phenotype of mixed HCC-ICC. But since liver is an organ

with highly regenerating and self-healing capability, we would hypothesize that the
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residual structure is not invasive or life threatening for the MYCLAP-tTA/NEMOΔLPC

animals.

Fig 42. Immunohistochemical staining of Ki67 showing proliferating cells on liver
sections from animals sacrificed at 40 days before Dox treatment and 50 days (10 days
with Dox treatment) as well as 4 weeks after Dox treatment. Scale bar: 50μm.

3.9.6 MYC inactivation reduces hepatocyte apoptosis

As strong liver apoptosis was found previously at 45 days old MYCLAP-tTA and

MYCLAP-tTA/NEMOΔLPC animals, we wondered whether MYC inactivation could

decrease the apoptosis level in livers. Staining of cleaved caspase 3 revealed that the

apoptosis level was significantly downregulated that almost no cell death was found

in MYCLAP-tTA animals after both 10 days and 4wks Dox administration. Although

some apoptotic cells could be observed in MYCLAP-tTA/NEMOΔLPC animals, it was

substantially reduced compared to animals without Dox treatment, and the residual

apoptosis could be explained by NEMO deletion in these mice. This also helped to
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understand that these mice appear to be normal and liver tumors are not visible after

MYC inactivation.

Fig 43. Immunohistochemical staining of Cleaved caspase 3 on liver sections from
animals sacrificed at 40 days before Dox treatment and 50 days (10 days with Dox
treatment) as well as 4 weeks after Dox treatment. Scale bar: 50μm.
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4. Discussion

4.1 MYC overexpression in the liver induces typical hepatocarcinogenesis

Numerous animal models have successfully induced development of

hepatocarcinogenesis, while not all of them really mimic the pathogenesis of human

HCC that initiates with injuries, fibrosis, cirrhosis, preneoplastic nodules and

eventually occurance of HCC. Up to date, murine HCC models can usually be

categorized into four main types: chemically induced, transgenic mice over-

expressing oncogenes, genetically modified models and xenograft models

(Heindryckx, Colle, & Van Vlierberghe, 2009). Chemically induced (N-

nitrosodiethylamine (DEN)) models are among the most common used in HCC

research, with high penetrance but not reversible (Y. Li, Tang, & Hou, 2011). A

single injection of DEN followed by repeated administration of carbon tetrachloride

(CCl4) can induce liver tumors at 5 months of age with 100% penetrance, which also

mimics the sequence of injury-fibrosis-malignant transformation similar to human

HCC (Uehara, Pogribny, & Rusyn, 2014). Conditional activation or over-expression

of the oncogenenic protein Myc in murine liver will induce HCC, and this depends on

developmental context (Beer et al., 2004), whereas inactivation of MYC oncogene

results in sustained tumor regression (Shachaf et al., 2004). One comparative

functional genomic study has shown that HCCs from MYC, E2F1 and MYC/E2F1

transgenic mice are genetically close to those of the better prognosis of human HCC,

where HCCs from MYC/TGFα transgenic mice and in DEN-induced mice are most

similar to those of poorer prognosis of human HCC (J. S. Lee et al., 2004). The mouse

model we applied in our experiment is MYC-driven HCC model due to its high

penetrance and early onset as well as its reversibility by simple DOX treatment.

There is convincing evidence of a link between chronic inflammation and malignancy,

and that NF-κB activation as the hallmark of inflammation, can be observed in

various tumors (Coussens & Werb, 2002; Karin, 2009; Karin & Greten, 2005;

Pikarsky et al., 2004). However, the mechanisms of how chronic inflammation

influences tumor development and progression has not been elucidated clearly yet.

Hanahan and Weinberg has summarized the cellular processes that contribute to

malignant transformation, including sustained proliferative signaling, apoptosis
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evasion, replicative immortality, evading of growth suppressors, sustained

angiogenesis, induction of invasion and metastasis, reprogrammed energy metabolism

and evading immune destruction (Hanahan & Weinberg, 2011). And it has been

discussed recently that inflammation and NF-κB play important roles in most of these

processes (Karin & Greten, 2005). And depending on the mouse model and injury use,

NF-κB can either promote or inhibit tumorigenesis (T. Luedde et al., 2007; S. Maeda

et al., 2005; Pikarsky et al., 2004). Also MYC as a protooncogene, is deregulated in

up to 70% of human cancers (Nilsson & Cleveland, 2003). However, not much has

been studied about the interplay of these two factors in liver tumorigenesis. In the

present study, we successfully generated a MYC-driven liver tumorigenesis mouse

model. We also modulated the canonical NF-κB signaling by targeting its essential

component NEMO, with a main focus on the effects of NEMO ablation on MYC-

driven liver tumorgenesis.

Our results have shown that LAP promoter successfully targets MYC overexpression

to the liver. We applied the tet-off-based mouse line generated previously in our lab to

control the expression of MYC with the advantage of coexpression of MYC and a

luciferase reporter gene so that it can be monitored by non-invasive IVIS (Marinkovic

et al., 2004). Similar to what has been described in earlier reports, MYC

overexpression in the liver induced HCC with a high penetrance and considerable

similarity to the human HCC (Beer et al., 2004; Shachaf et al., 2004). By IVIS and

immunofluorescence staining results showed that although the luciferase reporter

gene and MYC were highly expressed in the tumor nodules, adjacent non-tumorous

tissue was almost negative. This might be explained by a mosaic-like expression

pattern with MYC over-expressing and non-expressing hepatocytes, which has been

observed previous studies using tet-off systems (Furth et al., 1994; Mayford et al.,

1996).

It has been suggested that distinct thresholds of MYC govern its in vivo activities:

low levels of deregulated MYC are sufficient to induce ectopic proliferation and

oncogenesis, while MYC overexpression is definitely required for the activation of

apoptotic and intrinsic tumor surveillance pathways and MYC is usually present at

significantly higher levels in tumors than in adjacent normal cells (Murphy et al.,

2008). This indicates that when MYC level exceeds a certain threshold, its pro-

apoptotic function takes main effects and drives the cells into apoptosis. Within few
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days after MYC activation, hepatocytes with high levels of MYC transgene should be

eliminated through apoptotic pathway, and hepatocytes with low levels of MYC or

those without MYC expression can survive and undergo the compensatory

proliferation to regenerate the liver. The hepatocytes with high MYC levels have to

acquire additional cellular alterations to counteract MYC-induced apoptosis to drive

hepatocarcinogenesis. Similar to the results by Beer and colleagues, MYC activation

in our study induces elevated cellular proliferation of the hepatocytes and increasing

apoptosis is associated with MYC-induced liver tumorigenesis (Beer et al., 2004). Of

note, similar results have been observed in MYC-induced mammary tumors and

lymphomas (Blyth et al., 2000; McCormack et al., 1998).

4.2 NEMO ablation shows substantial effects on MYC-driven tumorigenesis

One previous study has pointed out that constitutive induction of NF-κB may

contribute to hepatocarcinogenesis by accelerating the neoplastic development of c-

Myc-transformed cells in TGF �/c-Myc transgenic mice(Factor et al., 2001). In

contrast, although MYC oncogene alone is sufficient to drive hepatocarcinogenesis as

evidenced by enlarged and damaged livers, our results reveal that liver ablation of

NEMO together with the MYC oncogene overexpression show a more pronounced

accelerated phenotype of liver tumorigenesis by significantly reduced survival time of

tumor-bearing mice and substantially destroyed liver structures. Our study to some

extent has demonstrated the importance of NF-κB as a tumor suppressor. However,

the mechanism of how NEMO deletion in the liver induces acceleration or

specifically drive hepatocarcinogenesis to mixed hepatocellular cholangiocarcinoma

phenotype is not known. We try to explain the different phenotypes between MYC

only transgenic mice and mice with both MYC overexpression and NEMO deletion

from several aspects.

In the first place, NEMO deletion in the liver induces increased inflammation and

inflammation-associated cell death, either via necrosis or apoptosis, shown by CD45

staining and cleaved-caspase 3 staining. NEMO deletion also induces stronger liver

fibrosis, possibly by activating the hepatic stellate cells, and the transcription of

different pro-fibrogenic genes is significantly elevated in mice with both NEMO

deletion and MYC overexpression. Due to elevated cell death, the liver has to
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regenerate through compensatory proliferation to recover, so the mice with NEMO

deletion shows higher level of proliferation.

Secondly, when examming the histology carefully through all the animals of

MYCLAP-tTA/NEMOΔLPC group, we could find in addition to the typical tumor nodules

of HCC, there are intrahepatic cholangiocarcinoma nodules scattered in the liver

sections. We consider the tumor nodules in MYCLAP-tTA/NEMOΔLPC mice are

combined hepatocellular cholangiocarcinoma, which is a rare and very aggressive

type of primary liver cancer with features of both hepatocytic and biliary epithelial

differentiation (Bosman, World Health Organization., & International Agency for

Research on Cancer., 2010; Moeini et al., 2017; Yeh, 2010). According to the latest

WHO classification 2010, cHCC-CC consists of two types, namely classical type and

cHCC-CC with stem cell features. The latter is further categorized into three

subgroups: typical subtype, intermediate cell subtype and cholangiocellular subtype

(Bosman et al., 2010). By histological analysis, we would like to summarize the

tumor nodules found in MYCLAP-tTA/NEMOΔLPCmice to the cHCC-CC with stem cell

features or more specifically intermediate cell subtype, due to increased levels of

several hepatic progenitor cell (HPC) marker. Clinical studies have revealed that

cHCC-CC appear to result in more aggressive biological behavior and poor prognosis

(Sapisochin, Fidelman, Roberts, & Yao, 2011; X. Yin et al., 2012), which is in

accordance with the phenotype observed in our study.

However, concerns have been raised regarding the cellular origin of cHCC-CC.

Primary liver cancer comprises a very heterogeneous group of malignant tumors with

various biological and histological features and a poor prognosis that range from HCC

and ICC to cHCC-CC and pediatric neoplasm hepatoblastoma etc. (Bosman et al.,

2010; Lozano et al., 2012). The clinical and molecular characteristics of HCC versus

ICC are distinct, although they share some overlapping risk factors and oncogenic

pathways. A better understanding of the cellular origin for PLC can help to explore

the molecular mechanisms of liver tumorigenesis and perhaps better therapeutic

options. Different studies have identified adult hepatocytes as the cellular origin of

hepatocarcinogenesis (X. Chen & Calvisi, 2014; L. Zender et al., 2010) as well as

intrahepatic cholangiocarcinomas (Fan et al., 2012; Sekiya & Suzuki, 2012). These

hepatocytes have been proposed to transform via a sequence of genetic alterations

directly into HCC cells, to dedifferentiate into bipotential hepatocyte progenitor cells



DISCUSSION

87

that latter become HCC cells expressing progenitor cell markers, or to

transdifferentiate into biliary-like cells that give rise to cholangiocarcinoma. In

addition, it has been proposed that hepatic progenitor cells, located in the periphery of

the biliary tract, can also contribute to HCCs and ICC with progenitor cell markers

(Alison & Lovell, 2005; Komuta et al., 2008; J. S. Lee et al., 2006; Peng et al., 2010;

F. Zhang et al., 2008). Importantly, it has been demonstrated that, among many

oncogenes and signaling pathways, the activation of MYC oncogene is exclusively

required for reprogramming hepatocytes into liver progenitor cells and important for

tumorigenesis and progression (Holczbauer et al., 2013).

We could observe a very heterogeneous tumor phenotype in our MYCLAP-

tTA/NEMOΔLPC animals, comprising of solid HCC tumor nodules and

pseudoglandular/trabecullar structures and cholangiocarcinoma structures which is

positive for progenitor cell/biliary cell marker CK19 (T. Roskams, 2006) and Sox9

(Kawaguchi, 2013; Kawai et al., 2016; Tarlow, Finegold, & Grompe, 2014). We

could observe that most of the cells lying the ICC structure are positive for CK19 and

Sox9 while negative for CPS1 in livers from MYCLAP-tTA/NEMOΔLPC animals.

Furthermore, gene expression levels of CK19, CK7, Epcam as well as the protein

levels of CK19 and Sox9 are also upregulated in these animals. Sox9 positive ductal

progenitor cells have been proposed to give rise to liver progentior cell proliferation,

but rarely give rise to adult hepatocytes in vivo (Tarlow, Finegold, et al., 2014).

Therefore, it is likely that these Sox9 positive progenitor cells in our MYCLAP-

tTA/NEMOΔLPC animals contribute to the development of component of

cholangiocarcinoma part of cHCC-CC. Moreover, several studies have documented

that HCC can also express CK19 which always presents a more aggressive clinical

course and poor prognosis (Fatourou et al., 2015; Govaere et al., 2014; Takano et al.,

2016). In our study, the HCC tumor nodules in MYCLAP-tTA animals are less frequent

or even negative for CK19, which to some extent is consistent with the different

aggressiveness and prognosis between MYCLAP-tTA and MYCLAP-tTA/NEMOΔLPC

animals. Obviously, this phenotype is at least part due to the liver ablation of NEMO,

since this is the main difference between these two animal groups. In fact, in the study

by Luedde T. etc, they found strong activation of hepatic progenitor cells in the 8-

week-old NEMO knockout mice, but it was unclear whether tumors in the NEMO

knockout mice derived from those progenitor cells (T. Luedde et al., 2007). However,
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in our study, we did not observe an activation of hepatic progenitor cells in single

NEMO deleted mice. Nevertheless, we postulate that the appearance of progenitor

cells in MYCLAP-tTA/NEMOΔLPC animals can be attributed partly to the liver deletion

of NEMO, while the specific mechanism remains unclear though.

Thirdly, our results showed an activation of RAF-MEK-MAPK pathway and also an

activation of STAT3 pathway in MYCLAP-tTA/NEMOΔLPC animals. By an unclear

mechanism, NEMO deletion leads to the upregulation of these factors that have been

suggested to promote the development of ICC. Regardless of the cell type that initiate

carcinogenesis, the developing tumors also require a specific microenvironment to

favor the tumor progression, which is particularly relevant to the PLCs, 90% of which

develop under the context of chronic inflammation (Llovet et al., 2016). ICC develop

under conditions of chronic biliary inflammation induced by viral infections, toxins,

hepatobiliary flukes, primary sclerosing cholangitis (PSC), biliary tract cysts and

hepatolithiasis, etc. (Bridgewater et al., 2014; Khan, Thomas, Davidson, & Taylor-

Robinson, 2005). Chronic inflammation leads to a maladaptive reparative reaction

and stimulates a cycle of liver cell death and regeneration, inducing the production of

cell survival and proliferation signals and eventually promoting to the formation of

dysplastic nodules and cancer (Hernandez-Gea, Toffanin, Friedman, & Llovet, 2013).

Therefore, the phenotype of liver tumors may depend on interactions between the

specific oncogenes and the tumor microenvironment. An integrative genomic study

has identified two molecular subgroups for ICC, the proliferation subgroup (60%) and

the inflammation subgroup (40%), with distinct genomic features and clinical profiles

(Sia, Hoshida, et al., 2013; Sia, Tovar, Moeini, & Llovet, 2013). The activated

oncogenic pathways in the proliferation subclass includes the RAS/MAPK, AKT,

MET and the angiogenesis related VEGF and platelet derived growth factor (PDGF)

pathways; while the inflammation subclass present with an enrichment of

inflammation and cytokine pathway signatures, constitutive activation of STAT3 and

over-expression of IL6, IL10, and IL17 (Sia, Hoshida, et al., 2013). However, in our

study, we could not specify which subgroup of ICC should be the one present in the

MYCLAP-tTA/NEMOΔLPC animals, since it harbors characteristics of both proliferation

and inflammation subgroups, namely activation of MAPK oncogenic pathway and

STAT3 pathway.
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Abundant evidence has revealed that NF-κB and STAT3 signaling pathways

interacted and are critically involved in the hepatic inflammatory response to liver

injuries which is critical for liver regeneration with overlapping target genes

(Grivennikov & Karin, 2010a; He & Karin, 2011). NF-κB is important in the

development of liver tumorigenesis, however its function is distinct depending on the

animal models and type of injuries applied. One study has found that loss of IKKβ in

initiated hepatocytes greatly enhances HCC development, and STAT3 is activated in

the absence of IKKβ (He et al., 2010). In fact, STAT3 is frequently activated in

human HCCs, especially in aggressive liver tumors with poor prognosis (Calvisi et al.,

2006). So, this is also consistent with our data showing that STAT3 activation is also

obvious in MYCLAP-tTA animals but more pronounced in MYCLAP-tTA/NEMOΔLPC

animals which show a more aggressive phenotype and poorer prognosis. Moreover,

we also show that STAT3 activation is subject to negative regulation by NF-κB and is

essential and critical for induction of cHCC-CC phenotype. The inverse relationship

between NF-κB and STAT3 can be found also in a major subfraction of human HCCs

(He et al., 2010). In general, liver ablation of NEMO may lead to an upregulation of

STAT3 activity in MYCLAP-tTA/NEMOΔLPC animals which at least in part contributes

to a more aggressive phenotype of cHCC-CC.

Lastly, the tumor microenvironment also differs in the liver tissues from MYCLAP-tTA

and MYCLAP-tTA/NEMOΔLPC animals, and maybe important for their diverse biological

activities and phenotypes. Our results reveal a stong elevated expression of activated

hepatic stellate cells (HSC) in MYCLAP-tTA/NEMOΔLPC animals compared to MYCLAP-

tTA animals as well as NEMOΔLPC compared to WT animals. One important

characteristic of the intermediate phenotype of cHCC-CC is the desmoplastic reaction

(J. I. Lee & Campbell, 2014), which is verified by positive staining of �SMA in our

study. Activated HSC is critical in liver fibrogenesis and cirrhosis and closely

associated with hepatocarcinogenesis. It has been suggested that the activated HSC

engenders a permissive inflammatory tumor microenvironment and alters the gene

expression profile that drives HCC progression (Coulouarn et al., 2012; Z. M. Wang

et al., 2014). There is also evidence that activated HSC appear to be involved in the

ICC progression and may relate to the poor prognosis in ICC patients (Chuaysri et al.,

2009; Okabe et al., 2009). As observed from results of immunofluorescence staining,

protein level and mRNA level of gene encoding �SMA, it is indeed upregulated in
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mice with NEMO ablation. It appears that the deletion of NEMO is required for a

permissive inflammatory microenvironment, which assists in promoting

tumorigenesis in MYC-overexpressing animals Unfortunately, in our study, we did

not investigate further the mechanism of NEMO ablation in activation of HSC. In

addition, it has also been suggested that cultured HSC can transiently adopt an

expression profile similar to that of progenitor cells during differentiation into

hepatocytes, and therefore represent a source of liver progenitor cells (Kordes,

Sawitza, Gotze, Herebian, & Haussinger, 2014). However, we cannot prove whether

the abundant activated HSC directly contribute to the increased progenitor cells in our

MYCLAP-tTA/NEMOΔLPC animals.

Though, mechanism not well elucidated yet, according to our knowledge, our study is

the first report that mainly reveals a rare PLC tumor type, namely cHCC-CC by

combined liver deletion of NEMO and overexpression of MYC oncogene in animals.

Recently, cHCC-CC is gaining recognition and reported by clinic studies and

histopathology still remains ist diagnostic gold standard. Abundant evidence has

shown that HPCs are present not only in HCC (Durnez et al., 2006; P. C. Wu et al.,

1996), ICC (Nomoto et al., 2006), but also in cHCC-CC (H. Kim et al., 2004; Komuta

et al., 2008; S. Tanaka et al., 2005). Due to lack of animal model of cHCC-CC, the

role of hepatic progenitor cells as the cell origin has been rarely investigated. Our

animal model has revealed that HPCs at least in part contribute the generation of

cHCC-CC, with unknown mechanisms and it offers the potential to investigate the

cellular origin and molecular mechanisms driving cHCC-CC.

Furthermore, our findings reveal a complex role of IKK/ NF-κB signaling in the

course of liver carcinogenesis, making the interpretation of the mechanisms difficult.

Our data also suggests that NEMO in the liver exerts as a protective element during

MYC-induced HCC, at least in part by limiting apoptosis and inflammatory

infiltration. Therefore, therapeutic options which target IKK/NF-κB pathway for

treating HCC should be paid caution to since it may in some way accelerate tumor

growth.
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4.3 Effects of NEMO deletion itself on the phenotypes

Animals lacking NEMO show a phenotype of liver damage at the age of 45 days as

indicated by elevated serum liver parameters such as ALT, AST, ALP, and bilirubin.

Those mice also showed increased liver apoptosis and elevated proliferation as well

as increased fibrosis. These results are actually in accordance to the results reported

before that mice with liver parenchymal cells deletion of NEMO show increased liver

enzymes levels, elevated proliferation and liver fibrosis at the age of 8 weeks (T.

Luedde et al., 2007). However, our NEMO knockout mice did not develop

spontaneous NASH or HCC at the age of 12 months old as observed in the study by

Luedde T. etc. One possible explanation for the difference between these two studies

could be that we have crossed alb-cre transgenic mice with NEMOfl mice, so that the

Cre recombinase is driven by serum albumin (Alb) gene promoter, a different

promoter from their study to target NEMO deletion in the liver, which is also

commonly used to generate mice with reliable hepatocyte-specific recombination of

loxP-flanked (“floxed”) alleles (Liao, Conn, & Taylor, 1980; Weisend, Kundert,

Suvorova, Prigge, & Schmidt, 2009).

By following NEMO knockout mice until 12 months old, we found all mice show

normal appearance and have normal range of serum liver enzymes as well as the liver

histology. Then we checked the western blot and the results showed almost NEMO

reexpressed as normal compared to WT mice. This could actually explain why we did

not observe a similar phenotype of NASH or HCC as revealed in the other study,

which also pointed us to the question of the efficiency of the Cre/loxP-system.

In recent years, the Cre/loxP-system has become an important genetic tool for the

generation of conditional knockout mouse strains, namely the tissue-specific

disruption of expression of a certain target gene (Gu, Zou, & Rajewsky, 1993; Nagy,

2000). Any specifically chosen DNA sequence can be flanked by loxP-elements

which are inserted in the intronic spacers of exons encoding important structures of

the specific target protein. Cre mediated recombination is able to induce the knockout

or deletion of the DNA sequence between two loxP-elements. The Cre recombinase

can be targeted under the control of a defined promoter fragment to a given tissue or

cell type and the expression of Cre recombinase should occur exclusively in the cell
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type with active promoter (Nagy, 2000). In the study by Luedde T etc., they crossed

mice carrying loxP-flanked Nemo alleles with Alfp-cre transgenic mice which

efficiently mediate Cre recombination in liver parenchymal cells, but not in Kupffer

or endothelial cells (Coffinier et al., 2002; Kellendonk, Opherk, Anlag, Schütz, &

Tronche, 2000).

Although it has been pointed out that Alb-cre transgenics mediate efficient Cre

recombination mainly in hepatocytes and intrahepatic bile ducts (Geisler et al., 2008;

Weisend et al., 2009), we did not check the real efficiency in our study. But it is

anyway obvious that at the age of 45 days, NEMO deletion is achieved in our

transgenic mice, although there is some residual expression of NEMO shown by

western blot which may be due to the reason that NEMO deletion is not targeted to

the non-parenchymal cells. Therefore, the accelerated tumorigenesis is really

contributed by NEMO deletion at the age of 45 days. We also follow NEMOΔLPC mice

until 12 months old to investigate whether NEMO deletion in our mice could also

contribute to the generation of NASH and spontaneous HCC as seen by the other

study (T. Luedde et al., 2007). In contrast, neither do we observe a phenotype of

NASH nor spontaneous HCC at this age. And the livers from these animals appear

both macroscopically and microscopically nearly normal. One possible explanation

could be that the liver regenerate with the time and NEMO expressing hepatocytes are

enough to compensate for the NEMO deleted hepatocytes until 12 months old. By

checking the expression of NEMO, we surprisingly observe a reexpression of NEMO

on protein level. So, it helps explain why we do not observe a similar phenotype of

HCC compared to the NEMO deleted mouse model using Alfp-cre transgenic mice.

Nevertheless, 45-day-old NEMOΔLPC mice show an increased level of apoptosis and

proliferation compared to WT animals. Hepatocyte death induces inflammation (as

demonstrated by more infiltrating cells in this group) and a regenerative response with

compensatory proliferation of hepatocytes in the liver. Apoptosis has been considered

as a mechanism inhibiting tumorigenesis, and evasion of apoptosis is regarded as a

classic hallmark contributing to tumor development (Lazebnik, 2010). In this regard,

activation of NF-κB is usually considered as a pro-survival signal allowing evasion of

apoptosis of tumor cells, thus NF-κB inhibition is expected to exert antitumorigenic

effects. In contrast, our results demonstrate that NF-κB inhibition in the liver

accelerates liver tumorigenesis by sensitizing hepatocytes to spontaneous apoptosis in
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MYC-driven tumorigenic HCC mice. This contradiction may be explained by the

strong capacity of regeneration through compensatory proliferation of the liver upon

injuries. Furthermore, we also speculate that NEMO deletion in liver parenchymal

cells (including hepatocytes and biliary epithelial cells) may have direct detrimental

effects on the functions of biliary ducts as demonstrated by the elevated levels of

serum ALP, GGT and bilirubin seen in MYCLAP-tTA/NEMOΔLPC animals compared to

MYCLAP-tTA animals. And the phenotype of cHCC-CC is also dependent on the

activation of MYC oncogene since we do not observe cholangiocarinoma

development in NEMOΔLPCmice in the long term.

4.4 MYC inactivation reverses both HCC and cHCC-CC

MYC oncogene inactivation has been shown to sustainably restrain tumorigenesis in a

variety of tumors including HCC (Shachaf et al., 2004). By simply treating mice with

DOX to the MYC-overexpressing animals, we see a strong inhibition of oncogene

expression as visible by IVIS that luciferase signal is almost absent after 3 days of

DOX. Serum levels of liver damage markers are also sustainably reduced, and the

tumors are no longer visible in MYCLAP-tTA animals. However, we still see residual

ICC-like structures in MYCLAP-tTA/NEMOΔLPC animals, although the structure is not

highly proliferative as indicated by less Ki67 positive staining. This result is similar

to previous results that MYC inactivation induces strong and sustainable regression of

HCC in mice (Shachaf et al., 2004). However, even after a longer period treatment of

DOX to the MYCLAP-tTA/NEMOΔLPC animals, the ICC-like structure is still visible in

most of the animals, while some cells are positive for CK19 and negative for CPS1,

suggesting they still harbor the features of biliary cells and do not dedifferentiate to

hepatocytes. Nevertheless, animals from both MYCLAP-tTA and MYCLAP-

tTA/NEMOΔLPC group show a normal appearance and behavior. This further indicates

that both HCC and cHCC-CC is dependent on the activation of MYC oncogene. Our

study however does not explore whether reactivation of MYC in the animals can

restore the tumor development. As it has been demonstrated in the other study that

when MYC expression is restored in the differentiated tumor cells, they immediately

regain the proliferation capacity, and eventually form grossly visible and invasive

tumors (Shachaf et al., 2004).
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5. Summary

The MYC proto-oncogene is at crossroads of many signal transduction pathways that

are responsive to growth factors, differentiation, apoptosis or the cellular

microenvironment and its abnormal expression is associated with many tumors. And

deregulation of MYC has been reported in murine hepatocellular carcinoma (HCC)

models. Among many molecular pathways that are associated with the liver

tumorigenesis, NF-kappa B (NF-κB) inflammatory signaling pathway is also playing

an important but controversial role. Together, we study the effects of liver specific

ablation of NEMO in MYC-driven liver tumorigenesis. Given the fact that not much

has been illustrated about the interplay of MYC and IKK/NF-κB pathway in liver

tumorigenesis, we aim to investigate the effects of liver conditional NEMO ablation

on MYC-induced liver tumorigenesis. We address this question by knocking out

IKKγ/NEMO (NF-κB essential modulator), which is essential for canonical NF-κB

pathway in a MYC-overexressing mouse model. In addition, we would also like to

check whether MYC-induced liver tumors MYC oncogene addicted by simply

inactivation with doxycycline administration. Last but not least, we would like to

compare our results with previous findings that hepatocyte NEMO deletion leads to

spontaneous development of non-alcoholic steatohepatitis (NASH) and hepatocellular

carcinoma (HCC), that whether long-term NEMO ablation in our mouse livers can

also induce spontaneous steatohepatitis and HCC. Our main focus of the present study

is to study the effects of liver specific IKKγ/NEMO ablation on MYC-driven liver

tumorigenesis.

By generating mice with specific liver overexpression of MYC and deletion of

NEMO, our experimental groups include wild type (without MYC expression or

NEMO deletion), NEMOΔLPC mice, MYCLAP-tTA mice and MYCLAP-tTA/NEMOΔLPC

mice. All mice received 0.1g/L doxycycline during pregnancy until birth. Mice were

analyzed at 45 and 35 days old. Serum levels of aspartate aminotransferase (AST),

alanine transaminase (ALT), alkaline phosphatase (ALP), gamma-Glutamyl

Transferase (GGT) and Bilirubin were measured. Western Blot was analyzed on SDS

protein extracts. Quantitative real time PCR was performed on a LightCycler 480
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(Roche) to analyze different genes expression. Histology was analyzed on formalin-

fixed and paraffin-embedded liver sections.

We successfully establish a conditional transgenic mouse model of MYC-driven liver

tumorigenesis with a high penetrance and short latency. We also achieve the

inhibition of IKK/NF-κB pathway by specifically deleting NEMO, the essential

regulatory element of the canonical pathway in MYC-overexpressing mice. The

results show us a substantial detrimental or pro-tumorigenic effect of NF-κB

inhibition, indicating that NF-κB may play an anti-tumorigenic role in this context.

Mice with MYC overexpression and NEMO ablation show a phenotype of accelerated

liver tumorigenesis and poorer outcome compared to mice with only MYC

overexpression. And our data also presents with a surprising phenotype of combined

hepatocellular-cholangiocarcinoma (cHCC-CC) in MYCLAP-tTA/NEMOΔLPC mice,

which is a rare entity of primary liver cancer with extremely poor prognosis. One

could explain the accelerated tumorigenesis by constitutive inflammation and

increased apoptosis caused by NEMO deletion in liver parenchymal cells. Also due to

the strong activation of hepatic stellate cells, which contribute to the generation of

hepatic progenitor cells in MYCLAP-tTA/NEMOΔLPC mice and have been reported to

correlate with poor prognosis both in HCC and intrahepatic cholangiocarcinoma.

However, we cannot elucidate the cellular origin of our liver tumors in MYCLAP-

tTA/NEMOΔLPC animals. Although the mechanism of NEMO ablation in the

acceleration of MYC-driven liver tumorigenesis is not clearly investigated, our mouse

model provides a realistic option for the study of cellular origin of cHCC-CC. And to

some extent, our results also support the idea that it needs great attention to intervene

the IKK/NF-κB pathway in the treatment of HCC.
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