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1. INTRODUCTION

1.1 Hepatocellular carcinoma

1.1.1 Function and architecture of the liver

The liver is the largest glandular organ in the body and performs multiple
critical functions for vital life. First, the liver converts the nutrients absorbed by
the small intestine into proper forms that can be used or stored by the body,
and removes toxins from the blood. In addition, it produces cholesterol and
some important proteins as well as secretes bile, which is helpful for digestion.
In addition, the liver is an immunological organ and is selectively enriched in
macrophages (Kupffer cells) and lymphocytes (1). Also, the liver is the
cornerstone of the coagulation system because it is involved in synthesizing
coagulation factors and absorbing vitamin K (2). Finally, the liver is a key organ
for metabolic processes.

The liver has complicated histological architectures to execute its various
important functions. First, the liver’s vascular system is composed of the portal
vein, hepatic artery and the hepatic vein. The portal vein conducts blood from
the intestines, pancreas and spleen to the liver, which is rich in nutrients
absorbed by the intestines and substances secreted by the pancreas and
spleen. The hepatic artery supplies the liver with oxygen, and the hepatic vein
transports deoxygenated blood and blood that has been filtered by the liver
into the inferior vena cava. Second, the liver has a biliary system to transport
bile out of the liver. Third, the basic structural and functional unit of the liver is
the hepatic lobule (3). A liver lobule is a roughly hexagonal arrangement of
hepatocytes arranged outward from a central vein in the center. Between the
two cell plates, blood flows from the portal tract to the terminal hepatic venule
through the sinusoid vessel.

The liver is composed of many different cell types, which can be divided into



parenchymal cells and non-parenchymal cells. The parenchymal cells are
mainly hepatocytes, which constitute about 78% of the liver tissue volume (4);
they perform the main functions of the liver, such as protein synthesis,
carbohydrate metabolism, lipid metabolism and detoxification. In addition,
Non-parenchymal cells accounts for about 6.3% of the liver volume and
include endothelial cells, Kupffer cells, hepatic stellate cells, and immunocytes.
These cells are involved in controlling immune response in the liver and
restoring the liver after damage.

The liver is a special organ with high regenerative capacity. Matured
hepatocyte proliferation is the most common way for the liver to restore its
mass. However, hepatocyte proliferation could be blocked if the liver injury is
too severe or the hepatocytes lose the ability to regenerate. Then, hepatic
progenitor cells, also known as oval cells, will be activated and differentiate
into hepatocytes and cholangiocytes. Hence, the oval cells express markers
for both hepatocytes and cholangiocytes, and oval cell activation is usually

accompanied by bile duct reaction.

1.1.2 Status of hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the fifth-most-common neoplasm and the
third-most-common cause of cancer-related death worldwide (5); it was
responsible for more than 800,000 deaths in 2013 (6). The incidence of HCC is
increasing in many areas, such as parts of Oceania, Western Europe and
North America. Incidence rates of HCC almost tripled between 1975 and 2011
(7, 8).

1.1.3 Risk factors of hepatocellular carcinoma

Hepatocellular carcinoma is a heterogeneous cancer with a variety of risk

factors. These factors include exposure to hepatitis viruses, vinyl chloride,



tobacco, foodstuffs contaminated with aflatoxin B1 (AFB1), coffee and oral
contraceptives; heavy alcohol intake; nonalcoholic fatty liver disease; diabetes;
obesity; diet; and hemochromatosis (9).

As mentioned above, the liver is a multifunctional organ involved in energy
metabolism, and hepatocytes deal with complicated metabolic procedures.
HCC is very likely to be correlated to metabolic disorders. Diabetes mellitus
(10) is the most common metabolic disease. Some researchers have tried to
determine the relationship between HCC and DM. A meta-analysis shows that
diabetes is associated with moderately increased risk of not only HCC
prevalence but also HCC mortality (11). Another study revealed that diabetes
mellitus is associated with more advanced lesions and poor outcomes in
patients with HCC (12). However, the mechanism for how diabetes promotes

the initiation of HCC is still not known.

1.1.4 Pathogenesis of HCC

Although HCC tumors can be found in strictly healthy livers, such as
fibrolamellar HCC and hepatocellular adenomas (10, 13), HCC is mainly
caused by chronic liver disease. Most HCC samples develop from advanced
liver fibrosis and cirrhosis, which could be induced by chronic hepatitis B and C
and alcohol-related liver disease (14). HCC cells are malignant transformed
hepatocytes. The malignant transformation of hepatocytes may occur
regardless of the etiological agent through a pathway of increased liver
turnover, induced by chronic liver injury and regeneration in a context of
inflammation and oxidative stress (15). Chronic liver injury promotes
chromosomal aberrations and DNA damage. DNA damage could trigger a
series of reaction events called the DNA damage response (DDR) pathways,
which include DNA repair, cell cycle arrest and, in the end, cell death or
senescence (16-18). However, constant DNA damage may result in genetic

alterations and genomic instability, including DNA mismatch repair defects and
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impaired chromosomal segregation, the overexpression of growth and
angiogenic factors, and tolermerase activation. Genetic alterations such as the
overexpression of growth factors and oncogenes and the inactivation of tumor
suppressor genes ultimately lead to the malignant transformation of

hepatocytes.

1.1.5LCC and SCC

Huge progressions in HCC treatment have been made during the past years.
Tumor resection, liver transplantation and radiofrequency ablation are
considered effective managements for early-stage HCC therapy, with five-year
survival rates of 60-80% (19, 20). However, the average survival time of
advanced HCC is less than 1 year, and the 5-year survival rate is less than
10% (21). It has been reported that only 10% of HCC patients were treated
when their cancer was at early stage (22). Hence, it is important to study
precancerous HCC lesions, including microscopic dysplastic foci (DF) and
microscopic dysplastic nodules (DNs). Based on their cytology and histology,
DF usually show large cell change (LCC) and small cell change (SCC).

LCC was first discovered in 1973 and refers to several cellular changes,
including nuclear and cytoplasmic enlargement, nuclear pleomorphism and
multinucleation (23). Because of the altered phenotype of LCC cells, these
were recognized as premalignant changes at first. However, their
classifications have evolved as more and more researchers study LCC cells.
Lee and colleagues conducted a case-control study, in which they found that
LCC cells display a low proliferative rate after KI67 and PCNA staining (24).
HBV-related LCC showed higher Tp53 and gamma-H2AX expression, shorter
telomere length and decreased senescence-associated
beta-galactosidase(SA-BETA-Gal) activity (25). However, no chromosomal
abnormalities were found in LCC cells (26). SA-BETA-Gal is a hydrolase that

can catalyze the hydrolysis of beta-galactosidase into monosaccharides, but

6



only in senescent cells. Hence, SA-BETA-Gal is a widely accepted
senescence marker. Taken together, it is widely agreed that LCC is not
involved in hepatocarcinogenesis. However, people have different opinions on
whether LCC is a precursor. Some think LCC would be a common feature of
cirrhosis and HCC, but it is not a malignant precursor (24). Rather, it could just
result from a disturbance in hepatocellular replication (27). Others still trust that
LCC is a direct precursor of HCC (28, 29), because LCC is frequently
observed in HCC, especially HBV-related HCC.

SCC was first described in HBV-related chronic hepatitis and cirrhosis in 1983
(30); it is defined as a set of cytological changes, including small cell size,
nuclear pleomorphism and increased nuclear/cytoplasmic ratio. It has long
been regarded as a precursor of HCC. First, the liver parenchyma of SCC
shows cytological and histological similarities with early, well-differentiated
HCC (31, 32). Second, SCC was found more frequently in livers than HCC (33).
Third, more DNA damage and chromosomal abnormalities were detected in
SCC cells (25, 26). In conclusion, SCC could be a precancerous lesion, as

opposed to LCC.

1.1.6 Mouse models of HCC

Due to the complexity of hepatocellular carcinoma, the mechanisms underlying
HCC are still not well understood. Animal HCC models are an important
method to investigate the mechanisms underlying the initiation and
progression of HCC because they provide us with an in vivo way to study
carcinogenesis. Many animal models of HCC with different species have been
developed to better understand the mechanisms of HCC development in
recent years. Among them, the laboratory mouse is the most widely used and
has many advantages, such as small size and genomic similarities to humans
(34). Generally, there are three different types of mouse HCC models,

including genetically engineered, xenograft, and carcinogen-induced models.



1.1.6.1 Genetically engineered HCC mouse model

Genetically engineered HCC mouse models (GEMs) have been widely used
and well developed in the past few decades, ever since the transgenic
technique was discovered in 1980s (35), because GEMs have many
advantages compared to other HCC models. GEMs provide a way to study the
molecular features of HCC in vivo and can be used to investigate the role of
specific genes in combination with a liver-specific carcinogen. Genetic
alterations of the genes involved in cellular signaling pathways, such as growth,
proliferation, apoptosis and angiogenesis, could lead to the development of
HCC. Even until now, the exact signaling pathways that lead to the formation of
hepatocellular carcinoma are still not clear, but p53, Rb and Wnt/B-catenin
pathways are involved (36-38). Hence, genetic alterations of these pathways
will induce HCC and could be regarded as HCC mouse models.

For example, inactive tumor suppressors such as p53, Rb and Pten in mouse
liver will induce HCC (39-41). On the other hand, the overexpression of
oncogenes such as c-Myc and B-catenin/Ras will also develop into HCC (42,
43). Additionally, researchers have also found that constitutive overexpression
of growth factors such as FGF, EGF and TGFa would induce the development
of HCC (44-46).

HBV and HCV infections are the risk factors for HCC, and mouse models
expressing HBV X protein (HBx) or HCV core protein are also used as mouse
HCC models (47, 48). However, HCC induced by HBV and HCV has a special
mechanism, compared to other genetically modified mouse models. HBx can
activate several genes, such as ICAM-1 and c-myc, to promote cell adhesion
and proliferation. The expression of HCV core protein leads to lipid
accumulation in hepatocytes by activating PPAR alpha, which could result in

HCC genesis.



1.1.6.2 Xenograft mouse models

Xenograft HCC mouse models are the most widely used to induce HCC in
mice. It can be easily accomplished by implanting HCC cells or tumor tissue
fragments into the recipient mice. Previously, the recipient mice had to be the
same strain as the cells or tumor fragments to avoid being eliminated by the
activated immune system. However, human HCC cells lines and tissues can
now be implanted into immunodeficient mice, including nude mice and severe
combined immunodeficient mice. The nude mice are athymic and hairless, and
have a deficiency of T lymphocytes, along with impaired T and B cell function
(49). The severe combined immunodeficient mice have deficient numbers and
function of both T and B lymphocytes (50). These mice allow for xenograft
HCC mouse models to be set up with human cancer cells and tissues, and

provide a better way for preclinical evaluations of anticancer agents.

1.1.6.3 Carcinogen-induced HCC mouse model

Many chemicals and drugs such as aflatoxins, vinyl chloride and combined
oral contraceptives have been proven as carcinogens for human HCC (51).
Hence, it is possible to create HCC mouse models with carcinogens. Generally,
carcinogens for HCC can be divided into two groups: genotoxic and
non-genotoxic carcinogens. Genotoxic carcinogens can form DNA adducts
and cause genetic alterations in the hepatocytes, which will eventually lead to
the formation of HCC. Non-genotoxic carcinogens promote carcinogenesis by
controlling cell proliferation, apoptosis and differentiation (52, 53).

The genotoxic chemical diethylnitrosamine (DEN) has been the most widely
used carcinogen to induce HCC in mice since the 1960s (54). DEN-induced
tumors are genetically similar to human HCCs with poor survival (55). DEN is
able to induce DNA damage and produce reactive oxygen species in
hepatocytes, which lead to HCC formation in 80-100% of male mice (56). DEN
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can also induce genetic mutations, such as H-ras activating mutation, which is
rare in human HCC. DEN works in a dose-dependent manner to induce tumors
(57). For example, 84% C57BL6/J mice will get HCC at 40-70 weeks after
DEN injection, at a dose of 5 mg/kg (58).

1.2 Forkhead transcription factor FoxO3

1.2.1 Forkhead transcription factors

The forkhead proteins are characterized by a conserved 100-amino acid
domain called the forkhead box (59). They are transcription factors that play
important roles in many processes, such as developing various organs,
regulating cell proliferation, senescence and metabolic homeostasis (60). Fifty
forkhead proteins have been identified in the human genome and have been
categorized into 19 subclasses (FOXA to FOXS) on the basis of their
sequence homology inside and outside the forkhead domain (59-61). Among
these 19 subclasses, subclass O has received the most attention in the past

decades.

1.2.2 Forkhead box subclass O

The O subclass of the forkhead transcription family (FoxO) acts as a central
key point in an array of cellular functions, such as glucose metabolism, cell
cycle and apoptosis. There are four members in the FoxO subgroup: FoxO1
(FKHR), FoxO3A (FKHRL1), FoxO4(AFX) and FoxO6. FoxO1, FoxO3 and
FoxO4 are expressed in most organs and tissues at different levels (62). In
contrast, FoxOG6 is mainly expressed in some parts of the brain (63). FoxO4 is
abundant in skeletal and cardiac muscle, and FoxO3 is abundant in cardiac
and neuronal tissues. FoxO factors perform overlapping functions, and it is still

unknown whether they share same target genes or not.
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1.2.3 FoxO signaling pathway in hepatocytes

FoxO transcription factors serve as a counterpoint to Akt in controlling cell
proliferation and gluconeogenesis, which can be regulated by insulin and the

other growth factors through the PI3K/AKT signaling pathway (Figure 1).

Oxidative stress
Nutrient stress

fonnRna: INNNANANNANNANY tRRRRRARIRARARNRRANANS
I R I R R L dELSEYLEEIEREESULELEEE

PIBK PP

AKT —-

—_ target genes Q | target genes

Cell survival Cell cycle arrest
Proliferation Apoptosis
Sensitivity to ROS Detoxification of ROS
Stop producing glucose Producing glucose

Figure 1. FoxO signaling pathway in hepatocytes.

FoxO3 activity in hepatocytes is regulated by the PI3K/Akt signaling pathway. When
PI3K/Akt is activated by insulin or other growth factors, FoxO3 is phosphorylated and
inhibited in the cytoplasm. When hepatocytes are under oxidative or nutrient stress,
FoxO3 is activated in the nucleus.
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Growth factors such as insulin can activate phosphoinositide kinase (PI3K)
and the downstream serine/threonine kinase Akt. Activated Akt can inhibit
FoxO proteins by phosphorylating them by specific sites. For FoxO3, Akt can
phosphorylate FoxO3 protein at three conserved amino acids, including
Threonine32, Serine253 and Serine315. When FoxO factors are
phosphorylated, they are transported from the nucleus to the cytoplasm by
interacting with 14-3-3 proteins, which function as molecular chaperons (64).
FoxO inhibited in the cytoplasm would lead to cell survival, proliferation,
sensitivity to reactive oxygen species (ROS) and the stopped production of
glucose. On the other hand, when hepatocytes suffer from starvation and ROS
stress, FoxO proteins will be activated in the nucleus, and the downstream
targets of FoxO transcription factors will be expressed. FoxO proteins
activated in the nucleus would induce cell cycle arrest, apoptosis, the

detoxification of ROS and glucose production by hepatocytes.

1.2.4 FoxO transcription factors and glucose metabolism

FoxO transcription factors play an important role in glucose homeostasis, and
FoxO1 has gained the most attention. Activated FoxO1 binds to the
FoxO-responsive elements in the promoter region of glucose-6-phosphatase
(G6P) and cytosolic phosphoenolpyruvate carboxykinase (PCK1), which lead
to increased hepatic glucose production (65, 66). Liver-specific knockout of
FoxO1 leads to hypoglycemia, decreased gluconeogenic gene expression and
enhanced glucose tolerance (67). Interestingly, hepatic FoxO1 deletion in
diabetic mice rescues the diabetic phenotype of insulin resistance by
decreasing the gluconeogenic gene expression (68). In addition, FoxO1 is a
pivotal factor for regulating beta-cell compensation to insulin resistance in the
pancreas (69, 70). As mentioned above, the different members of the FoxO
subclass have overlapping functions, and the other FoxO members also play

roles in glucose metabolism. Hepatic FoxO6 knockout mice showed poor
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gluconeogenesis and reduced ability to produce glucose in response to
glucagon (71). It has been also reported that liver-specific knockout FoxO1/3/4
mice had lower blood glucose levels under both fasting and unfasting
conditions, and they failed to develop type 2 diabetes after being fed with a
high-fat diet (72). FoxO3 activation led to hyperglycemia, hyperinsulinemia,
impaired glucose tolerance and insulin sensitivity in hepatocytes of mouse liver
with a tet-off system that overexpress a constitutive, activated form of FoxO3

(73).

1.2.5 FoxO transcription factors and liver disease

In addition to metabolic issues, FoxO proteins were also found to be involved
in several liver diseases, such as hepatitis C infection, fibrosis and HCC.
FoxO1 can be activated directly by hepatitis C virus (HCV), which could lead to
insulin resistance. HCV core protein could suppress Akt activity due to the
upregulation of FoxO1 expression (74). Also, FoxO1 nuclear accumulation and
activation can also be achieved through increased HCV NS5A-mediated ROS
production and JNK activation (75). FoxO3 also plays a role in HCV infection. It
regulates the innate immune signaling pathway by suppressing TLR signaling
(76). FoxO3 was activated by starvation/malnutrition in HCV infection and this
could increase the expression of SOCS3 and suppress the interferon signaling
pathway (77).

FoxO transcription factors also play a potential role in fibrosis because FoxO
proteins are essential for the quiescent stage of long-living cells such as
hematopoietic stem cells (78). Hepatic stellate cells (HSCs) were found to be
regulated by FoxO1. Hyperinsulinemia could inactivate FoxO1 in HSCs, which
would lead to the activation of HSCs and may result in fibrosis in nonalcoholic
fatty liver disease (79).

FoxO proteins were also found to be involved in tumor genesis and

development. FoxO3a has gained the most attention within the FoxO family.
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Apoptosis-related genes such as PUMA and Bim are downstream targets of
FoxO3 (80). Inhibiting FoxO3a could promote cell proliferation and
tumorigenesis (81). However, since the FoxO family is involved in many
cellular functions, the role that FoxO3 plays still remains unclear. Also, there is

still no evidence to show how FoxO3 protein is expressed in HCC patients.
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2. AIMS OF THE STUDY

The FoxO signaling pathway is known to play an important role in many
regulatory processes, including hepatocyte regulation. FoxO3 works as a
tumor suppresser in different cancers, such as cholangiocarcinoma, non-small
cell lung cancer and prostate cancer (82-85). However, the role of FoxO3 in
HCC development and progression is still not fully understood.

| hypothesize that FoxO3 may be an important cornerstone in
hepatocarcinogenesis and may be even used as a marker of HCC

development.

Consequently, the aims of the present study can be formulated as follows:

1. What is the expression of FoxO3 in human HCC, and is there any

detectable difference between HCC and normal tissue samples?

2. Does FoxO3 overexpression lead to increased liver damage and
metabolic dysregulation in a mouse model of constitutive FoxO3

overexpression?

3. Is there a time-dependent impact of FoxO3 overexpression on
morphological alteration and functional dysregulation in this mouse

model?
4. Does FoxO3 overexpression lead to an increased expression of

tumor-related genes, and is there any relation to the development of

the precursor lesions of HCC development?
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals and Reagents

Table 1. Chemicals and reagents

Chemicals and Reagents
0.25% trypsin/EDTA
2-Mercaptoethanol

6x DNA Loading Dye

Acetic acid

Acetic anhydride

Acrylamide solution

Agarose

Ampicillin

Ammonium persulfate (APS)
Bovine serum albumin (BSA)
Bromophenol blue

Calcium chloride

Citric acid

DAB+ Chromogen

Dream Tag™ Green PCR Master Mix

ECL detection reagent

Supplier
Invitrogen (Carlsbad,CA,USA)
Sigma-Aldrich (St.Louis,Mo, USA)

Thermo Scientific

Merck Biosciences (Darmstadt,

Germany)
Sigma-Aldrich
ROTH (Karlsruhe,Germany)
ROTH
Sigma-Aldrich
Sigma-Aldrich
ROTH
Sigma-Aldrich
Merck Biosciences
ROTH

DAKO

Fermentas

Amersham
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Eosin

Ethanol

Formamide

Gelatine

GeneRiler™ DNA Ladder
Glycine

Haematoxylin
Hydrochloric Acid
Hydrogen peroxide (30%)
Histowax

Humidified chamber
Isoflurane

Isopropanol

Laurylsulfate (SDS)

Liquid Nitrogen

Liquid DAB & Chromogen Substrate
Methanol

Milk Powder Blotting Grade
MOPS

Mounting Medium
N-Nitrosodiethylamine
Nitrocellulose Membranes
Normal Goat Serum

NuPAGE LDS Sample Buffer

Sigma-Aldrich

Roth

Merck Biosciences

Roth

Thermo Scientific

Roth

Merck Biosciences

Hauseigene Apotheke

Roth

Leica (Wetzlar, Germany)
TeleChem (Sunnyvale, CA, USA)
CP-Pharma (Burgdorf, Switzerland)
Roth

Sigma-Aldrich

Tec-Lab (Taunusstein,Germany)
DakoCytomation

Merck Biosciences

Roth

Roth

DAKO

Sigma-Aldrich

Bio-Rad

DAKO

Invitrogen
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NuPAGE Sample Reducing Agent

PageRuler™ PlusPrestained Protein

Ladder
Para-formaldehyde

Phosphate Buffered Saline (PBS)
pH7.4

Potassium Chloride (KCL)
Protease Inhibitor Cocktail Tablet
Proteinase K

RIPA Buffer

RNAse DNAse-free Water
Roticlear

SDS Ultra Pure

Sodium Chloride

Sodium Citrate

Sodium Hydroxide
Sodium Phosphate
Sucrose

TEMED

Tris Base

Triton 100x

Tween 20

Invitrogen

Thermo

Apotheke TU Minchen

Invitrogen

Merck Biosciences
Roth
Sigma-Aldrich

Cell Signaling
Invitrogen

Roth

Roth

Merck Biosciences
Merck Biosciences
Merck Biosciences
Merck Biosciences
Sigma-Aldrich
Merck Biosciences
Merck Biosciences

Roth

Roth
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3.1.2 Kit system

Table 2. Kits

Kit

BCA Protein Assay Kit

Qiagen DNA Mini Kit

QIAquick Purification Kit

QuantiTect Reverse Transcription Kit
RNeasy Plus Mini Kit

SYBR Green Master Kit

BCA Protein Assay Kit

QIAGEN DNA Mini Kit

Supplier

Thermo Scientific
Qiagen

Qiagen

Qiagen

Qiagen

Roche Diagnostics
Thermo Scientific

Qiagen

3.1.3 Laboratory equipment

Table 3. Laboratory equipment

Name

Analytic balance
Balance
Biophototer
Centrifuge

COzincubator

Electrophresis /  Electroblotting

equipment / power supply
Freezer -20 °C

Freezer -80 °C

Supplier

METTLER (Giessen, Germany)
SCALTEC (Goettingen,Germany)
Eppendorf (Hamburg, Germany)
Eppendorf

SANYO (Secausus, NJ, USA)

Invitrogen

LIEBHERR (Bulle, Switzerland)

Heraeus (Hanau, Germany)
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Glucosemeter
Lightcycler 480
Microplate Reader
Microscope
Microwave oven
Nanodrop
PH-meter
Refrigerator 4 °C
Roller mixer
Scanner
Sterilgard Hood
Thermomixer
Vortex Mixer
Water Bath

Tissue embedding machine
Tissue processor

Vacuum tissue processor ASP200s

Abbott

Rochediagnostics(Penzberg, Germany)

Thermo Scientific

Leica (Wetzlar, Germany)
SIEMENS (Munich, Germany)
Thermo Scientific

Thermo Scientific

COMFORT (Buller, Switzerland)
STUART (Stone, UK)

Canon (Tokyo, Japan)

Thermo Scientific

Eppendorf

NEOLAB (Heidelberg, Germany)
LAUDA (Koenigshofen, Germany)
Leica

Leica

Leica

3.1.4 Consumables

Table 4. Consumables

Name Supplier
Cell scraper SARSTEDT (Nuembrecht, Germany)
Coverslips MENZEL (Braunschweig, Germany)

Filter (0.2um) NEOLAB (Heidelberg, Germany)
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Hyperfilm GE Healthcare

Pure Nitrocellulose membrane BIO-RAD

Sterile needles BD (Franklin Lakes, NJ, USA)
Tissue culture dishes GREINER (Frickenhausen,Germany)
Tissue culture flasks GREINER

Tissue culture plates (6-well) GREINER

Falcon tubes (15ml, 50ml) GREINER

Blotting paper Whatman (Maidstone, Kent, UK)

3.1.5 List of Antibodies

3.1.5.1 Primary antibodies

Table 5. First antibodies

Catalog
Name Application Supplier
number
8-Hydroxyguanosine ab-48508 IHC (1:3000) Abcam
AFP AF5369 IHC (1:200) R&D
Cytokeratin 19 Ab-53119 IHC (1:200) Abcam
FoxO3a (H144) sc-11351 IHC (1:200) Santa Cruz
FoxO3a(D19A7) IHC(1:2000)
#12829 Cell Signaling
Rabbit mAb WB (1:1000)
Ki67 (SP6) RM-9106 IHC (1:200) Thermo Scientific
p21 (F-5) SC-6246 IHC (1:200) Santa Cruz
p53 (CM5) NCL-p53-CM5p IHC (1:800) Leica

Phospho-Akt(Ser #4060 IHC (1:200) Cell Signaling
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473)

Phospho-Histone H3 #9701 IHC (1:1000) Cell Signaling

3.1.5.2 Secondary antibodies

Table 6. Secondary antibodies

Name Catalog number Application Supplier

Dako Deutschland
Goat HRP- Labelled

K4001 IHC (1:5000) GmbH (Hamburg,
Anti-Mouse Ab#
Germany)
Goat HRP- Labelled Dako Deutschland
K4003 IHC (1:5000)
Anti-Rabbit Ab# GmbH
GE Healthcare
Sheep HRP-Labelled
NA931 WB (1:5000) (Little Chalfont,
Anti-Mouse Ab#
UK)
Sheep HRP-Labelled
NA934 WB (1:5000) GE Healthcare

Anti-Rabbit Ab#

WB = western blot; IHC = Immunohistochemistry; Ab# = antibody

3.1.5.3 Primer sequence for real time PCR

Table 7. Primer sequence

Gene(specie) Sense (5° —3) Antisense (5° —3’)
AFP(M) ATGAAACCTATGCCCCTCCC TCAGGCTTTTGCTTCACCAGG
c-Myc(M) ATGCCCCTCAACGTGAACTTC CGCAACATAGGATGGAGAGCA
CD13(M) AATCTCATCCAGGGAGTGACC GTGGCTGAGTTATCCGCTTT
CD133(M) TCATCGCTGTGGTCGTCATTG GTCCGCTGGTGTAGTGTTGTAG
CD24a(M) TCACCACAAGCACCAAATTC ATTAGCCAAGGCCAACATGA
CD49(M) ATTCAGGAGTAGCTTGGTGGAT  AGCGCTTAAAGAATCCACACTT
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CD90(M) GGTGGCAGAAGAAGACAAGG CCTTCCTGCACGGACTTAGA
FoxO3(H) CTTCAAGGATAAGGGCGACA CGACTATGCAGTGACAGGTTG
GAPDH(H) GGAGCGAGATCCCTCCAAAAT  GGCTGTTGTCATACTTCTCATGG
GAPDH(M) AGGTCGGTGTGAACGGATTTG  TGTAGACCATGTAGTTGAGGTCA
GPC3(M) CAGCCCGGACTCAAATGGG CAGCCGTGCTGTTAGTTGGTA
H19(M) GAACAGAAGCATTCTAGGCTGG  TTCTAAGTGAATTACGGTGGGTG
P53(M) CTCTCCCCCGCAAAAGAAAAA CGGAACATCTCGAAGCGTTTA
Perp(M) ATCGCCTTCGACATCATCGC CCCCATGCGTACTCCATGAG
Pten(M) TGGATTCGACTTAGACTTGACCT GCGGTGTCATAATGTCTCTCAG
Kras(M) CAAGAGCGCCTTGACGATACA CCAAGAGACAGGTTTCTCCATC
Sca1(M) GTTTGGGATGGCCTGATGT GGTTGGGGTTCAGAGTTAAGG

M=Mus musculus; H=Homo sapiens

3.2 Methods

3.2.1 Animal protocols

3.2.1.1 FoxO3 constitutively over-expressing mouse model

In our study, we set up a FoxO3 constitutive overexpression mouse model by
crossbreeding tetracycline-responsive transactivator (75) mice with mice
bearing a constitutively active human FoxO3 allele (FoxO3CA) under the
control of a tTA-regulated promoter (86, 87). tTA expression is controlled by the
rat liver activator protein (LAP) to achieve a hepatocyte-specific FoxO3
overexpressing model (73, 88). My mice are of C57BL/6 background and kept
in an animal facility at the Technische Universitat Minchen. Experiments were
carried out under a protocol approved by the Animal Studies Committee
(Regierung von Oberbayern, no. 55.2-1-54-2532-164-2014) and in accordance

with the institutional guidelines.
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3.2.1.2 Doxycycline administration

Our mouse model used a tTA-induced tet-off system to achieve controlled
FoxO3 gene expression. Doxycycline (DOX) was administered in the mice
models’ drinking water at a concentration of 0.1 mg/ml, supplemented with 10
mg/ml sucrose in dark bottles during embryogenesis and lactation. FoxO3
could be overexpressed by abolishing DOX feeding. In our study, FoxO3CA
was closed during the embryonic and postnatal periods until the different
experiment time points we required. In this study, we activated FoxO3
overexpression at two different time points: immediately after birth and at 5

weeks old.

3.2.1.3 DEN injection

N-Nitrosodiethylamine (DEN) was used to induce HCC tumors in this study.
The mice were injected with 10 mg/kg DEN intraperitoneally when they were
15 days old. When they were around 4 weeks old, we analyzed the genotype.
According to their genotype, the mice were divided into two groups: the
FoxO3CA group and the wild-type (WT) group. DOX water was supplied until
they were 5 weeks old. Then, they were fed with normal water, and FoxO3CA

was activated in hepatocytes.

3.2.1.4 Tissue collection

Before sacrificing the mice, they were fasted for 6 hours but supplied with
normal water. Then, their blood glucose levels were measured with a glucose
meter from the tail vein. Afterwards, the mice were anaesthetized with isofluran
and sacrificed through cervical dislocation. Blood was taken from the angular
vein of the mice. Then, the livers were harvested, and one lobe of each liver

was kept in paraformaldehyde (PFA) stored at 4 °C, and the rest of the lobes
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were frozen with liquid nitrogen and kept at -80 °C. Serum was collected by

centrifuging blood at a speed of 7,000 rpm for 6.5 minutes.

3.2.1.5 Biochemical analysis

Transaminases including alanine-aminotransferase  (ALT), aspar-
tate-aminotransferase (AST) and cholesterol were measured by the Rechts

der Isar hospital clinical laboratory.

3.2.1.6 Magnetic resonance imaging

Magnetic resonance imaging (MRI) scanning was performed to check the HCC
induced by DEN injection in the mice by the Institute of Radiology, Kilinikum

rechts der Isar.

3.2.2 Histology and immunohistochemistry

3.2.2.1 Paraffin sections

After the fixation with 4% PFA overnight, the tissues were trimmed and fixed
into appropriate sizes and shapes, and placed in embedding cassettes. Then,
the samples went through ascending alcohol rows to dehydrate, using an

automatic tissue processor and the following steps.

70% ethanol, once for 1 hour

96% ethanol, 2 changes, once for 1 hour, once for 45 min

100% ethanol, 2 changes, once for 1 hour, once for 45 min

Xylene, 2 changes, 1 hour each

Paraffin wax (60 °C), twice for 15 min, once for 30 min and once for 1 hour.

Then, the tissue samples were embedded into paraffin blocks. After cooling
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down to -15 °C, the blocks were cut into 2.5 pm sections. The sections were

moved to an incubator for drying at 37 °C.

3.2.2.2 Hematoxylin and eosin staining (HE staining)

Paraffin-embedded tissue sections were deparaffinized with Roticlear three
times for ten minutes each. Afterwards, the tissues were rehydrated using a
descending alcohol row. Then, the slides were stained in hematoxylin solution
for 30 seconds and washed in running tap water for at least 15 minutes. The
slides were counterstained in eosin for 5 seconds. They were washed in tap
water shortly and then dehydrated in ascending alcohols, with a final
immersion in Roticlear three times. Finally, the slides were mounted with

Vectashield mounting medium.

3.2.2.3 Immunohistochemistry (IHC) staining

Immunohistochemistry staining was performed with the Dako Envision System

(DakoCytomation GmbH, Hamburg, Germany).

o Constitutive paraffin-embedded tissue sections (2.5 um thick) were
deparaffinized with Roticlear three times for ten minutes each and
rehydrated with a descending alcohol row (two minutes each).

« Antigen retrieval was performed by retreating the slides in citrate buffer
(pH 6.0; 10 mM citric acid) in a 600 °C microwave oven for 15 minutes.
Then, the slides were put on a bench for at least 30 minutes to cool down.

e« The slides were washed in TBS for 5 minutes and blocked with 3%
peroxidase, which was diluted with absolute methanol for 10 minutes in the
dark. Slides were then washed again in TBS 3 times, for 5 minutes each
time.

e The reaction was blocked with TBS/3% BSA or TBS/10% goat serum for 1

hour at room temperature.
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The primary antibodies were diluted to recommended concentrations in
blocking solution, pipetted onto the slides and incubated overnight at 4 °C
in a wet box.

The slides were rinsed three times with TBS/0.1 BSA and incubated with
horseradish peroxidase HRP-conjugated secondary antibody for 1 hour at
room temperature.

The slides were washed with TBS/0.1 BSA three times. Then, an
enzymatic reaction with substrate solution (0.5 mg DAB/phosphate buffer)
was performed in the slides. The reaction was stopped in water when it
was ready.

The tissue was dehydrated in ascending alcohol rows (two minutes each)
and cleared in Roticlear three times, for ten minutes each.

Finally, the slides were mounted with Vectashield mounting medium.

3.2.3 RNA-related methods

3.2.3.1 RNA isolation

Total RNA was extracted from collected mouse and human liver tissue with an

RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.

Around 30 mg of mouse or human liver tissue was placed in 400 yL RLT
with 0.4 pL B-ME. The lysate was homogenized and then centrifuged for 3
min at maximum speed. The supernatant was carefully collected, and the
rest was discarded.

One volume of 70% ethanol was added to the lysate and mixed by
pipetting. Up to 700 ul of the sample was transferred to an RNeasy Mini
spin column placed in a 2 ml collection tube and centrifuged for 15
seconds at 8500 x g. The flow-through was discarded.

Then, 700 pl Buffer RW1 was added to the column. The lid was closed,

and the sample was centrifuged for 15 s at 8500 x g. The flow-through was
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discarded.

o Next, 500 pl Buffer RPE was added to the RNeasy spin column. The lid
was closed, and the contents were centrifuged for 15 s at 8500 x g. The
flow-through was discarded.

o Afterwards, 500 pl Buffer RPE was added to the RNeasy spin column. The
lid was closed, and the contents were centrifuged for 2 min at 8500 x g.
Then, the RNeasy spin column was placed in a new 2 ml collection tube
and centrifuged at full speed for 1 min to dry the membrane.

e« The RNeasy spin column was placed in a new 1.5 ml collection tube. Next,
30 ul RNase-free water was added to the spin column membrane. The lid
was closed, and the contents were centrifuged for 1 min at 8500 x g to
elute the RNA.

The RNA samples were stored in the fridge at =80 °C.

3.2.3.2 Evaluation of RNA quality and cDNA synthesis

The RNA concentrations were tested using the NanoDrop (Thermo Scientific,
Wilmington, USA). The absorbance proportion at 260 nm and 280 nm
wavelengths were used to evaluate the RNA’s quality. A ratio of around 2.0
was recommended as pure RNA.

The RNA was reverse transcribed with the QuantiTect Reverse Transcription

Kit. The steps are as follows.
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« Eliminate genomic DNA in RNA.

Component Volume Final concentration
Template RNA Variable (1ug)
RNase-free water Variable
gDNA wipeout buffer 2 ul 1x
Total volume 14 pl

o The reaction mix was incubated for 2 minutes at 42 °C, and afterwards put
on ice immediately.
e The reverse transcription mix was made.

Component Volume Final concentration
DNA elimination reaction mix 14 ul
Quantiscript reverse 1l
transcriptase
Quantiscript RT buffer 4 ul 1Xx
RT primer mix 1l
Total volume 20 pl

e The reaction mix was incubated for 15 minutes at 42 °C in and then
incubated for 3 minutes at 95 °C using inactive Quantiscript reverse
transcriptase. The final cDNA concentration was adjusted to be lower

than 50 ng/ul and stored at —20 °C.
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3.2.3.3 Quantitative real-time PCR

Quantitative real-time PCR (gRT-PCR) was carried out using a
LightCyclerTM480 system with the SYBR Green 1 Master Kit (Roche
Diagnostics, Penzberg, Germany). The cycle threshold (CT) value described

the cycle of the PCR in which the fluorescence signal became significant.

qPCR reaction mix

SYBR Green SuperMix 12.5 pl
Primers 2 ul
cDNA template 5ul
ddH20 3ul
Total 25yl

qPCR reaction program

Procedure Temperature Duration

1. Activation 55 °C 2 minutes
2. Denaturation 94 °C 10 minutes
3. Denaturation 94 °C 15 seconds
4. Annealing 55°C 30 seconds
5. Elongation 72 °C 30 seconds

40 cycles for 3 — 5 steps
6. Elongation 72 °C 10 minutes

7. Conservation 4°C
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3.2.4 DNA related methods

3.2.4.1 DNA isolation

A piece of 0.5 cm mice tail was cut for DNA isolation. First, tails were digested
in 500 ul STE buffer and 20 ul proteinase K in a 55 °C incubator overnight.
After incubation, the samples were centrifuged at full speed for 10 min, and the
supernatant was transferred into new tubes with 400 ul of isopropanol to
precipitate the DNA. After ten minutes of incubation at room temperature, the
samples were centrifuged at full speed at room temperature again, the
supernatant was discarded and the remaining DNA pellets were washed with
70% ethanol twice. The tubes were dried in a 37 °C incubator; afterwards, 50
pl Dnase-free water was added to resuspend the DNA. The DNA samples

were stored at 4 °C until use.

STE buffer

NaCl 0.1M
Tris-Hcl 10 mM
EDTA 1 mM
SDS 1%

pH 8

Aqua dest Various

3.2.4.2 Genotyping

The transgenes tTA and FOXO3CA were detected by PCR with specific pairs

of primers according the following protocols.
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Reaction mix

PCR Master Mix, 2x 12.5 pl
Sense primer (10 pM) 0.5 ul
Antisense primer (10 uM) 0.5yl

DNA template 1 Ml
RNase-free water 10.5 pl
Total volume 25 i

Primer sequences:

tTA 5° gctaggtgtagagcagcctacattg

tTA 3" gtccagatcgaaatcgtctagcgcg
FOXO3-P17 catggagtctgcggccegtctce
FOXO3-P48 ggtacccggggatcctctagtcag

PCR programs

Procedure Temperature Duration

1. Starting 94 °C 3 minutes
2. Denaturation 94 °C 45 seconds
3. Annealing 62 °C 45 seconds
4. Elongation 72 °C 80 seconds

40 cycles for 2-4 steps
5. Elongation 72 °C 2 minutes

6. Conservation 4°C

3.2.5 Protein-related methods

3.2.5.1 Protein extraction from liver tissue

All of the liver tissue lysates were made from snap-frozen tissue with RIPA
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buffer (cell signaling). A piece of frozen liver tissue weighing 50 mg was put
into 350 ul RIPA buffer with a steel ball. Then, the tissue was disrupted with a
homogenizer for 3 minutes. Afterwards, the sample was put on ice for 40
minutes and then centrifuged at full speed for 20 minutes at 4 °C. The

supernatant was taken carefully and kept at =80 °C until use.

3.2.5.2 Protein concentration measurement

The BCA Protein Quantification Kit was used to measure the concentration of
the protein samples. BCA reagent was freshly prepared by adding 4% CuSQO4
to the standard solution and protein solution at a ratio of 1:50. Then, 10 ul of
the probe or the standard solution was added to a microtiter 96-well plate and
mixed with 200 pl of the prepared BCA solution. After being incubated at 37 °C
for 25 min, the extinction was measured at a wavelength of 570 nm and the

protein concentration was calculated.

3.2.5.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

First, | prepared the protein denature mix as follows.

Protein denature mix

Protein Variable (up to 20uQ)
Water 16.25 pl-volume of protein
NuPAGE LDS Sample Buffer 4x 6.25 pl
NuPAGE Reducing Agent 10x 2.25 ul

Total volume 25 ul

Second, the mixture was denatured at 70 °C for 10 min. The protein samples
were separated according to their size by using a discontinuous gel system,

which involved stacking (5%) and separating gel (7.5-10%) layers that differed
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in their salt and acrylamide concentrations. 20 ug protein from each sample
was loaded into suitable polyacrylamide gel and separated by gel
electrophoresis (BioRad, Germany) in running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3) at 80 V until the samples were focused in the
stacking gel, and then the gel was run at 100 V until the target band was at the

right position.

3.2.5.4 Immunoblotting

When the target band arrived at the appropriate position, proteins were
transferred electrophoretically onto a polyvinylidene fluoride (PVDF)
microporous membrane using a Trans-Blot SD Wet Transfer Cell (Bio-Rad).
The transfer conditions were 250 mA for 1-2 hours at room temperature,
depending on the molecular weight of the target protein. Then, the membrane
was blocked with 5% non-fat milk or BSA for 1 hour. Afterwards, the first
antibody that was diluted with blocking solution was added to the membrane
and kept at 4 °C overnight.

On the second day, the membrane was washed with 0.05% TBST three times
for 10 minutes each. Then, secondary antibody diluted with 5% nonfat milk
was added to the membrane for 1 hour at room temperature. Afterwards, the
membrane was washed again. Signal detection was performed using
SuperSignal West Pico Chemiluminescent Substrate according to
Thermo-Scientific’s instructions. The blots were exposed to an

autoradiography film.

3.2.6 Statistical analysis

For statistical analyses, either the GraphPad Prism 5 Software (GraphPad,
San Diego, CA, USA) or IBM SPSS 19 Software (Statistical Package for the

Social Sciences, IBM, NY, USA) was used. All of the experiments were
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conducted in triplicate. An unpaired Student’s t-test was performed for
group-wise comparisons of two groups. The level of statistical significance was
setatp < 0.05. The results are expressed as mean + standard deviation

(SD) unless indicated otherwise.
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4 RESULTS

4.1 FoxO3 expression in human healthy tissue and HCC samples

4.1.1 Human healthy tissue and HCC samples show no significant
difference in mRNA levels of FoxO3

Since FoxO3 is expressed in many cancer types, such as colorectal cancer
and breast cancer (89, 90), we checked the expression level of FoxO3 in
healthy liver tissue and HCC samples (Department of Surgery, Klinikum rechts
der lIsar, der Technischen Universitat Munchen, Munich; approved by the
Ethics Committee, no. 1926/07).
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Figure 2: FoxO3 expression in human healthy tissue and HCC samples.

A. Relative mRNA expression levels of FoxO3 in 11 healthy liver samples and 11 human
HCC samples, as determined by RT-gPCR. The results were normalized to
housekeeping gene GAPDH.

B. Relative mRNA expression level of FoxO3 in control group (healthy liver) and HCC
group (n = 11). p = 0.1040; ns = not significant.
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We isolated RNA from 11 healthy liver tissues (which were resected within the
resection of the liver to achieve safety margin), and 11 HCC samples.
Real-time PCR was performed to assess the mRNA level of FoxO3 in these
samples (Figure 2A). The expression levels of FoxO3 for the healthy and the
HCC groups were hugely different. The FoxO3 mRNA level in HCC group
seemed lower than that in healthy group, but the difference was not significant

(Figure 2B).

4.1.2 HCC samples express FoxO3 strongly

A Healthy liver HCC adjacent tissue

%o

B ~ HCC HCC

HCC HCC

L S W

Figure 3. IHC staining of FoxO3 on human sections.

A. IHC staining of FoxO3 was performed on 3 healthy liver tissues and 3 HCC adjacent
tissues. FoxO3 was not stained on these sections.

B. The FoxO3 expression of a cohort of 31 HCC patient samples was determined by IHC
staining. FoxO3 was expressed in the nuclei of the hepatocytes (scale bar: 100 ym).
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The protein expression levels of FoxO3 in human samples were also
estimated by immunohistochemistry staining, including healthy liver from
non-HCC patients, HCC adjacent samples and HCC samples. Interestingly, we
performed FoxO3 IHC staining on 3 healthy liver and 3 HCC adjacent sections,
and found that FoxO3 were not expressed in either healthy liver or HCC
adjacent liver tissues (Figure 3A). By contrast, when determining FoxO3
expression in 31 HCC samples, FoxO3 was stained in the nuclei of 15 samples
(48.4%) (Figure 3B). Because FoxQO3 is a transfection factor, it is active in the

nucleus and inactive in cytoplasm.

4.2 Hepatic constitutive FoxO3 overexpression leads to liver damage,

glucose metabolic dysfunction and morphological alterations.
4.2.1 Hepatic constitutive FoxO3 overexpression mouse model

Since FoxO3 was observed to be activated in human HCC tissues, we set up a
hepatic constitutive FoxO3 overexpression (FoxO3CA) mouse model to
determine the role that FoxO3 plays in HCC development.

FoxO proteins can be phosphorylated and inhibited by activated Akt (91). Akt
can phosphorylate FoxO3 at three specific sites—T32, S253 and S315—and
then FoxO3 will be inhibited and translocated into the cytoplasm. To achieve a
constitutive active form of FoxO3, we used an active allele of FoxO3, in which
those three sites were mutated into alanine (Figure 4A). As a result, once
FoxO3 was expressed in our mouse model, it would always be in the active
form.

Then, we used the tet-off system to set up a. inducible FoxO3 overexpression
mouse model. We crossbred mice expressing tetracycline-regulated
transactivator (75) under LAP promoter, which is specifically expressed in the
hepatocytes of mice containing the mutated FoxO3 allele and a luciferase

reporter gene controlled by a bidirectional promoter, (tetO);. The tet-off system
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can be regulated through administration or deprivation of DOX, which can
block the tTA binding (Figure 4B). Our mouse model was confirmed by western
blot. Proteins from the wild-type (WT) mice and our FoxO3CA mice were
isolated, and the protein level of FoxO3 in the FoxO3CA mice was much higher

than that of the WT mice (Figure 4C).
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Figure 4. Hepatic constitutively FoxO3 overexpression mouse model
A. Akt phosphorylate sites T32, S253 and S315 in FoxO3 are mutated into alanine
residues.

B. Tetracyclin-regulated (tet-off) expression system.
C. Western analysis of whole liver extracts from wild-type mice and FoxO3CA mice using
antibodies against FoxO3 and GAPDH. GAPDH was used as the loading control.
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4.2.2 Liver-specific FoxO3 overexpression after birth leads to impaired

growth

In our mouse model, FoxO3 overexpression was controlled through
administration or deprivation of DOX dissolved in water. We switched on
FoxO3 overexpression immediately after the mice were born by stopping DOX

supplication, and analyzed the mice when they were 5 weeks old (Figure 5A).
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Figure 5. Liver-specific FoxO3 overexpression after birth leads to impaired growth
A. Schedule of DOX treatment. DOX water was abolished once the mice were born. The
mice were analyzed when they were 5 weeks old.

Appearance of the FoxO3CA mice and WT mice.

Livers from the FoxO3CA and WT mice.

The body and liver weights of FoxO3CA mice (n = 4) and WT (n = 4) mice were
measured, and their liver/body weight ratios were calculated. The p-values were
analyzed using Student’s t-test; ** p< 0.01.

Cow
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The FoxO3CA mice were obviously smaller than the wild-type mice (Figure 5B).
Meanwhile, the livers of the FoxO3CA mice were also much smaller than those
of the wild-type mice (Figure 5C). The body and liver weight of both groups of
mice were measured; both the body weights and liver weights of the FoxO3CA
mice were significantly lower than those of the WT mice. In addition, the
liver/body weight ratio was also lower in FoxO3CA mice, which indicates that
the reduction in liver weight was more serious than the reduction in body

weight (Figure 5D).

4.2.3 Liver-specific FoxO3 overexpression after birth leads to liver

damage and impaired liver function

Since the reduction in liver weight was more serious than the reduction in body
weight, liver damage was highly suspected in the FoxO3CA mice. Thus,
several widely used liver damage markers such as serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and bilirubin tests
were performed to identify the status of the livers. All of these markers were
significantly elevated in the FoxO3CA mice (Figure 6A-C), indicating liver
damage in the FoxO3CA mice.

Metabolic indicators such as blood glucose, serum cholesterol and triglyceride
were also measured (Figure 6E, 6F). Neither cholesterol nor triglyceride
showed significant differences between the wild-type and FoxO3CA groups.
Meanwhile, the FoxO3CA group had lower blood glucose levels (Figure 6D).
As known, FoxO family genes are transcription factors in the insulin-signaling
pathway. The upregulation of FoxO proteins usually leads to hyperglycemia
(92). This contrasts with our results, indicating that other unexpected signaling
pathways may be activated in our FoxO3CA mice. In addition, the hepatic
functional alteration induced by FoxO3 overexpression would be lethal to

neonatal mice.
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Figure 6. Liver-specific FoxO3 overexpression after birth leads to liver damage and
impaired liver function

Alanine aminotransferase (ALT), B. aspartate aminotransferase (AST) and C. bilirubin

levels in serum were measured. D. Blood glucose level, E. cholesterol and F. triglyceride

were also tested in wild-type mice and FoxO3CA mice (n = 4); ns = not significant.

4.2.4 FoxO3 overexpression 5 weeks postoperatively leads to
hyperglycemia

Hepatic FoxO3 overexpression after birth leads to severe liver damage and the
impaired growth in the mice. | switched on FoxO3 overexpression when the

mice were 5 weeks old, and the FoxO3CA mice and wild-type mice were
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sacrificed and analyzed when they were 9 weeks old (Figure 7A). No
significant difference were observed in their body weights, liver weights and
liver/body weight ratios (Figure 7B), indicating that FoxO3 overexpression at a
later time point might not induce obvious harm to the mice. In addition, the
blood glucose level was significantly higher in FoxO3CA mice after 6 hours of
fasting (Figure 7C, D). Hyperglycemia was induced by FoxO3 overexpression

in hepatocytes.
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Figure 7. FoxO3 overexpression since 5 weeks old lead to hyperglycemia

A. Schedule of DOX treatment. DOX water was administrated until 5 weeks old. Mice
were analyzed when they were 9 weeks old.

B. The body weight and liver weight of the FoxO3CA and WT groups (n = 4) were
measured, and their liver/body weight ratios were calculated. Student’s t-test showed
p > 0.05.

C. Blood glucose level was measured after 6 hours of fasting. The p value was calculated
using Student’s t-test. ** p < 0.01; ns = not significant.
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4.2.5 FoxO3 overexpression in hepatocytes leads to morphologic
alterations

Alanine aminotransferase and aspartate aminotransferase were elevated in
FoxO3CA mice, compared to wild-type mice. | performed HE staining on

FoxO3CA mice to check their liver cells and structures.

A

Figure 8. LCC and SCC lesions in FoxO3CA liver
A. HE staining on liver sections from wild-type mice and FoxO3CA mice.
Large cell change (LCC) and small cell change (SCC) were found in the FoxO3CA
mouse livers. LCC cells were marked with white arrowheads, and SCC cells were
marked with black arrowheads (scale bar: 100 ym).
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Some hepatocytes were enlarged, with a normal nucleus/cytoplasm ratio,
which is called large cell change (LCC). These enlarged hepatocytes gathered
together to become LCC foci. However, the other hepatocytes around the LCC
cells showed decreased «cell volume, along with increased
nucleus-to-cytoplasm ratio (Figure 8A, B), which is defined as small cell
change (SCC). Both LCC and SCC were regarded as precursor lesions of
HCC. LCC and SCC being identified in liver biopsies was thought to result in

an increased risk of HCC over time (93)

4.2.6 FoxO3 overexpression induces elevated expression level of

tumor-related genes

Since precancerous LCC and SCC lesions were observed in FoxO3CA mouse
model, it is highly suspected that FoxO3CA leads to great potential for tumors
at a later time. Thus, the expression levels of several tumor-related genes,
including p53, H19, c-Myc, Kras, Pten Gpc3 and Perp, were determined by
real-time PCR.

p53 is a tumor suppressor that is frequently mutated and upregulated in HCC
(94). The non-coding RNA H19 is important for human tumor growth and could
be a diagnosis and treatment target. H19 was upregulated in human HCC
samples, and knockdown H19 in a HCC cell line impaired the growth of the
cells (95). Additionally, 70% viral and alcohol-related HCC were found to have
overexpressed c-Myc (96). Kras was reported as an oncogene that could
promote HCC initiation and progression, when accompanied by HBV X
protein(97). Pten works as a tumor suppressor by inhibiting the PISK/AKT
signaling pathway. Glypican-3 (GPC3) is a potential biomarker for early-stage
HCC because it is expressed in HCC but not in benign liver tissues(98). Perp
is a pb53-associated gene that plays a role in tumor suppression.

As a result, p53, Pten and Kras were significantly elevated in the FoxO3CA

mice compared to the WT mice (Figure 9A, D, F). Expression of the other
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markers was also slightly increased, but the differences were not significant

(Figures 9B, C, E, G, H).
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Figure 9. FoxO3 overexpression induce elevated expression level of tumor-related
genes

The expression of tumor-related genes such as A. p53, B. H19, C. c-Myc, D. Kras, E. AFP,

F. Pten, G. Gpc3 and H. Perp in the WT group (n = 4) and FoxO3CA group (n = 6) were

measured by real-time PCR. The mRNA levels of these markers were normalized to the

housekeeping gene GAPDH. P values were calculated using Student’s t-test. * p< 0.05, **

p < 0.01,*** p< 0.001; ns = not significant.
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4.2.7 FoxO3 is expressed in SCC cells

LCC and SCC lesions were found in the FoxO3CA livers, and it was unknown
whether FoxO3 was expressed in both types of lesions. Hence,
immunohistochemistry stain of FoxO3 was performed on sections from
wild-type mice and FoxO3 mice. FoxO3 was expressed in the SCC areas but

not in the LCC areas (Figure 10).

Control

FoxO3 IHC staining

Figure 10. FoxO3 is expressed in SCC cells
Immunohistochemistry staining of FoxO3 was performed on WT and FoxO3 liver sections.
FoxO3 was only stained in SCC cells (scale bar: 100 um).

4.2.8 Akt is strongly phosphorylated in SCC cells

FoxO3 protein is regulated by the PI3K/AKT signaling pathway. Activated Akt
can inhibit the activity of FoxO3 protein and translocate it out of the nucleus. |
conducted Akt phosphorylation on mutated FoxO3 alleles to achieve a
constitutive active form of FoxO3. However, FoxO3 overexpression was lost in
the hepatocytes in the LCC areas. To determine whether FoxO3 in LCC cells is

inhibited by Akt, IHC staining of Phospho-Akt was performed on the FoxO3CA
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and WT groups. Astonishingly, p-Akt was absent in the WT sections and LCC
cells but expressed in the SCC cells (Figure 11A). Western blot was also used
to measure the expression level of p-Akt in the WT and FoxO3CA mice. P-Akt
protein was upregulated in FoxO3CA mice (Figure 11B). These results imply
that FoxO3 overexpression lead to Akt activation in hepatocytes possibly by a

feedback mechanism.

Control FoxO3CA FoxO3CA

p-Akt IHC staining
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Figure 11. Phospho-Akt is upregulated in SCC cells
A. IHC staining of p-Akt on WT and FoxO3CA liver sections (scale bar: 100 uym).
B. Western blot analysis of p-Akt and GAPDH in the WT and FoxO3CA mice. GAPDH

was used as the loading control.
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4.2.9 Oval cells are not activated in FoxO3CA mice

From FoxO3 IHC staining, we found that hepatocytes in the LCC area did not
express FoxO3 in our FoxO3CA mice. | am curious about where these

expanded LCC cells came from.
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Figure 12. Oval cells are not activated in FoxO3CA mice

A. IHC staining of cytokeratin 19 was performed in the FoxO3CA and WT mice (scale bar:
100 um).

B. Real-time PCR analysis of stem cell markers Sca1, CD49, CD133, CD90, CD24a and
CD13. The results were normalized to housekeeping gene GAPDH. Student’s t-test
was performed. No significant statistical differences were observed; ns = not
significant.

They proliferated from matured FoxO3 negative hepatocytes that escaped
from the tet-off system or from activated hepatic oval cells. Severe hepatic
damage induced by chemical toxicants, viruses, genome modifications or

partial hepatectomy can lead to the activation of hepatic oval cells to
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compensate for impaired liver function (99). Hepatic oval cells exhibit both
types of epithelial cells—hepatocytes and cholangiocytes—in the liver (100).
Thus, oval cell activation is usually accompanied with bile duct reaction. Hence,
we performed IHC staining of cytokeratin 19 (CK19), which is a marker of
cholangiocytes. Bile duct reactions were not observed in the FoxO3CA mice
(Figure12 A). In addition, the mRNA level of stem cell markers such as Sca1,
CD49, CD133, CD90, CD24a and CD13 were quantified with real-time PCR,
and none of them were elevated in the FoxO3CA group (Figure12 B). These

results indicate that oval cells were not activated in the FoxO3CA mice.

4.2.10 Proliferation is impaired in both LCC and SCC areas

LCC and SCC lesions were observed in the FoxO3CA mice, whether FoxO3
was overexpressed after birth or at 5 weeks old. The proliferation rates of LCC
and SCC were determined by IHC staining of proliferate markers such as KI67
and PH3. KI67 protein is strictly associated with cell proliferation, because it is
expressed in all active phases of the cell cycle (G1, S, G2 and mitosis) but not
in the GO phase (101). On the contrary, phosphorylated histone H3 (pH3) was
specifically expressed in the mitosis phase (102). KI67 was stained in the LCC
cells but absent in the SCC cells. The percentage of KI67-positive hepatocytes
in the FoxO3CA mice showed no significant difference compared with that of
the WT mice (Figure 13A, B). PH3 was also not stained in the SCC cells.
Additionally, the LCC area had much less PH3-stained hepatocytes than the
WT mice (Figure 13A, C).
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Figure 13. Proliferation is impaired in both LCC and SCC cells
A. Proliferation markers Kl67 and PH3 were determined by IHC staining (scale bar: 100

pm).

B. Percentage of positive KI67 hepatocytes in the FoxO3CA mice, which were counted
and analyzed. Student’s t-test showed no significant differences.

C. Positive PH3 hepatocytes were counted. The p values were calculated using
Student’s t-test. * p < 0.05; ns = not significant.

4.2.11 p53-p21 pathway is activated in LCC cells

The hepatocytes in the LCC areas proliferated very slowly compared with
those in the WT mice. Decreased proliferation of cells in the mitosis phase,
indicating cell cycle arrest, existed in the LCC areas. In addition, enlarged

cellular size also indicates cell cycle issues. p53, a tumor suppressor, is also a
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critical transcription factor for cell cycle arrest. p53 can arrest the cell cycle’s
progression by inducing the expression of p21, an inhibitor of cyclin-dependent
kinases (103). Thus, p53 and p21 expression were checked by IHC staining.
The results showed that both p53 and p21 were stained in the LCC cells

(Figure 14A, B).
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Figure 14. p53 and p21 pathway was activated in LCC cells
IHC staining of A. p53 and B. p21 in the FoxO3CA mice and the WT mice (scale bar: 100

pm).
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4.2.12 FoxO3 activation in SCC areas leads to the expression of markers
for DNA damage and HCC

Small cell change and large cell change have been considered as potential
lesions of hepatocellular carcinoma. The mRNA levels of HCC-related genes
such as p53, Pten and Kras were elevated in the FoxO3CA mice. Both SCC
and LCC lesions existed in our FoxO3CA mouse model. Which of these two
types of lesions was more malignant still needs to be determined. Markers for
DNA damage and HCC progression, including 8-OHdG, AFP and yH2AX, were
checked by IHC staining. All of these markers were stained in the SCC areas,
indicating that the SCC lesions were more advanced precancerous lesions
than the LCC lesions (Figure 15).
Control FoxO3CA
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Figure 15. Markers for DNA damage and HCC were expressed in the SCC areas
IHC staining of 8-OHdG, AFP and yH2AX in the FoxO3CA mice and WT mice (scale bar:
100 um).
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Alpha-fetoprotein (AFP) is an oncofetal protein expressed in fetal gut and liver.
It is not expressed in normal liver but expressed in HCC. Hence, it has been

widely used as a biomarker for HCC.

4.2.13 Hepatic FoxO3 overexpression leads to faster tumorigenesis after

DEN injection

DNA damage existed in the SCC areas, which may have caused
hepatocarcinogenesis due to increased risk for genomic alterations. Thus,
DEN injection was performed on the FoxO3CA and WT mice when they were
15 days old. DOX water were deprived at 5 weeks after birth, and the mice
were analyzed at 10 months old (Figure 16A). MRI scanning showed that the
FoxO3CA mice had more tumors than the mice in the WT group (Figure 16B).
All 6 mice in the FoxO3CA group had tumors 10 months after DEN injection,
whereas only 2 out of the 7 WT mice had tumor generation. Tumor formation
induced by DEN in the FoxO3CA mice occurred significantly faster than in the
WT mice (Figure 16C). The numbers of tumors in the FoxO3CA and WT mice
were counted, and the FoxO3CA mice had many more tumors than the WT
mice (Figure 16D). The mice were sacrificed when they were around 11
months old. The tumorigenesis in the FoxO3CA mice looked much more
severe than in the WT mice (Figure 16E). The body weights of the FoxO3CA
and WT mice showed no significant differences (Figure 16F). However, the
FoxO3CA mice had significantly higher liver weights and liver/body weight
ratios (Figures 16G, H). There results implied that the FoxO3CA mice had

more tumors than the WT mice.
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Figure 16. Hepatic FoxO3 overexpression leads to enhanced tumorigenesis

A.

after DEN injection
Schedule of DEN injection and DOX administration. DEN injection was performed 15
days after birth, and DOX water was deprived 5 weeks after birth.
MRI scanning was performed 10 months after birth. The tumors are marked with white
arrowheads.
The mice were divided into tumor and non-tumor groups according to MRI scanning.
The p values were calculated using Fisher’s exact test. * p < 0.05.
The number of tumors in each mouse was counted according to MRI scanning. The p
values were calculated using Student’s t-test. * p < 0.05.
Livers from the FoxO3CA and WT mice 11 months after DEN injection.
Body weight of the FoxO3CA and WT mice. Student’s t-test showed no statistical
differences; ns = not significant.
Liver weight of the FoxO3CA and WT mice. The p values were analyzed using
Student’s t-test. ** p < 0.01.
Liver/body weight ratios. The p values were analyzed using Student’s t-test. *** p <
0.001.
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5. DISCUSSION

5.1 Controversial views on the role of FoxO3 in tumorigenesis

The role of FoxO family transcription factors have gained more and more
attention in recent years because they are involved in multiple cellular activities,
such as glucose and lipid metabolism, proliferation and cell cycle arrest,
resistance to oxidative stress, apoptosis and atrophy. Some members of the
FOXO family were even initially found at chromosomal translocations in
human tumors (104, 105). FOXO3 was discovered as a fusion partner with the
mixed-lineage leukemia gene in acute myeloid leukemia (104). Since FoxO
proteins exhibit so many cellular activities and they could be the key factor to
determine the fate of malignant or precancerous cells, we are very interested
in what kind of role FoxO3 plays in the development of hepatocellular
carcinoma.

The role of FoxO3 in HCC is still controversial. Several studies from the
literature have tried to illustrate the relation between HCC and FoxO3, and the
researchers hold different opinions. On one hand, it has been demonstrated
that FoxO3 acts as a tumor suppressor because it can induce cell cycle arrest
by activating cell cycle arrest-related genes. For example, FoxO3 activation
induced by the TNF superfamily ligand APRIL could trigger cell cycle arrest in
HepG2 and Hep3B cell lines by upregulating GADD45 (106). Additionally,
when FoxO3 is upregulated by melatonin treatment, it can cause apoptosis in
HepG2 cell lines by expressing the downstream target Bim (107). On the other
hand, some studies suggest that FoxO3 could act as a tumor supporter. For
example, FoxO3 could promote the survival of cancer cells under stress
conditions, such as doxorubicin treatment and hypoxia (108). All in all, these
studies are not convincing because they are all in vitro studies. Since FoxO3 is
a transcription factor that is involved in multiple functions, it can perform
different activities, depending on the cell type and cell environment. FoxO3

57



activation and upregulation induced by drug treatment or upstream regulators
could lead to a fake effect because other factors and signaling pathways could
also be activated. Thus, we used a hepatic constitutive FoxO3 overexpression

mouse model to study the role that FoxO3 plays in HCC genesis.

5.2 FoxO3 activation impairs hepatocyte differentiation and liver growth

My mouse model is conditional hepatic FoxO3 overexpression model. The
expression of FoxO3 in hepatocytes can be controlled by doxycycline. When
overexpressed FoxO3 was switched on immediately after birth, the growth and
development of the mice was impaired. Liver damage was observed in the
FoxO3CA mice. Thus, we assumed that FoxO3 overexpression affects the
proliferation and differentiation of hepatocytes in immature mice. Even though
how FoxO3 regulates the cellular differentiation of hepatocytes has not been
reported, FoxO3 was found to exhibit an anti-differentiation effect in other
organs, such as in female gonads. FoxO works at the earliest stage of follicular
growth as a suppressor of follicular activation (109). Also, constitutively active
FoxO1 prevents the differentiation of preadipocytes, while dominant-negative
FoxO1 rescues adipocyte differentiation in insulin receptor-deficient mice (110).
In addition, FoxO transcription factors also play a role in differentiating
myoblasts and pancreatic 8 cells (111, 112). Hence, FoxO3 could also play a
role in differentiating hepatocytes, but the mechanism behind it remains
unknown. The main aim of this study is to determine the role that FoxO3 plays
in HCC genesis. We decided to switch on FoxO3 overexpression at a later
time point: at the age of 5 weeks old. No liver damage or impaired growth was

observed.
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5.3 Precancerous lesions LCC and SCC induced by FoxO3
over-expression

The FoxO3 overexpression mouse model was confirmed by both western
blotting and IHC staining. FoxO3 protein was increased in the FoxO3CA mice,
and FoxO3 was stained in nuclei of the mice. However, HE staining showed
morphological changes in the hepatocytes of mice with FoxO3 over-expressed
from birth and at 5 weeks old. These morphological changes are in accord with
so-called large cell change (LCC) and small cell change (SCC) in the literature.
Both LCC and SCC were considered to represent potential precursor lesions
of hepatocellular carcinoma (HCC). Compared to LCC, SCC were thought to
be precancerous lesions because DNA damage marker gammaH2AX was
highly expressed in SCC areas but not in LCC areas, whereas p21 was highly
expressed in LCC areas and reduced in SCC and HCC areas (113). My results
coincided with these views. First, the p53-p21 signaling pathway was activated
only in LCC areas. Second, in the FoxO3CA mice, gammaH2AX was highly
expressed in SCC areas. In addition, a marker of oxidative stress, 8-OHdG,
was also found to be expressed in SCC areas, indicating that reactive oxygen
species (ROS)-induced DNA damage existed in the SCC areas. All of these
findings support that SCC is a more malignant lesion than LCC. Additionally,
the mRNA levels of several HCC-related genes were found to be increased in
the FoxO3CA group. Hence, FoxO3 has the potential to have HCC at a later
time point.

| determined the proliferation rate of the FoxO3CA livers, because malignant
lesions usually have strong proliferative ability. From the literature, SCC found
in human sections showed as high of a proliferation rate as HCC, whereas
LCC showed a reduced proliferative ability (114). However, some researchers
also claim that most preneoplastic lesions are quiescent and do not progress

to form tumors (115). However, proliferation in SCC areas was impaired and
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LCC was still proliferating in our mouse model. Hence, LCC and SCC lesions
in our mouse model are different from the lesions found in human tissue. Then,
we checked the expression of FoxO3 in the FoxO3CA mice by IHC staining.
FoxO3 is highly expressed in SCC areas but suppressed in LCC. Hence, in
summary, SCC cells were FoxO3 positive with increased ROS and DNA
damage as well as impaired proliferation. LCC cells were FoxO3 negative with

activated p53-p21 pathway.

5.4 Oval cells are not activated in FoxO3CA mice

Severe liver damage induced by viruses, chemicals or transgenetics can
activate oval cells to restore the liver function (116). For example, active
Wnt/beta-Catenin signaling contributes to oval cell activation (117). In addition,
hepatic oval cell activation could secure genetic modification-induced liver
damage by generating healthy hepatocytes. In the conditional survivin
knockout model, liver damage induced the activation of oval cells, and newly
generated hepatocytes retained survivin expression (118). Thus, we were very
interested about whether oval cells were activated in our mouse model. If oval
cells were activated in our mouse model, it could explain why FoxO3 was
negatively regulated in LCC cells, since oval cells can be differentiated into
both hepatocytes and cholangiocytes when they are activated. Oval cell
activation is usually accompanied by the proliferation of cholangiocytes, which
is also called bile duct reaction. We stained cholangiocyte marker cytokeratin
19 and used real-time PCR for several stem cell markers. The results suggest
that FoxO overexpression did not trigger the activation of oval cells. Hence,
hepatocytes overexpressing FoxO3 could be rescued, and the expression of

FoxO3 was decreased by an unknown mechanism.
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5.5 ROS and DNA damage are induced by FoxO3CA

ROS-induced DNA damage existed in the SCC cells. As mentioned above,
DNA damage could trigger DNA damage response (DDR) pathways, including
DNA repair, cell cycle arrest and in the end, cell death or senescence. The
SCC cells with overexpressed FoxO3 were not undergoing apoptosis. On the
other hand, the p53-p21 signaling pathway was activated in the LCC cells. The
tumor suppresser p53 was proven to be recruited in response to DNA damage
and plays an important role in cell cycle regulation. The cyclin-dependent
kinase inhibitor p21 is a direct downstream of p53. The activation of p53-p21
implies cell cycle arrest in LCC cells. This also explains the enlargement of the
cell size. Cell cycle arrest offers cells time to repair the DNA damage. Once
DNA damage is repaired, the cells with arrested cell cycles will resume cell
cycle progression, and unrepaired cells will undergo permanent cell cycle
arrest or apoptosis (119). Hence, it is possible that LCC cells come from cells
that overexpress FoxO3. FoxO3 induces ROS and DNA damage in
hepatocytes. Some of these DNA-damaged hepatocytes led to cell cycle arrest
by activating the p53-p21 signaling pathway. Whereas other hepatocytes
overexpressing FoxO3 retained DNA damage, they could survive and become
malignant in the future.

However, we could not confirm how FoxO3 induces ROS and DNA damage in
our mouse model. However, the literature suggests that ROS could be induced

by FoxO3 target genes such as Bim and BclIxL (120).

5.6 FoxO3 promotes tumorigenesis in DEN-injected mice

We kept the mice overexpressing FoxO3 until they were one year old, and they
did not form tumors. We realized that FoxO3 overexpression was not sufficient
to induce a tumor but that it could be able to enhance tumorigenesis under

another trigger. Hence, we performed DEN injection on the FoxO3CA and WT
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mice. We chose DEN because whether DEN induces HCC mainly depends on
ROS and DNA damage, which coincides with FoxO3’s effects in our mouse
model. The results showed that the FoxO3CA mice had more and earlier HCC
than the WT mice. The DEN-injected FoxO3CA mice had more tumorigenesis
due to two possible reasons. First, the FoxO3CA mice had more ROS and
DNA damage because they already had FoxO3 overexpression induced in
them. Second, FoxO3 activation can keep cells alive under stress conditions,
such as ROS and DNA damage. FoxO3 can protect cells from ROS-induced
damage and apoptosis by activating detoxifying enzymes such as catalase
and sestrins, and by reducing mitochondrial mass and oxygen consumption
(121). Additionally, long-term DNA damage would promote the development of
HCC.

5.7 The expression of FoxO3 in human samples

We checked the expression level of FoxO3 in human tissues. The FoxO3
staining showed that FoxO3 was activated in 48.4% of human sections,
whereas the mRNA levels of FoxO3 determined by real-time PCR showed that
FoxO3 mRNA was not upregulated, compared to in healthy livers. FoxO3 is a
transcription factor that is activated in the nucleus and inactivated in cytoplasm.
FoxO3 was observed to be expressed and activated in some of the HCC
patients. Even though the mRNA levels of FoxO3 were not elevated in the
HCC patients, FoxO3 was activated and exhibited transcriptional functions in
the nucleus. Thus FoxO3 could be a potential biomarker and therapy target of
HCC. In addition, our study suggests that FoxO3 promotes tumor cells being
alive under oxidative stress, so FoxO3 positivity could be a signal suggesting

insensitivity to treatment and poor outcomes.
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5.8 Conclusion

In our study, we demonstrated the role of FoxO3 in HCC development using a
hepatic, constitutively active FoxO3 overexpressing mouse model. FoxO3
overexpression after birth led to impaired growth and liver damage. However,
the mice exhibited normal phenotype when FoxO3 was overexpressed since
the mice were 5 weeks old. Precancerous lesions such as LCC and SCC were
found in the FoxO3CA mice. The SCC cells were overexpressing FoxO3;
meanwhile, ROS and DNA damage were found to exist in the SCC cells.
FoxO3CA also enhanced DNA-induced HCC development. The mechanism
could be that FoxO3 overexpression induces ROS accumulation in
hepatocytes and inhibits ROS and DNA damage-induced cell apoptosis and
death.
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6. SUMMARY

FoxO3, a transcription factor of the Forkhead family, plays a role in
multicellular activities such as glucose and lipid metabolism, proliferation and
cell cycle arrest, resistance to oxidative stress, apoptosis and atrophy. We
found that FoxO3 could be activated in human HCC samples. However, the
role that FoxO3 plays in HCC is still unclear. FoxO3 was found to execute
different functions under different treatment. Hence, we established an in vivo
FoxO3 overexpression mouse model to clarify the role of FoxO3 in HCC
development.

Hepatic, constitutively activated FoxO3 overexpression after birth led to severe
liver damage. When FoxO3 overexpression was switched on at 5 week old, no
obvious liver damage was observed, but we still observed morphological
alterations such as precancerous LCC and SCC lesions. FoxO3 was
expressed in SCC cells but absent in LCC cells. ROS and DNA damage
existed in the SCC areas, and the p53-p21 signaling pathway was activated in
LCC areas. ROS and DNA damage could be induced directly by FoxO3
activation. FoxO3 can protect cells from apoptosis and cell death under
oxidative stress and DNA damage, which could lead to tumorigenesis.

We injected the FoxO3CA mice and WT mice with DEN. Ten months after the
DEN injection, a greater proportion of the FoxO3CA mice had tumors than the
WT mice. Also, the numbers of tumors among the FoxO3CA mice were much
greater than those of the WT mice.

In conclusion, our study suggests that FoxO3 acts as an oncogene in HCC.
FoxO3 could promote tumorigenesis by inhibiting the apoptosis and cell death

of DNA-damaged hepatocytes.
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