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Abstract

Abstract
Hepatocellular carcinoma (HCC) is the second most common fatal cancer
worldwide and the fastest increasing cause of cancer death in Australia.
Epidemiological data indicate that obesity and diabetes are independent risk factors.
This may be driven by the development of non-alcoholic fatty liver disease (NAFLD),
but the molecular mechanisms driving such promotion of hepatocarcinogenesis are
unclear. This thesis focuses on the potential role of obesity-related metabolic signalling
pathways to promote hepatocarcinogenesis in a murine carcinogen-induced model. In
addition, the cellular responses to DNA damage that could be relevant to obesityenhanced hepatocarcinogenesis are addressed.
Experiments were performed using foz/foz mice, a novel obese mouse model, and
the carcinogen diethylnitrosamine (DEN). foz/foz mice have a spontaneous mutation of
the Alström gene (Alms1). This impairs appetite regulation, so causing metabolic
obesity, with secondary physical inactivity, hyperinsulinemia, diabetes, dyslipidemia,
hyperleptinemia, and hypoadiponectinemia. Atherogenic (Ath) diet-fed foz/foz mice
exhibit severe non-alcoholic steatohepatitis (NASH) with liver fibrosis.
DEN-injected obese, diabetic foz/foz mice develop HCC at 6 months, whereas
lean wildtype (Wt) mice do not develop liver tumours until 9 months. At 3 months,
livers of DEN-injected foz/foz mice showed increased liver injury with apoptosis and
compensatory hepatocellular proliferation compared to Wt littermates, and this was
associated with more dysplastic hepatocytes. Livers of foz/foz mice (vs Wt) exhibited
up-regulation of DNA-damage sensors (ATM and ATR). Despite this, there was
inadequate cell cycle checkpoint controls by CHK1 and CHK2, at least in part affecting
the ability of p53 to inhibit proliferation of damaged and altered hepatocytes during the
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progression of dysplastic hepatocytes to HCC. On the other hand, these studies found no
evidence to support the concept that obesity enhances hepatocarcinogenesis by
activation of inflammatory signalling (IL-6/STAT3) or via NF-κB. The hyperleptinemia
exhibited by these obese mice did not induce STAT3 activation.
One of the design strengths of the present study was the opportunity to examine
the pre-malignant phase of hepatocarcinogenesis. Consistent with hyperinsulinemia and
resultant increased bioavailability of IGF-1, Akt and nutrient-sensing mTORC1 were
activated in fatty livers from obese diabetic mice at 3 months. The possibility that this
may be functionally relevant for control of hepatocyte growth was indicated by
enhanced phosphorylation of both S6 and eIF4B, the key downstream targets of
mTORC1 which regulate protein synthesis, cell growth and proliferation. Further,
AMPK activation was reduced in livers from obese mice; since AMPK supresses
mTORC1 signalling, this lack of restraint could contribute to sustained mTORC1
signalling in foz/foz mice. In order to test whether mTORC1 activation was responsible
for facilitating growth and survival of altered hepatocytes in obese mice, we
administered rapamycin over 3 months to inhibit mTORC1. This strategy failed to
prevent growth of dysplastic hepatocytes; further, consistent with a study conducted
contemporaneously (Umemura et al, 2014), rapamycin tended to increase liver injury.
Another attractive explanation to the link between obesity and enhanced HCC is
oxidant stress, as observed here by increased hepatic GSSG levels and a decreased GSH
to GSSG ratio. Further, the redox-responsive NRF2 pathway was up-regulated in livers
from obese mice. By promoting nucleotide synthesis, sustained up-regulation of NRF2
signalling, in combination with increased PI3K/Akt signalling, could contribute to
growth promotion of preneoplastic and/or cancer cells.
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In addition to NRF2, we also observed activation of JNK in livers from obese
foz/foz vs lean Wt mice, as well as in HCCs derived from obese mice. JNK has been
implicated in both NASH pathogenesis and hepatocarcinogenesis. In order to establish
whether JNK1 is an essential mediator of enhanced hepatocarcinogenesis by obesity, we
examined whether JNK1 deletion would alter hepatocarcinogenesis in atherogenic dietfed mice (other work in the host lab had shown that this diet, like obesity, accelerated
hepatocarcinogenesis). Atherogenic diet-fed Jnk1-/- and Wt mice were similarly
overweight. JNK1 deletion did not alter adipose mass, but slightly impaired glucose
tolerance. Atherogenic dietary feeding increased liver tumorigenesis in both DENtreated Jnk1-/- and Wt compared with chow-fed. However, Atherogenic diet-fed Jnk1-/mice developed fewer and smaller tumours than similarly fed Wt mice, and this
culminated in a substantially reduced tumour burden. The attenuation of
hepatocarcinogenesis by JNK1 deletion was associated with reversal of liver injury,
hepatocyte apoptosis and hepatocyte proliferation.
To establish whether the effects of JNK1 could be targeted therapeutically, we
tested the efficacy of a selective JNK1 inhibitor CC930 (Celgene) against DEN-induced
hepatocarcinogenesis in obese foz/foz NOD.B10 mice. Daily gavage of CC930 (200
mg/kg body weight) for 18 wks did not reduce liver injury or hepatocyte cell death, and
accordingly failed to prevent the progression of DEN-induced liver tumorigenesis in
foz/foz mice. Moreover, despite initial reduction of liver injury after 6 weeks of
gavaging, longer term CC930 treatment appeared to increase serum ALT in obese mice,
confounding interpretation of any effects on hepatocarcinogenesis.
While obesity and diabetes are independent risk factors for HCC, the relative
contribution of each metabolic condition to hepatocarcinogenesis has not been clarified.
Insulin resistance and glucose intolerance are common in obese subjects, but some
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individuals do not develop these metabolic complications; such persons are referred to
as “metabolically healthy obesity (MHO)”. In order to establish whether obesity per se
(MHO) or diabetes (“metabolic obesity”) is more relevant to the acceleration of
hepatocarcinogenesis, we compared DEN-induced HCC in equally obese but nondiabetic foz/foz BALB/c mice with the obese diabetic foz/foz NOD.B10 mice used
earlier. At 6 months, the number of liver tumours was significantly higher in foz/foz
NOD.B10 than foz/foz BALB/c mice (100% vs 40%), and liver nodules were more
numerous and larger. Liver injury and hepatocyte apoptosis were also increased in
foz/foz NOD.B10 mice compared with foz/foz BALB/c counterparts, but hepatocyte
proliferation (cyclin D1 and PCNA) was similar. Akt/mTORC1 activation did not differ
between the strains, but JNK was activated in foz/foz NOD.B10 mice (vs Wt) but not in
foz/foz BALB/c mice. The activation of JNK was associated with enhanced oxidative
stress, as indicated by increased NRF2 activation in foz/foz NOD.B10 mice but not in
foz/foz BALB/c mice. Such oxidative stress may contribute to an enhanced DNA
damage response in foz/foz NOD.B10 mice compared with foz/foz BALB/c mice, and/or
activation of JNK and/or NRF2 which could act as signals for promotion of
hepatocarcinogenesis, as discussed earlier.
Physical activity is important for prevention and correction of obesity and its
metabolic complications (it improves insulin sensitivity), and has a protective effect
against development of some cancers. To test whether voluntary exercise could be
sufficient to slow HCC development in obese mice, we provided them with an in-cage
exercise wheel from weaning until 12 or 24 weeks of age. foz/foz mice spent as much
time running as Wt mice; on average they travelled 4 km/day. With such physical
activity, foz/foz mice demonstrated a slowing of weight gain compared with their
sedentary counterparts, although at the end of experiments they still weighed
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considerably more than Wt mice. Exercise prevented the accelerated growth of
dysplastic hepatocytes at 3 months and eventually reduced tumour burden at 6 months
in foz/foz mice. Despite improved insulin sensitivity in exercising foz/foz mice, there
was no evidence to support inhibition of mTORC1 activation as a protective
mechanism. Instead, beneficial effects on the pathological severity of fatty liver disease,
on JNK signalling, and on the p53 response to DNA injury occurred, each of which
individually or severally could play an important role.
In summary, the results of experiments described in this thesis indicate that
accelerated DEN-induced HCC in obese diabetic mice cannot readily be attributed to
IL6/STAT3 or NF-κB activation, or to direct effects of Akt/mTORC1 activation.
Instead, the critical mechanism for obesity-enhanced hepatocarcinogenesis lies in the
disconnection between hepatocellular injury and DNA damage, and the resultant
unrestrained proliferative response of altered hepatocytes. Pharmacological inhibition of
mTORC1 and JNK may not be effective to counter the effects of obesity in promoting
hepatocarcinogenesis, though further work is required to study the combination of such
agents with NRF2 inhibitor and/or AMPK activators. Meanwhile, the impressive
protective effect of exercise for reducing the growth of dysplastic hepatocytes and
delaying eventual HCC in obese mice should lead to similar studies in humans with
NASH, who are at risk of HCC.
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Chapter 1

1.1

Introduction

Hepatocellular carcinoma (HCC): the magnitude of the problem
Liver cancer is a major health problem worldwide. It is the fifth most common

cancer in men and the ninth in women. GLOBOCAN estimated that, in 2012, there
were approximately 782,000 new cases of liver cancer worldwide (Ferlay et al, 2012).
Hepatocellular carcinoma (HCC) is the predominant histological type of primary liver
cancer; it accounts for 70-85% of cases (El-Serag, 2011). There is a substantial
geographic variation in the incidence and mortality of HCC. Most of the burden resides
in developing countries (85%), including sub-Saharan Africa and Eastern Asia, where
age-standardized rate (ASR) are >20 per 100,000 individuals. More than 50% of HCC
cases occur in China alone (Ferlay et al). Intermediate rates are found in Southern
Europe and Northern America, while HCC incidence is low in Northern Europe and
South-Central Asia. In Indonesia, population-based cancer registry recorded that liver
cancer is the fourth most common malignancy in males (4 per 100,000) and the tenth in
females (1.4 per 100 000) (Wahidin et al, 2012).
Despite advances in surveillance and treatment strategies, a rising prevalence of
HCC has been documented in several regions. The Australian Institute of Health and
Welfare (AIHW) recognized primary liver cancer as the fastest growing cause of cancer
death in Australia, with the number of Australian dying from liver cancer doubling
between 1982 and 2007 (MacLachlan & Cowie, 2012). Similarly in the United States
(US), HCC incidence continues to be on a rising trend; 1.5 per 100,000 individuals in
1973 to 6.2 per 100,000 individuals in 2011 (Njei et al, 2015).
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Liver cancer is estimated to cause 746,000 deaths annually (9.1% of cancer
deaths), making it the second leading cause of cancer mortality worldwide (Ferlay et al,
2012). These data reflect the poor survival for liver cancer. According to the
Surveillance Epidemiology and End Results (SEER) registry data, the overall median
survival was 6 mths (mths) (95% confidence interval [CI], 5.9-6.1), with 1-, 5-, and 10year survival rates of 31%, 5.1%, and 0.8%, respectively (Njei et al, 2015). The
majority of HCC cases present at an advanced or incurable stage, and this is partly due
to the asymptomatic nature of early disease and the limited application of HCC
surveillance programs in most countries. The prognosis of advanced-stage HCC is very
poor because the treatment options are limited; the overall survival rate is below 5%
(Finn, 2013).
Men have a risk for HCC that is approximately two to four times that of women
(El-Serag, 2011). HCC rarely occurs before the age of 40 years and reaches a peak in
the seventh and eighth decades of life. However, the age distribution of HCC incidence
in the US has recently been shifting towards younger age groups, with the highest
increase being among individuals 45-60 years old (El-Serag & Kanwal, 2014a).
1.1.1

Traditional risk factors for HCC
Major risk factors for HCC include chronic infection with the hepatitis B (HBV)

and hepatitis C viruses (HCV), alcoholic liver disease, and aflatoxin contamination.
Less common causes include genetic hemochromatosis, α1-antitrypsin deficiency,
autoimmune hepatitis, some porphyrias and primary biliary cirrhosis. HCC is unique in
that the distribution of its risk factors varies across geographic regions as well as ethnic
groups. Hepatitis B is endemic in Asia. Thus, it is not surprising that HBV infection is
the main cause of HCC in most parts of Asia, except Japan. On the other hand, HCV is
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the most common cause of chronic liver disease associated with HCC in industrialised
“western” economic countries (including Japan), where it accounts for 40-80% of HCC
cases (El-Serag, 2011).
Interestingly, changing trends in epidemiology of HCC have been documented
globally. In Japan, where HCV is the most common cause of liver disease associated
with HCC, the incidence of HCV-related HCC has gradually declined in recent years.
This likely reflects the the success of a government-funded HCV treatment program. In
contrast, non-viral HCC cases have increased (Hashimoto & Tokushige, 2012). The
successful implementation of universal hepatitis B vaccination programmes in Asia has
substantially decreased the proportion of HBV-related HCC, a change that was first
documented in Taiwan where infant universal HBV vaccination was introduced in 1984
(Ni et al, 2007). However, in a significant proportion (30-40%) of HCC patients, none
of these risk factors are evident, indicating that other factors may be involved in the
pathogenesis (El-Serag & Rudolph, 2007; Starley et al, 2010). It has therefore been
suggested that obesity and its associated metabolic consequences, including diabetes
and non-alcoholic fatty liver disease (NAFLD), now contribute to overall HCC burden;
this will be described in detail in Section 1.1.2.
This review will discuss the major risk factors for HCC, including viral hepatitis,
excessive alcohol intake and aflatoxin B1. The potential underlying mechanisms will be
discussed by highlighting studies involving both humans and animals. Evidence for
“emerging risk factors” of HCC, obesity, diabetes and NAFLD, will be discussed in
Section 1.1.2 by presenting the growing data from epidemiological studies. The
plausible molecular mechanisms that may underlie the increased risk of HCC in people
with obesity will be elaborated in Section 1.4.
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Hepatitis B virus
HBV infection accounts for 75-80% of HCC cases in most Asia-Pacific countries,
except Japan, Australia and New Zealand where HCV is the main risk factor (Yuen et
al, 2009). Although the success of preventive strategies to combat HBV infection,
especially vaccination, has significantly lowered the global prevalence of HBV
infection, the burden of chronic HBV infection remains high among adults. Of 2 billion
people who have been infected with HBV worldwide, more than 350 million remain
chronically infected and are at risk for developing cirrhosis, hepatic decompensation,
and HCC (Liaw & Chu, 2009; Suk-Fong Lok, 2016).
Various host, viral and environmental factors influence HCC risk among HBVinfected persons. Cirrhosis is the single most important determinant (Chan et al, 2016),
although a small number of HBV-related HCCs have been reported in those with noncirrhotic liver disease (Schutte et al, 2014; Sezaki et al, 2004). A long term prospective
study of cirrhosis progression in patients with chronic hepatitis B found a yearly rate of
HCC occurrence of 1.4% (Chen et al, 2007b). Development of both cirrhosis and HCC
in HBV-infected subjects is most closely associated with serum HBV DNA levels.
Other less reliable predictors include hepatitis B e antigen (HBeAg) seropositivity and
serum ALT levels, while HBV genotype, precore G1896A and basal core promoter
A1762T/G1764A double mutant changes are also linked to HCC risk (Chen & Yang,
2011).
HBV induces hepatocarcinogenesis through direct and indirect mechanisms
(Arzumanyan et al, 2013; Guerrieri et al, 2013). HBV DNA can integrate into host
DNA of hepatocytes to maintain chronic infection and induce genetic lesions.
Approximately 80% of HBV-related HCCs contain integrated HBV DNA sequences.
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HBV DNA integration sites have been localized on almost all chromosomes, suggesting
a random distribution throughout the host genome. Additionally, persistent expression
of viral proteins, such as HBx and large envelope protein, can activate cancer-related
genes, thereby inducing genomic instability (Neuveut et al, 2010).
Gene expression analyses of liver tissue infected with HBV showed that genes
involved in cell cycle arrest and induction of apoptosis were predominantly expressed
(Honda et al, 2001; Honda et al, 2006). Oxidative stress has also been implicated in
HBV-related HCC. During HBV replication, HBx promotes cytosolic calcium
signalling, resulting in accumulation of Ca2+ in mitochondria and increased cellular
levels of reactive oxygen species (ROS) (Yang & Bouchard, 2012). In addition,
activation of protein tyrosine kinase 2 (PYK2) and Src kinases by HBx promotes HBV
replication, and it also participates in early steps of hepatocarcinogenesis (Bouchard et
al, 2003).
Hepatitis C virus
HCV infection is the major cause of HCC in Japan, Italy, the US and Australia
(with HBV) (El-Serag, 2012). Based on the natural history and prevalence of HCV
infection in the US general population, it has been predicted that HCV-related HCC will
peak in 2019 (Davis et al, 2010). Almost half of HCC cases in Australia are attributable
to HCV infection (Hong et al, 2015). The incidence of HCC among HCV-infected
persons varies from 1% to 3% over 30 years. Overall, HCV-infected individuals have a
15-to 20-fold higher risk for developing HCC compared to non-infected subjects (ElSerag & Kanwal, 2014a).
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HCV increases the risk for HCC development by promoting fibrosis and cirrhosis.
Antiviral therapy for HCV can eradicate the virus (determined by absence of detectable
HCV RNA), known as sustained virologic response (SVR). SVR reduces incidence of
HCC. A meta-analysis of observational studies has shown that SVR was an important
predictor of a reduced risk of HCC among HCV-infected persons (RR, 0.24; 95% CI,
0.2-0.3) compared with non-responders (Morgan et al, 2013). However, SVR did not
completely prevent HCC in HCV-infected individuals, particularly among men aged
more than 65 yrs (Farrell, 1999), or those with high fibrotic stage, diabetes, cirrhosis, or
a history of excessive alcohol ingestion early in life. This highlights a need for
application of effective therapies in younger patients before cirrhosis develops (El-Serag
& Kanwal, 2014a).
Compared with HBV-related HCC, the pathogenic processes leading to
hepatocarcinogenesis in chronic HCV infection are poorly understood. HCV is an RNA
virus. It causes chronic infection in 80% of infected subjects versus 10% chronicity in
HBV-infected adults (90% in young children). HCV is 10-20-fold more efficient than
HBV in promoting liver cirrhosis, although HCC can occur in the absence of cirrhosis,
suggesting the possible direct role of HCV. In contrast to HBV, HCV pathogenesis
cannot include integration of HCV RNA into the host genome. Instead, HCV forms an
endoplasmic reticulum (ER)-associated episome. Accumulating evidence has informed
involvement of the HCV core protein and non-structural (NS) proteins NS3 and NS5A
in hepatocarcinogenesis (Arzumanyan et al, 2013), although most of these data are from
animal models, such as transgenic mice, and cell lines.
HCV core protein has been shown to activate Akt and mitogen-activated protein
kinase (MAPK) signalling/extra cellular regulated kinase (ERK) (Hayashi et al, 2000).
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Additionally, it may activate IkB kinase (IKK), a central component of nuclear factor
(NF)-kB pathway, thus increasing survival of infected hepatocytes (Nakamura et al,
2011). Core protein may also stimulate sirt1 in a step that leads to inhibition of p53dependent apoptosis (Feng et al, 2015). Overexpression of NS5A in HepG2 cells also
suppressed apoptosis by increasing survivin, a member of the inhibitor of apoptosis
(IAP) family. The increased expression of survivin in NS5A-expressed cells was
associated with enhanced p53 degradation, suggesting inhibition of p53 signalling by
NS5A (Jiang et al, 2011). HCV could also inhibit DNA repair by blocking ATM
activation and suppressing DNA binding of repair enzymes (Machida et al, 2010). In
addition, HCV core protein inactivates the p16-Rb pathway to inhibit cellular
senescence, another factor that could contribute to hepatocarcinogenesis in chronic
HCV infection (Lim et al, 2012).
Alcohol
Excessive consumption of alcohol is common in the US and Europe
(Liangpunsakul et al, 2016), and is now noted in many parts of Asia (Benegal, 2005;
Hao et al, 2005). Between 1935 and 2006, there was an increase in per capita alcohol
consumption in Australia, and alcohol has been estimated to contribute to ~10% of liver
disease mortality (Jiang et al, 2014a). Alcoholic liver disease (ALD) is an important
contributor to the total burden of alcohol-related harm. The pathologic changes range
from steatosis, through alcoholic hepatitis to cirrhosis; the latter primarily underlies the
increased risk for HCC among heavy drinkers (Liangpunsakul et al, 2016; Morgan et al,
2004). The risk for HCC does not decrease in patients with alcoholic cirrhosis who stop
drinking (Liangpunsakul et al, 2016).

8
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Heavy alcohol intake is defined variably among different geographic regions, and
this may contribute to the difficulties in making comparison between studies.
Nevertheless, the available data indicate a strong contribution of chronic alcohol intake
to the development of HCC. In one US study of 1605 patients with primary liver cancer
conducted by the Department of Veterans Affairs Medical Centers between 1993 and
1998, alcoholic cirrhosis was the most common underlying liver pathology. Further, the
age-adjusted rate was 70% higher than that of primary liver cancer associated with HCV
infection (El-Serag & Mason, 2000).

Several case series in Europe have also

documented the dominant role of chronic alcoholism as a risk factor for HCC
(Hellerbrand et al, 2001; Kaczynski et al, 1996; Trichopoulos et al, 2011). Case-control
studies show that, compared to non-drinkers, those chronically exposed to excessive
alcohol have a 2-fold greater risk for developing HCC (Chen et al, 1991; Hassan et al,
2002; Tagger et al, 1999). The odds ratio increases to 5- to 7-fold when ethanol
consumption exceeds 80 g/day for more than 10 years (Mohamed et al, 1992).
Longitudinal studies provide even more reliable evidence that heavy alcohol
consumption is one of the main aetiological factors for HCC. A prospective study from
Finland followed-up 7,746 persons with alcoholic hepatitis and cirrhosis between 1993
and 2013. The results confirmed that a history of established alcoholic cirrhosis is
strongly associated with increased risk of liver cancer (standardized incidence rate (SIR)
59; 95% CI 53-65). This study also found that liver cancer has the highest incidence
among all malignancies, such as pancreas, pharynx, mouth, oesophagus, tongue, larynx,
lung, stomach, kidney and colon cancer (Sahlman et al, 2016). The annual incidence of
HCC among individuals with alcohol-induced cirrhosis is 2.6% (Mancebo et al, 2013).
Interestingly, as for other aetiologies, HCC may sometimes occur in heavy drinkers who
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have not developed of cirrhosis (Chiesa et al, 2000; Grando-Lemaire et al, 1999;
Nzeako et al, 1996).
Excessive alcohol also synergises with HCV to increase HCC risk. A follow-up
study from Japan reported that HCC developed in 12 of 20 (60%) HCV-related cirrhosis
patients who were also alcohol abusers, vs 29 of 94 (31%) HCV-infected individuals
without history of excessive alcohol intake (Miyakawa et al, 1994). A multiplicative
effect on hepatocarcinogenesis has also been demonstrated between alcohol intake and
HBV infection. Data from Taiwan and Japan show that alcohol consumption increased
HCC risk 3-5-fold compared to chronic HBV persons who did not drink alcohol (Chen
et al, 2007b; Oshima et al, 1984).
A recent multicentre, retrospective study from Japan investigated the effect of
varying levels of ethanol consumption on HCC risk among patients with obesity or
diabetes-related fatty liver disease. The results showed that alcohol intake ≥70 g/day
increased HCC risk ten-fold (95% CI, 5-22) compared to those with low alcohol
consumption (<20 g/day), suggesting a multiplicative effect of heavy alcohol
consumption on hepatocarcinogenesis in patients with fatty liver disease (Kawamura et
al, 2016). This is consistent with an earlier study showing that patients with NASHrelated cirrhosis who reported any regular alcohol consumption were at greater risk for
HCC development compared with non-drinkers (Ascha et al, 2010).
From studies in animal models and humans, several molecular mechanisms have
been proposed to explain alcohol-induced hepatocarcinogenesis (Sidharthan & Kottilil,
2014). In hepatocytes, alcohol is metabolized to acetaldehyde by both alcohol
dehydrogenase and cytochrome P450 2E1 (CYP2E1). Acetaldehyde is mutagenic and
carcinogenic, both in vitro and in vivo (De Flora et al, 1989; Simanowski et al, 1994).

10
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In humans, chronic alcohol consumption induces CYP2E1, which increases ROS
production.

In

turn,

this

causes

lipid

peroxidation

with

accumulation

of

malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) (Aleynik et al, 1998). These
observations are consistent with an important role of oxidative stress in alcohol-induced
hepatocarcinogenesis.
Alcohol can also cause hypomethylation of DNA and interfere with the retinoic
acid pathway. Retinoic acid exerts profound effects on cell growth and differentiation
through binding to the retinoic acid receptor (RAR) and retinoic X receptor (RXR)
(Chambon, 1996). In rats, chronic ethanol feeding decreases RAR and increases
activator protein-1 (AP-1) (c-Fos/c-Jun) expression; the resultant increase of
hepatocellular proliferation may contribute to promotion of hepatocarcinogenesis
(Morgan et al, 2004; Sidharthan & Kottilil, 2014).
Aflatoxin B1
Aflatoxin B1 is a fungal toxin produced by Aspergillus flavus or parasiticus, and a
common contaminant of staple foods, such as maize, ground nuts, rice and sorghum
stored in warm, damp conditions (Kew, 2013). Endemic areas for aflatoxin exposure
include China, Taiwan and Sub-Saharan Africa, areas which are also endemic for
chronic HBV infection. Moreover, the high incidence and early onset HCC in HBVinfected individuals exposed to aflatoxin indicate a synergistic hepatocarcinogenic
effect between these two agents (Kew, 2003). The first clinical evidence of a positive
interaction between aflatoxin exposure and HBV infection was revealed from study in
Southern Guangxi, China, an area with the highest liver cancer incidence in the world.
This study reported that mortality among hepatitis B surface antigen (HBsAg) positiveHCC patients correlated positively with aflatoxin exposure levels (Yeh et al, 1989).
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Of the aflatoxins, aflatoxin B1 is the most potent hepatocarcinogen. Aflatoxin is
converted into a mutagenic intermediate, aflatoxin-8,9-exo-epoxide, which causes
genetic lesions that promote malignant transformation (Kew, 2013). A mutation of
serine 249 on tumour suppressor p53 is commonly found in HCC patients exposed to
aflatoxin (Qi et al, 2015a). This provides a potential mechanism linking aflatoxin
exposure to hepatocarcinogenesis. Other mechanisms that may also play a role in the
synergistic effects between aflatoxin and HBV infection on hepatocarcinogenesis
include oxidative stress (Liu et al, 2008; Wu et al, 2007), inhibition of nuclear excision
repair (so as to favour persistence of aflatoxin-induced DNA adducts and mutation)
(Hussain et al, 2007; Kew, 2003), induction of aflatoxin metabolising CYPs (De Flora
et al, 1989; Gemechu-Hatewu et al, 1997), and immunosuppressive effects (Turner et
al, 2003).
1.1.2

Emerging risk factors for HCC of interest to this thesis
As mentioned earlier (section 1.1.1), epidemiologic data from both developed and

developing countries indicate the rising importance of obesity and its metabolic
complications on HCC burden. In this review, the candidate presents data that support
the strong association between obesity, diabetes, NAFLD and HCC risk.
1.1.2.1

Obesity and its metabolic complications

The global pandemic of obesity and its metabolic consequences are a worldwide
concern. In 2014, approximately two billion adults were overweight and 600 million
were obese (World Health Organization, 2014). Data from the Australian Bureau of
Census and Statistics (2015) showed that the prevalence of overweight and obesity has
increased steadily over the past 30 years, making Australian is one of the fattest nations
in the world. In 2014-15, more than 60% of Australian adults and >20% children were
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overweight, and more than one quarter of these were obese. In the US, the Center for
Disease Control and Prevention (CDC, 2014) reported that the prevalence of obesity
remains high; more than one-third of adults and 17% of youth are obese (Ogden et al,
2015). In Asia, although the absolute prevalence of overweight and obesity is lower
than that of Australia, there has been a rapid increase in the prevalence of overweight
and obesity over the last two decades. For example, the combined prevalence of
overweight and obesity increased from 17% to 24% in Japan, from 3.7% to 19% in
China, the latter 414% increase (Koh et al, 2016).
Overweight and obesity now cause more deaths than underweight (World Health
Organization, 2014). Initially, obesity was recognized primarily to be a problem in
wealthy countries, and high-income countries had higher rates of obesity than middleand low-income countries (Levine, 2011). However, while under-nutrition is still
prevalent in low-income countries, many are now facing an upsurge of obesity with
rates that approach those of the “developed” world (Popkin & Slining, 2013).
The rising prevalence of overweight and obesity in both developed and
developing countries has been described in a large, multinational study (Ng et al, 2014).
The results indicate that, in the developed world, obesity is more common among men
than women, whereas the opposite is true for developing countries. Overall, it has been
estimated that 62% of obese people in the world live in developing countries (Wise,
2014). This poses a “double burden of malnutrition” to these countries, where undernutrition coexists with over-nutrition. In Indonesia, for example, the prevalence of
under-nutrition remains a serious problem with 20% of children under 5 years being
underweight (Abdullah, 2015). At the same time, the obesity rate has increased from
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4% to 9% in men and from 10% to ~20% in women over the past two decades
(Roemling & Qaim, 2012).
Obesity is associated with an increased risk of several cancers. These include
liver, colon, breast (in postmenopausal women), prostate, endometrium, kidney,
oesophagus (adenocarcinoma), gastric cardia, pancreas, thyroid, and gallbladder cancer
(Calle & Kaaks, 2004; Renehan et al, 2008). Obese people also have higher risk of
dying from cancer than those who are of normal weight (Calle et al, 2003). Of particular
interest to this thesis, growing epidemiological evidence clearly indicates that HCC risk
is increased in obese people. A 28 year-follow up study on construction workers in
Sweden evaluated the excess risk associated with raised BMI for several cancers. The
results showed that obesity was associated with a 3-fold increased risk of HCC, and
HCC was associated with the greatest increased risk among all cancers (Samanic et al,
2006). In the European Prospective Investigation into Cancer and nutrition (EPIC)
study, obese subjects (≥30 kg/m2) had an increased risk for HCC, the odds ratio (OR)
being 2.1 (95% CI, 1.0-4.3) compared to lean individuals (Trichopoulos et al, 2011). A
large data set from Norway, Austria and Sweden also showed that obesity was
associated with an increased risk of liver cancer (RR, 1.4; 95% CI, 1.2-1.6) (Borena et
al, 2011). Furthermore, metabolic syndrome, which is strongly associated with obesity
(as discussed later), was significantly more prevalent among persons who developed
either HCC (37%), or intrahepatic cholangiocarcinoma (ICC) (30%), vs 17% in control
(lean) subjects (El-Serag & Kanwal, 2014b).
The association between obesity and HCC risk has also been established by
several meta-analyses. One meta-analysis conducted on cohort studies from Europe, the
US and Asia concluded that overweight and obesity were strongly associated with
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increased risk for liver cancer (Larsson & Wolk, 2007); compared with normal weight,
the summary relative risk was 1.2 (95% CI, 1.0-1.3) for overweight, and 1.9 (95% CI,
1.5-2.4) for obesity (Figure 1.1). On the other hand, a large cohort study from Austria
(Rapp et al, 2005) and an older meta-analysis of prospective and case-control studies by
Renehan et al. (2008) failed to find any significant association between increased BMI
and risk for liver cancer. Several factors may explain the discrepancy between studies,
including a changing picture over the last decade, small sample size (in the negative
studies) and number of HCC cases, over-reliance on BMI to define obesity, or lack of
control over the well-known risk factors described earlier in this chapter (El-Serag &
Kanwal, 2014b).

Figure 1.1 Relative risk of liver cancer associated with overweight and obesity.
Relative risk estimates are for overweight and obese persons compared with normal weight
persons (Larsson & Wolk, 2007). M=men, W=women, CI= confidence interval.
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Compared with the varying conclusions from studies of general obesity, studies
have consistently found that abdominal obesity is a strong predictor for HCC
development. In such studies, abdominal or central obesity has usually been defined by
increased waist circumference (WC), waist-to-hip ratio (WHR), or waist-to-height ratio
(WHtR). In one European prospective study, the strongest association with HCC was
with WHtR incidence compared with other anthropometric indices (Schlesinger et al,
2013a). Correspondingly, a meta-analysis concluded that central obesity, rather than
general obesity, may pose a greater risk for the development of NAFLD. It is also
noteworthy that NAFLD is also closely related to central obesity, and it has been
suggested that the presence of fatty liver disease is the most important factor linking
obesity to increased HCC incidence (Pang et al, 2015).
There is also a clear synergistic interaction between obesity and the established
risk factors for HCC reviewed earlier (Section 1.1.1). Prospective studies from Taiwan
and Japan have examined the modifying effects of BMI on HCC risk among patients
with chronic viral hepatitis (Chen et al, 2008; Ohki et al, 2008). Among HCV-infected
subjects, obesity was associated with a 3-4-fold increase in HCC risk compared to those
with a normal BMI. Importantly, the presence of both obesity and diabetes in
individuals with concomitant HBV or HCV infection was associated with more than a
100-fold increased risk for HCC. This intriguing finding indicates a possible
multiplicative effect between obesity, metabolic factors and hepatitis viruses on
hepatocarcinogenesis. Synergism between alcohol consumption for obesity and HCC
risk has also been reported in the Risk Evaluation of Viral Load Elevation and
Associated Liver Disease/Cancer-Hepatitis B Virus (REVEAL-HBV) study from
Taiwan (Loomba et al, 2010). This large community-based study showed that,
compared to individuals without extreme obesity and alcohol history, HCC incidence
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among HBV infected in alcohol drinkers who were obese increased synergistically
(BMI ≥30) with Hazard Ratio [HR] of 3.4 (95% CI, 1.2-9.3).
A recent hospital-based case-control study of newly diagnosed HCC cases
investigated whether a history of obesity in early adulthood predisposes to development
of HCC (Hassan et al, 2015). The results indicate that a history of obesity between the
age of 25 and 45 yrs was higher among individuals with HCC than in controls. In
addition, the mean age at which HCC developed was younger in those who recalled a
prior history of early adulthood obesity than those with a history of normal BMI. This
suggests that prior obesity earlier in life, even with subsequent resolution, may
accelerate hepatocarcinogenesis in later life. This is a particularly concerning issue, as
childhood obesity has risen rapidly worldwide. More than 40 million children under 5
years of age are overweight or obese (World Health Organization, 2014). If this
temporal association between childhood obesity and HCC is confirmed, it could
translate to a large burden of obesity-related HCC in the future.
An alternative approach to estimate the contribution of risk factor to a disease or a
death is to devise the population attributable fraction (PAF). PAF is defined as the
proportional reduction in disease that would occur if exposure to a risk factor could be
eliminated. PAF can be used to describe both prevalence and relative risk. Thus,
although the incidence of obesity-related HCC is much lower than HCC caused by viral
hepatitis, obesity, due to its high prevalence, is likely to give the highest PAF of any
HCC risk factor. For example, using this measure, obesity is currently estimated to
account for ~16% of HCC in Europe (Schlesinger et al, 2013b; Trichopoulos et al,
2011), and 36% of HCC cases in the US population (Welzel et al, 2013).
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Diabetes

Type 2 diabetes (diabetes, T2D) is a common metabolic complication of obesity,
and, like obesity, is rapidly increasing worldwide. People with diabetes exhibit
increased all-cancer risk and mortality (Noto et al, 2010; Vigneri et al, 2009). As for
obesity, numerous cohort and case-control studies have attempted to measure the risk of
HCC in diabetic people. Although some of these studies failed to adequately control for
well-known risk factors for HCC (alcohol intake, chronic hepatitis B or C virus
infection), current evidence suggests that the risk for HCC in diabetic patients is
heightened (Caldwell et al, 2004). In a population-based cohort study of 153,852
Swedish people, there was an increased risk for primary liver cancer in those with
diabetes; the overall SIR was 4.1 (95% CI, 4.2-5.2) (Adami et al, 1996). Similarly, a
Danish cohort study reported that liver cancer is the most common malignancy in
patients who had previously been hospitalized with diabetes (Wideroff et al, 1997);
kidney, pancreatic, biliary and endometrial cancer incidence were also increased.
The magnitude of the association between diabetes and HCC is smaller when
potential confounders have been adequately controlled. For example, a case-control
study from Greece found that the risk for HCC in individuals with diabetes was 1.8 fold
higher (95% CI, 1.2-2.8) than for non-diabetic subjects (Lagiou et al, 2000). Data from
Taiwan (Lai et al, 2012) indicate similar risk estimates for HCC among diabetic
patients. In the US Veterans population, diabetes was associated with an increased risk
for HCC, but only among patients with HCV, HBV, or alcoholic-related cirrhosis (ElSerag et al, 2001). Nonetheless, a subsequent cohort study in the same population (ElSerag et al, 2004), as well as a case-control study using the Surveillance Epidemiology
and End-Result Program (SEER)-Medicare database (Davila et al, 2005), showed that
diabetes doubled the risk for HCC independently of known risk factors.
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The causal association between diabetes and HCC has also been evaluated by
meta-analyses. One meta-analysis of 17 case-control and 32 cohort studies concluded
that HCC prevalence was significantly increased among diabetic individuals; the
combined risk estimates were 2.3 (95% CI, 1.9-2.8,) and 2.4 (95% CI, 1.8-3.1) in cohort
and case-control studies, respectively (Wang et al, 2012). A higher adjusted risk ratio
for HCC among diabetic individuals has been reported in Japan (OR 3.6, 95% CI 2.65.1), and HCC is the most common cancer and the single most common cause of death
in Japanese patients with diabetes (Noto et al, 2010).
Indirect evidence of the association between diabetes and HCC comes from
studies evaluating the relative risk for HCC among diabetic patients taking anti-diabetic
medications, including metformin and thiazolidinedione. Metformin, a widely used
agent that lowers serum insulin, has been reported to substantially reduce (~50%) HCC
incidence among diabetic patients (Hassan et al, 2010; Lai et al, 2012; Singh et al,
2013; Wang et al, 2012; Zhang et al, 2013). In a large case-control study of 97,430
HCC cases from Taiwan, metformin use was associated with decreased risk for HCC in
diabetic patients (Chen et al, 2013). The study also showed that each incremental year
increase in metformin use conferred a 7% decrease in HCC risk in diabetic subjects,
suggesting a dose-dependent effect of metformin on hepatocarcinogenesis. Another
study from Taiwan reported the protective effect of metformin against liver and nonliver cancers in HBV-infected patients (Chen et al, 2015). This chemopreventive effect
was more prominent in patients taking both metformin and statin (a 3-hydroxy-3methyl-glutaryl-coenzyme A [HMG-CoA] reductase inhibitor).

Conversely, an

increased risk for HCC has been reported in diabetic patients receiving insulin or
sulfonylureas, which both increase serum insulin (Hassan et al, 2010; Miele et al, 2015;
Schlesinger et al, 2013b; Yu et al, 1991). Taken together, these data provide clues on
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the importance role of insulin in hepatocarcinogenesis in obese and diabetic people with
fatty liver. Recent advances linking hyperinsulinemia to HCC development will be
described in Section 1.4.1.
1.1.2.3

NAFLD

As already intimated, HCC has been linked to NAFLD, the major hepatic
manifestation of obesity and its associated metabolic conditions. NAFLD encompasses
a pathological spectrum of liver disease ranging from a benign form of simple steatosis
with no evidence of hepatocellular injury, to NASH and cirrhosis. The latter is often
complicated by portal hypertension and hepatic decompensation, and is now a wellestablished risk factor for HCC. Obesity (and particularly central obesity), insulin
resistance, metabolic syndrome and family history of diabetes or established diabetes
contribute strongly to the development of NAFLD (Farrell & Larter, 2006; Farrell et al,
2012; Larter et al, 2010; Margini & Dufour, 2015; Michelotti et al, 2013). The
increasing incidence of HCC mirrors the rising prevalence of NAFLD in western and
Asian countries. Hence, the increased risk for HCC in obese and diabetic people may
well be mediated by the development of NAFLD.
Cases of fatty liver among over-weight, diabetic non-drinkers had been described
in the Japanese literature (in 1957) and elsewere since the 1960s, but it was not until
1980 that the term non-alcoholic steatohepatitis (NASH) was introduced by Ludwig
(Adler & Schaffner, 1979; Ludwig et al, 1980). The diagnosis of NAFLD requires
evidence of steatosis, either by imaging or by liver histology, and exclusion of other
causes of hepatic fat accumulation, such as alcohol consumption, hepatitis C, use of
steatogenic medications or hereditary disorders (Chalasani et al, 2012; Farrell et al,
2012). Excessive alcohol intake is defined as >21 standard (standard alcohol content of
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10 g) drinks per week in men and >14 drinks per week in women over a 2-year period
prior to baseline liver histology (Chalasani et al, 2012). NASH is diagnosed by the
presence of steatosis and two additional criteria: substantial lobular inflammation and
hepatocyte ballooning (Farrell et al, 2013b). A recent meta-analysis found that NASH
was present in ~60% of NAFLD patients subjected to liver biopsy, and possibly 6-30%
of those who have not been subjected to liver biopsy (by definition, this is a
“guestimate”) (Younossi et al, 2015a).
NAFLD has become the most common cause of liver disease worldwide. Its
incidence and prevalence vary widely depending on the population studied and the
modalities used to establish the diagnosis of NAFLD. A recent large, in-depth metaanalysis evaluated 729 studies of NAFLD with a sample size of 8,515,431 from 22
countries (Younossi et al, 2015a). Due to the lengthy asymptomatic nature of the
disease, few studies have measured NAFLD incidence. Available data on incidence of
NAFLD derived from Asia (China and Japan) and Israel, showed pooled regional
NAFLD incidence of 3-5% per annum (Younossi et al, 2015a). A much lower incidence
(0.03%) was reported in England (Whalley et al, 2007). It is likely that both
methodological and regional factors explain much of this 100-fold apparent difference.
As diagnosed by imaging, the estimated global prevalence of NAFLD is 25% (95% CI,
22-29). The highest prevalence has been reported from South America and the Middle
East, and the lowest from Africa. For Asia, the prevalence of NAFLD appears to be
~27% (95% CI, 23-32), but may vary between countries and rural vs urban areas
(Younossi et al, 2015a).
Thus, although NAFLD was initially recognized as a health burden in
economically developed countries, a rising prevalence has been observed in the Asia-

Chapter 1 Introduction

21

Pacific region (Farrell et al, 2013b; Koh et al, 2016). In Asia, socio-economic changes
leading to rapid modernisation, increasing affluence and a shift towards a more
sedentary lifestyle and obesogenic diet undoubtedly predispose to development of
NAFLD (Farrell et al, 2013b). According to longitudinal studies from China, Japan, and
Korea, NAFLD prevalence in Asia ranges from 10%-29% (Koh et al, 2016). A higher
prevalence of NAFLD (diagnosed by abdominal ultrasonography) has been reported
recently in Hong Kong, with 42% of recruited participants from the general population
and Red Cross Transfusion Center having fatty liver disease (Fung et al, 2015).
While most individuals with simple steatosis do not have serious liver
complications, the potential evolution to NASH and eventually cirrhosis makes NAFLD
clinically important. However, which aspects of liver pathology drive the progression of
hepatic steatosis (on its own) to cirrhosis and its fatal complications remain unclear.
Earlier studies demonstrated that patients with ballooning, Mallory hyaline or fibrosis
are more likely to progress to cirrhosis and die from its complications (Matteoni et al,
1999; Younossi et al, 2011).
Of relevance to this thesis, accumulating human data substantiate a link between
NAFLD and an increased risk for HCC. NAFLD has been increasingly reported as the
underlying cause of HCC (Michelotti et al, 2013). In the US population, data from the
SEER registries (2004-2009) showed that 14% of HCC cases could be attributable to
NAFLD. This placed NAFLD as the third commonest cause of HCC after HCV and
alcohol intake (Younossi et al, 2015a). Among patients referred to the Newcastle-uponTyne Hospitals between 2000 and 2010 (Dyson et al, 2014), a >10 fold increase in HCC
incidence associated with NAFLD was reported.
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A systematic review has also been conducted to evaluate observational studies of
the association between NAFLD or NASH and HCC risk. The results showed that, in
patient with NASH, cirrhosis was the most important predictor for a higher risk of HCC
(Wong, 2013). Importantly, the proportion of HCC patients undergoing liver transplant
with underlying NASH livers has increased steadily in the US (8.3% in 2002 vs 14% in
2012) (Wong et al, 2014). This makes NASH-related HCC the second leading
indication among patients receiving liver transplant for liver cancer. NASH-HCC is
predicted to surpass HCV-HCC in the near future (Wong et al, 2014). In addition,
patients with NAFLD-related HCC exhibit shorter survival and more advanced tumour
stage than HCC patients with other aetiologies (Younossi et al, 2015b).
Correspondingly, cirrhosis and/or HCC is the third commonest cause of death in
patients with NAFLD (collectively termed liver-related mortality) after cardiovascular
disease and common (non-liver) cancers (Higgins et al, 2014).
The rising importance of NAFLD and NASH as risk factors for HCC has also
been observed in Asia, a region in which HBV and HCV are the major aetiologies for
HCC (Goh et al, 2015). In a longitudinal study of 68 Japanese patients with NASH
cirrhosis, Yatsuji et al. found a 5-year HCC occurrence rate of 2.2% (Yatsuji et al,
2009). This finding is consistent with western studies; a US cohort study reported yearly
cumulative incidence of HCC to be 2.6% in NASH-cirrhosis patients during a median
follow-up of 3.2 years, alcohol also played a role in these patients (Ascha et al, 2010).
In a further retrospective Japanese study of 6,508 NAFLD patients with median followup of 5.6 years, 16 HCC cases were diagnosed, providing a low annual incidence of
0.04%. However, a significant higher incidence rate of HCC (3.3%) was seen in those
NAFLD patients with significant liver fibrosis (Kawamura et al, 2012).
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The risk of HCC in NAFLD cases was first described in patients with
“cryptogenic cirrhosis”, a term long in use to describe cases in which the underlying
aetiology of liver disease could not be determined. It is estimated that 30%-40% of
HCC cases occur in patients with “cryptogenic cirrhosis” (El-Serag & Rudolph, 2007).
In 2002, Bugianesi et al. reported that “cryptogenic cirrhosis” was the underlying liver
pathology in 7% of 641 HCC cases (Bugianesi et al, 2002). Further, diabetes and
obesity were significantly more prevalent in these subjects than in patients with viral
and alcohol-related cirrhosis. In a prospective study from the US, “cryptogenic
cirrhosis” was the second most common underlying liver disease (29%), and
histologically-confirmed NASH was found in six such cases (20%) (Marrero et al,
2002). In summary, epidemiological data to date probably underestimate the real
contribution of NAFLD in HCC development because NAFLD could be the underlying
cause in some of the cryptogenic cirrhosis-related cases.
More worrisome has been the nascent evidence suggesting that HCC can develop
in NASH patients without underlying cirrhosis (Baffy et al, 2012). A study from France
among HCC patients having metabolic abnormalities as the only known risk factor
found that 65% cases did not demonstrate any significant liver fibrosis, compared to
only 26% of HCC patients with other causes of liver disease (most of the rest had
cirrhosis) (Paradis et al, 2009). Data from the US (Alexander et al, 2013; Mittal et al,
2016), Germany (Schutte et al, 2014), and Australia (Leung et al, 2015) also indicate
that HCC can develop in cases of NAFLD without cirrhosis. More convincing evidence
of a contribution of NAFLD to “non-cirrhotic HCC” comes from a prospective
multicentre study from Italy. This study followed-up 145 patients with NAFLD or
chronic HCV infection, and compared the clinical profiles of HCC between these two
groups. Cirrhosis was present in only about 50% of NAFLD-HCC patients, in contrast
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to almost all HCV-HCC cases (Piscaglia et al, 2016). This confirms that HCC can
complicate NAFLD without prior development of cirrhosis. Similarly, diabetes may
increase the risk of HCC regardless of the presence of cirrhosis (Braga et al, 1997; La
Vecchia et al, 1997). Currently, cirrhosis remains the primary indication for
implementing HCC surveillance (Bruix & Sherman, 2011). If HCC commonly occurs in
non-cirrhotic NASH (or even NAFLD more generally), this will challenge the efficacy
of screening strategies for early detection of HCC in the affected population if this
remains confined to cases known or suspected to have cirrhosis.
Thus far, this review has put forward evidence that we are facing a disease
context, HCC in NAFLD, whose epidemiology is not well defined and whose treatment
options are limited. In line with the globally high prevalence of obesity, diabetes and
NAFLD, the importance of this condition is expected to grow. It is now estimated up to
70% of patients with diabetes and up to 90% of obese patients have some degree of
fatty liver disease (NAFLD) (Margini & Dufour, 2015). Therefore, attempts should be
made to determine the relative contributions to HCC development of obesity per se, and
its metabolic complications of diabetes, metabolic syndrome and NAFLD. Further, a
better understanding of the molecular mechanisms that accelerate hepatocarcinogenesis
in obesity and diabetes could provide new diagnostic and therapeutic targets.
1.2

Hepatocarcinogenesis is a multistep process: from chronic liver damage to
HCC
Most HCCs follow a stepwise process that may take several decades to unfold.

They arise from the background of chronic liver damage due to chronic viral hepatitis,
alcoholic liver disease, and NAFLD, and their complication of cirrhosis. During this
long preneoplastic stage, the continued operation of inflammation, cell damage and cell
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renewal with high hepatocyte turnover and tissue remodelling occur. This results in a
set of error-prone chronic repair processes that can lead to survival of dysplastic
hepatocytes, cells that have undergone genomic alteration. Further injury and resultant
cell proliferation can select clones of such dysplastic hepatocytes. The marked
disruption of hepatic microenvironment creates a pro-oncogenic milieu such that one or
more of “preneoplastic clones” can survive and expand, and eventually undergo
malignant transformation (Marquardt et al, 2015; Thorgeirsson & Grisham, 2002).
1.2.1

Preneoplastic lesions
The development of HCC is preceded by the occurrence of morphologically

distinct lesions that are usually termed “preneoplastic lesions”. It is important to
understand the molecular changes that occur in these preneoplastic lesions so as to
develop chemoprevention strategies to prevent their progression to HCC in cirrhotic
liver. Alternative terms for these lesions are dysplastic foci (DF) and dysplastic nodules
(DNs). DF are groups (<1 mm diameter) of hepatocytes with cytological changes
suggestive of neoplasia (increased nuclear to cytoplasmic ratio, mild nuclear
pleomorphism and hyperchromasia, and cytoplasmic basophilia). DF occur in chronic
liver disease, particularly in cirrhosis. Within them, chromosomal abnormalities have
been described that resemble of those of any adjacent HCCs, suggesting that DF could
be precursor lesions for HCC. However, only a small minority will eventually evolve
into HCC, either directly or via the formation of DNs (Di Tommaso et al, 2013; Kim &
Park, 2014; Libbrecht et al, 2005; Park, 2011).
DNs are distinct nodular lesions (up to 2 cm), showing regenerative changes
and/or dysplasia. The dysplasia may be of low (low grade-DN, LG-DN) or high grade
(high grade-DN, HG-DN). While LG-DN and HG-DN are morphologically distinct,
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they appear to have similar clinical implications. DNs are usually detected in cirrhotic
livers, but have also been found in chronic liver disease without cirrhosis (Park, 2011).
Surprisingly, a study from Japan showed that very few of these DNs give rise to HCC.
The authors followed 33 DNs from 33 cirrhotic patients by ultrasonography for up 70
mths. More than 80% either remained unchanged or disappeared; only 12% progressed
to HCC (Seki et al, 2000). The progressive nodules were characterized by hyperechoicity on ultrasonography, and were composed of clear cells with fatty change, or
small cells with increased cell density. This suggests that certain molecular changes
may predispose DNs to progress to HCC.
HCCs are classified into early HCCs and progressed HCCs. Early HCCs are
vaguely nodular, histologically well-differentiated, and usually small (<2 cm). Patients
with early HCC have significantly higher 5-year survival compared to those with
progressed HCCs (Takayama et al, 1998). Well-differentiated HCCs are composed of
small hepatocyte-like cells that show an increased nuclear to cytoplasmic ratio, and
cellular density twice that of the surrounding hepatic parenchyma. Fatty change is
observed in ~40% of cases. On the other hand, progressed HCCs are usually moderately
to poorly differentiated with distinct gross margins. They often form subnodules with
less differentiation. Other features of progressed HCCs include invasion of portal vein
branches by tumour cells, unpaired arteries, absence of portal tract in the nodule, and
intrahepatic metastases (Kim & Park, 2014; Park, 2011). With respect to NAFLDassociated HCC, liver tumours are often moderately or well-differentiated and occur as
a solitary large mass (Bugianesi et al, 2002; Regimbeau et al, 2004). Similarly, HCCs in
patients with metabolic syndrome and non-cirrhotic liver often remain well
differentiated despite their larger size (Paradis et al, 2009).
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The discrimination among preneoplastic lesions, however, may not be solely
based on morphological examination. Several biomarkers have been used to distinguish
between preneoplastic lesions and HCC. These include glypican-3 (GPC3), heat shock
protein-70 (HSP-70) and glutamine synthetase (GS) (Kim & Park, 2014; Park, 2011).
GPC3 is a cell-surface-bound heparin-sulfate proteoglycan and a regulator of the Wnt
signalling (Di Tommaso et al, 2007). It is expressed by most HCCs and is not detected
in normal or cirrhotic liver, or in benign hepatic lesions. However, GPC3 expression has
also been reported in HCV-infected livers; hence, the staining results must be
interpreted after consideration of other clinical features (Abdul-Al et al, 2008). In
addition, GPC3 is currently being tested as a therapeutic target for HCC (Filmus &
Capurro, 2013). HSP-70 is a chaperone stress protein and a potent anti-apoptotic
survival factor, while GS is a target gene of β-catenin; hence, GS overexpression
reflects β-catenin pathway activation. Expression of at least two of these three markers
has been demonstrated to be highly sensitive (72%) and specific (100%) for HCC
diagnosis (Di Tommaso et al, 2007).
1.2.2

Genomic changes
Genetic analyses of HCCs have shown a considerable heterogeneity of genomic

aberrations and mutations. This underscores the complexity of hepatocarcinogenesis
mechanisms and has impeded effective therapeutic targeting (Marquardt et al, 2015).
Recently, several technological breakthroughs have refined our knowledge of the
mutational landscape and related signalling pathways involved in hepatocarcinogenesis.
However, a major limitation of expression profiling is that it provides only a snapshot of
a single point in time. It therefore cannot distinguish mutations in “driver genes” (those
directly involved in carcinogenesis), or the stochastic background of mutations in
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“passenger genes” (those associated with but not causally involved with carcinogenesis
(Greenbaum, 2004; Nault & Zucman-Rossi, 2014).
Analyses of large series of HCC cases have indicated that accumulation of several
somatic genetic alterations is required during liver carcinogenesis. Clearly et al. used
whole-exome sequencing of 87 HCCs and matched them with normal adjacent tissues
(Cleary et al, 2013). First, they found a mean number of 66 mutations per tumour, and
confirmed frequent alterations of TP53 (18% of HCCs) and CTNNB1 (10% of HCCs) in
HCCs. In addition, they identified recurrent mutations in myeloid/lymphoid or mixedlineage leukemia (MLL) 4 (7% of HCCs). This gene belongs to the histone methylation
writer gene family. It encodes H3K4 methyltransferases that are involved in
methylation, acetylation and remodelling of nucleosomes (Cleary et al, 2013). Another
study reported recurrent inactivating somatic mutations of AT-rich interactive domain
(ARID)1A and ARID2 genes (Guichard et al, 2012), which are involved in chromatin
structure and maintenance, and are considered as tumour suppressor genes. Together,
these data suggest an important role for epigenetic alterations in hepatocarcinogenesis.
Of relevance to this thesis, both the above studies identified inactivating mutations
in nuclear factor (erythroid-derived 2)-like 2 (NFE2L2) in 6-8% of HCCs (Cleary et al,
2013; Guichard et al, 2012). NFE2L2 encodes nuclear factor E2-related factor 2
(NRF2), which is a master regulator of cellular response against oxidant stress and
xenobiotics. In addition, Zavattari et al. studied the somatic genetic changes occurring
during multistage of hepatocarcinogenesis using a rat resistant hepatocyte model
(Zavattari et al, 2015). This model allows for dissecting all stages of
hepatocarcinogenesis. Interestingly, they found that Nrf2/ Kelch-like ECH-associated
protein 1 (Keap1) mutations were present in high frequency (71%) of early
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preneoplastic lesions. KEAP1 physiologically inactivates NRF2 by its ease of
undergoing ubiquitination, thereby targeting it to proteasomal degradation. In contrast,
mutations of Ctnnb1, which are frequent in human HCCs (see earlier), occurred only at
very late stage (advanced) HCC (Zavattari et al, 2015). Similarly, β-catenin mutations
and activation of the Wnt/β-catenin pathway occurred very late and were not involved
in tumour initiation in a murine model of chemical hepatocarcinogenesis (Aleksic et al,
2011). These findings indicate how most of the current knowledge about genomic
changes in HCC is based on advanced tumour lesions. It seems likely to us that
systematic analyses of the chronologic order, including early lesions, may reveal new,
unexpected findings.
Although preneoplastic lesions are morphologically distinct, there are few data
about genetic aberrations that drive the progression of these lesions to HCC. Several
studies

demonstrated

the

importance

of

two

oncogenic

events

during

hepatocarcinogenesis, including MYC and telomerase reverse trancriptase (TERT)
activation. MYC may be particularly important for malignant transformation of
hepatocytes into HCC (a late event), whereas activation of TERT allows unlimited
proliferation (Marquardt et al, 2015). Consistent with an early transforming event, a
progressive increase in genetic alterations in the TERT locus was observed in 6% of
LG-DNs, 19% of HG-DNs and 61% of early HCCs (Nault et al, 2014).
Genetic alterations in specific “driver genes” lead to disruption of cellular
pathways that are involved in the instigation and progression of HCC. These include
reactivation of developmental pathways (e.g., Wnt/β-catenin, hedgehog, and cMet/hepatocyte growth factor [HGF]), up-regulation of multiple growth factors (e.g.,
platelet-derived growth factor [PDGF], vascular endothelial growth factor [VEGF],
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fibroblast growth factor [FGF], and transforming growth factor [TGF]), and stimulation
of proliferative cell signalling cascades (e.g., MAPKs, the Janus kinase [JAK]/signal
transducers and activators of transcription [STAT] kinase system, and the
phosphoinositide-3-kinase [PI3K]/Akt/mammalian target of rapamycin [mTOR]
pathway). These pathways are of great interest in this thesis. In addition, inhibition of
cell cycle regulators (e.g., the retinoblastoma [Rb]-1 protein), and disruption of pivotal
tumour suppressors (e.g., the phosphatase and tensin homolog [PTEN] and p53)
facilitate continued proliferation of damaged hepatocytes (Baffy et al, 2012). The role
of these signalling pathways and their relevance to obesity-related HCC mechanisms
will be discussed in Section 1.4.
1.2.3

Murine model of diethylnitrosamine (DEN)-induced HCC
DEN-induced hepatocarcinogenesis is one of the most frequent murine models for

studying HCC. In the liver, DEN is metabolized by cytochromes P450 with production
of alkylating metabolites that bind to DNA thereby causing its damage. Excision repair
processes exacerbate gene mutations. In addition, the metabolites cause hepatocyte cell
death (Aleksic et al, 2011; Fausto & Campbell, 2010). DEN also induces oxidative
stress, which could further contribute to hepatocarcinogenesis (Qi et al, 2008).
A simple and effective protocol for DEN-induced hepatocarcinogenesis consists
of a single low dose (5-10 mg/kg body weight) injection into 12-15-day-old male mice,
a time at which hepatocytes are constitutively proliferative. With this protocol,
abnormal foci of altered hepatocytes, nodules and adenomas are detected by ~6 mths,
and HCCs appear at ~10 mths (Hacker et al, 1991).
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An alternative two-stage model of HCC includes phenobarbital as a tumour
promoter following initiation with DEN (Sarma et al, 1986). Several mechanisms could
be responsible for the tumour promoting effect of phenobarbital, including increased
expression of cytochromes P450 that amplifies the effect of DEN as a carcinogen, as
well as inducing oxidative stress (Heindryckx et al, 2009). Mice treated with DEN and
phenobarbital exhibit liver tumours with more β-catenin mutations than those treated
only with DEN, suggesting that phenobarbital may affect the clonal expansion of cells
undergoing

specific

mutations

(Aydinlik

et

al,

2001).

Another

two-step

hepatocarcinogenesis model is known as the Solt-Farber protocol. In this model,
tumorigenesis is initiated by a hepatocarcinogenic compound, then partial
hepatotectomy is performed. Partial hepatectomy induces hepatocyte proliferation,
leading to expansion of initiated cells. However, partial hepatectomy can be associated
with high mortality in non-expert hands (Heindryckx et al, 2009).
Expression of the placental form of glutathione S-transferase (GST-pi) has
become

a

widely

established

marker

for

preneoplastic

lesions

during

hepatocarcinogenesis in rodents (Hatayama et al, 1993). GSTs are a family of
multifunctional enzymes involved in metabolic detoxification of electrophilic
compounds, including DEN metabolites. In DEN-injected mice, GST-pi-positive
hepatocytes accumulate cyclin E, and this is strongly associated with liver tumour
development (Pok et al, 2013).
In human HCCs, chromosomal instability (CIN) is a common finding, and CIN
occurs at an early stage of hepatocarcinogenesis in the DEN murine model (Aleksic et
al, 2011); the gene expression patterns are similar to those of human HCCs with poor
prognosis (Lee et al, 2004). The rodent DEN model also recapitulates the gender

Chapter 1 Introduction

32

disparity (male predominant) of human HCC (Naugler et al, 2007; Pok et al, 2015). In
light of this evidence of similarity to human, it is likely that results obtained with this
model will be relevant to an understanding of liver carcinogenesis in humans.
1.3

Mouse models of obesity-related disorders
Animal models of obesity and its related disorders have been used for decades to

determine the pathophysiological basis for obesity and the mechanisms by which
obesity increases the risk for other diseases. For these purposes, mice are the most
commonly used species. There are several possible reasons for this. First, there are
several well-characterised spontaneously obese mouse strains. Second, high-fat feeding
studies require only mths to induce obesity and its complications. Third, transgenic or
knockout mice are useful to study the effects of single genes on hepatocarcinogenesis
(Kennedy et al, 2010). This review will describe the most common mouse models used
to study obesity and its associated metabolic complications, and evaluate the strengths
and limitations of each model.
While there are a number of genetic and dietary mouse models of obesity, few
accurately reproduce the metabolic defects of human obesity. The most frequent of
these metabolic features are insulin resistance, hyperglycemia, dyslipidemia, steatosis
and adipokine imbalance. Failure to replicate them in a murine model would make
experimental data less relevant for clinical applicability. Conversely, the more of the
above-mentioned metabolic criteria that are met, the more potentially useful the model
becomes (Larter & Yeh, 2008; Lutz & Woods, 2012).
Owing to species difference, mouse models differ from human disease in several
different aspects. For example, indices for central obesity such as waist circumference
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cannot be transferred from mice to humans. In addition, the mouse serum lipoprotein
profile in general has an atheroprotective high-density lipoprotein (HDL) predominance,
whereas normal human lipoprotein profile contains primarily atherogenic low-density
lipoproteins (LDL) (Kennedy et al, 2010). Most mouse models of genetic obesity have
arisen from spontaneous mutations. Mice lacking either leptin (ob/ob) or the long form
of the leptin receptor (db/db) are most frequently studied. The ob/ob phenotype was
firstly identified in the Jackson Laboratory in 1949 (Lutz & Woods, 2012). These mice
are obese, hyperphagic, insulin resistant and develop diabetes and hepatic steatosis.
However, the fact that these mice are deficient in leptin signalling, limits their relevance
to interrogate the mechanisms of human obesity and its associated metabolic disorders;
some processes such as inflammatory recruitment may be influenced by leptin or its
deficiency. Further, ob/ob mice are protected against liver fibrosis (Leclercq et al,
2002), which is an important risk factor for HCC. They also suffer from immune
deficiencies, reproductive hormone abnormalities and changes in bone homeostasis,
factors that complicate analysis of the effects of obesity on neoplasia (Khandekar et al,
2011).
High-fat diet (HFD) feeding has been used to induce overnutrition, which is a
central feature of obesity. However, the effects of giving HFD to rodents can be highly
variable due to the inherent propensities of mouse strains to develop metabolic disease
(Montgomery et al, 2013). Thus, C57BL/6J, 129X1/SvJ, DBA/2 and FVB/N mice are
all susceptible to a varying degree to HFD-induced obesity, glucose tolerance and
insulin resistance, while BALB/c mice exhibit some protection from these detrimental
effects. Similarly, some studies showed clear induction of steatosis and steatohepatitis,
but others have shown very few, if any, liver abnormalities (Larter & Yeh, 2008). In
addition, cancer decreases appetite and causes cachexia (tissue breakdown) in animals,
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resulting in rapid weight loss that may confound the study of the effects of obesity on
the later stages of hepatocarcinogenesis or metastasis (Khandekar et al, 2011).
In this thesis, the candidate used foz/foz (fat aussie=foz) mice, in which obesity
results from disordered appetite regulation. These mice have a spontaneous, 11-bp
truncating mutation in Alms1, the gene responsible for Alström syndrome in humans
(Arsov et al, 2006b). Alström syndrome is an autosomal recessive disorder
characterized by childhood-onset obesity, metabolic syndrome, diabetes, infertility, and
frequent abnormalities of kidney, heart, and liver; the latter include steatosis and
cirrhosis. Chow-fed foz/foz mice consume approximately 30% more calories than their
wild-type (Wt) littermates (Arsov et al, 2006b). They are obese with increased
adiposity, hypercholesterolemia, insulin resistance and glucose intolerance; diabetes
develops by approximately 4 mths of age (Arsov et al, 2006a). An atherogenic diet
feeding exacerbates this metabolic phenotype, along with a striking reduction of serum
adiponectin levels. These changes appear to be associated with transition from simple
steatosis, as observed in chow-fed foz/foz mice (and atherogenic diet-fed Wt mice), to
severe steatohepatitis (NASH) with fibrosis (Arsov et al, 2006a). Thus, the phenotype
of foz/foz mice recapitulates that of human obesity and its associated metabolic
complications, including insulin resistance, diabetes, metabolic syndrome and fatty liver
(Larter & Yeh, 2008). This model is therefore valuable for studying the
pathophysiologic mechanisms of obesity-related metabolic disorders.
1.4

Molecular mechanisms linking obesity with hepatocarcinogenesis
Despite the well-established association of obesity with HCC, the molecular

mechanisms by which obesity promotes hepatocarcinogenesis are not fully understood.
A number have been suggested. They include insulin resistance, chronic low-grade
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inflammation, adipokine dysregulation, lipotoxicity, oxidative stress, gut microbiota and
genetic instability (Figure 1.2). In addition, several intracellular signalling pathways
may play key roles in obesity-associated liver cancer. All these factors may interact in
obesity, and their individual or combined contributions at various stages of
hepatocarcinogenesis have not yet been determined (Khandekar et al, 2011). In
following review, recent advances in elucidating of signalling pathways and other
molecular mechanisms in hepatocarcinogenesis, and their contribution to obesitypromoted HCC, will be discussed.
1.4.1

Hyperinsulinemia: role of Akt/mTOR pathways
Insulin resistance is a common pathogenic factor in obesity and diabetes, as well

as an important contributor in the progression from simple steatosis to fibrosing NASH
(Farrell & Larter, 2006; Van Rooyen et al, 2011). Hyperinsulinemia is a key
consequence of insulin resistance (Cusi, 2012; Larter et al, 2010). Insulin is a major
anabolic hormone produced by the pancreas, principally in response to hyperglycaemia.
In the liver, insulin acts on hepatocytes to inhibit gluconeogenesis, stimulate glycolysis,
and to promote glucose storage as glycogen, protein synthesis and lipogenesis. In
steatotic liver, the ability of insulin to suppress hepatic gluconeogenesis is reduced, and
hepatic clearance of insulin is impaired; both mechanisms favour hyperinsulinemia
(Chettouh et al, 2015; Samuel et al, 2010).
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Figure 1.2 Mechanisms of obesity-promoted hepatocarcinogenesis
In obesity, adipose expansion with lipotoxicity to adipocytes induces chronic low-grade
inflammation and imbalance of adipokines (hyperleptinemia and hypoadiponectinemia). Insulin
resistance increases serum insulin levels that may stimulate the synthesis and secretion of IGF1. Enhanced delivery of FFA from adipose tissue to liver and insulin-stimulated lipogenesis
contribute to steatosis that potentially induces ROS production and inflammatory response.
Additionally, obesity is associated with altered composition of intestinal microbiota and
heightens gut permeability to microbial components such as LPS. This results endotoxemia.
Increased toxic lipid molecules in the liver induce mitochondrial injury that generatess oxidant
stress (lipotoxicity). IL-6, whose production by inflammatory cells as well as hepatocytes, leads
to activation of STAT3, may promote HCC development by increasing hepatocyte proliferation.
Further, activation of TNFR1 by TNF contributes to obesity-induced IL-6 production.
Abbreviations: FFA, free fatty acid; HCC, hepatocellular carcinoma; IGF-1, insulin-like growth
factor-1; IL-6, interleukin-6; LPS, lipopolysaccharide; ROS, reactive oxygen species; STAT3,
signal transducer and activator of transcription 3; TNFR1, tumour necrosis factor receptor 1.

Insulin mediates its biological effects through binding to a tyrosine kinase
receptor on the plasma membrane. The insulin receptor (IR) has two isoforms: IR-A and
IR-B. IR-A is predominantly expressed in foetal tissues, and has higher affinity for
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insulin than IR-B. It becomes less expressed as differentiation progresses, and adult
hepatocytes express the IR-B isoform exclusively. Binding of insulin to IR-B activates
the receptor kinase to allow recruitment of insulin receptor substrate (IRS)-1, IRS-2 and
adapter protein Shc (Boucher et al, 2014; Chettouh et al, 2015). Such recruitment
subsequently activates a complex network of intracellular pathways, including
phosphoinositide 3-kinase (PI3K)-Akt and MAPK.
For decades, it has been appreciated that obesity is associated with insulin
resistance (Samuel et al, 2010). Although obesity generates peripheral insulin resistance
in many tissues, not all insulin signalling pathways are impaired, a phenomenon that
introduces the concept known as “selective insulin resistance”. For example, in steatotic
liver, the gluconeogenic pathway becomes unresponsive (resistant) to insulin, but
insulin-stimulated lipogenesis remains unimpaired (Brown & Goldstein, 2008).
Accordingly, hyperinsulinemia contributes to increased lipid accumulation in liver
(steatosis) via lipogenesis. Thus, in the insulin resistant state, some specific tissues and
signalling pathways remain insulin-sensitive and are exposed to high levels of insulin,
leading to exaggerated rather than impaired responses. Such maintenance of selective
insulin signalling pathway could provide a growth advantage for premalignant
hepatocytes in terms of metabolism, proliferation and survival. This is one potential
explanation linking hyperinsulinemia to liver carcinogenesis in obesity (Chettouh et al,
2015; Khandekar et al, 2011).
The essential role of insulin signalling in hepatocarcinogenesis is underlined by
the frequent dysregulation of its signalling components in HCC. Overexpression of IRA has been reported in approximately 40% of human HCCs (Belfiore et al, 2009;
Chettouh et al, 2013). IR-A has a higher propensity to signal proliferation and survival,

Chapter 1 Introduction

38

than IR-B, which instead promotes metabolic effects. Similarly, expression of IRS-1
and IRS-2 is frequently up-regulated in human HCCs compared to adjacent nontumorous liver tissue (Boissan et al, 2005; Tanaka et al, 1997). In addition, insulin may
foster a microenvironment favourable to the propagation of premalignant and malignant
hepatocytes. Indeed, in vitro studies have demonstrated that insulin promotes
hepatocyte proliferation by up-regulating of cyclin-dependent kinase (CDK)2 and
CDK4 (Imamura et al, 2005; Yeom et al, 2015), or via activation of the epidermal
growth factor receptor (EGFR) (Sommerfeld et al, 2015).
A large, multicentre case-control study within the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort has evaluated the correlation of
several inflammatory and metabolic biomarkers with HCC risk (Aleksandrova et al,
2014). Higher serum levels of c-peptide, a marker of pancreatic insulin secretion, were
significantly associated with increased HCC risk; the incidence rate ratio [IRR] per
doubling of c-peptide concentration was 2.3 (95% CI, 1.4-3.5). Apart from diabetes,
high circulating levels of insulin in non-diabetic subjects have been associated with the
development of several malignancies, such as breast, colorectal and pancreatic cancer
(Gunter et al, 2009; Kabat et al, 2009; Wolpin et al, 2013). A prospective cohort study
showed that hyperinsulinemia was also associated with increased risk of HCC in HBVinfected patients (Chao et al, 2011). Collectively, these data can be interpreted as
indicating high circulating insulin levels favour the development of several cancers.
Insulin increases the production and biological activity of insulin-like growth
factor (IGF)-1, a peptide hormone with similar structure to insulin (Boni-Schnetzler et
al, 1991). It is possible that the tumorigenic effect of insulin could be secondary to
alterations in IGF-1 and/or to interaction with its IGF-1 receptor (IGF-1R) (Calle &
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Kaaks, 2004; Shimizu et al, 2012). Paradoxically, however, blood levels of IGF-1 are
reduced in obese people with metabolic syndrome (Aguirre et al, 2016). Thus, more
studies would be required to establish whether IGF-1 signalling has any role in obesityrelated cancer, such as HCC.
1.4.1.1

PI3K/Akt

Upon activation, PI3K generates the second messenger phosphatidylinositol (3-5)triphosphate (PIP3) from phosphatidylinositol 4,5-biphosphate (PIP2) (Figure 1.3). PIP3
activates the serine threonine kinase protein kinase B (PKB/Akt). In turn, PI3K/Akt
controls many physiological functions and processes, such as cell proliferation, growth,
survival and metabolism (Shaw & Cantley, 2006; Thorpe et al, 2015). Akt is a
serine/threonine kinase and a critical target of PI3K in tumorigenesis. The direct
downstream targets of Akt are presented in Table 1.1.
The most common abnormality leading to altered PI3K/Akt signalling is somatic
loss of phosphatase and tensin homolog (PTEN) by genetic or epigenetic alterations
(Thorpe et al, 2015; Zhou et al, 2011). PTEN is a tumour suppressor that negatively
regulates PI3K/Akt by dephosphorylating of PIP3. Mice with hepatocyte-specific PTEN
deletion develop NASH by 40 wks of age with adenomas. By 80 wks of age, all mice
have HCC (Horie et al, 2004). However, a characteristic feature of Pten-/- mice is
insulin hypersensitivity, the opposite of human obesity; this limits the applicability of
this model for studying obesity and NAFLD-related disorders. Down-regulation of
PTEN has also been reported in obese subjects, insulin-resistant patients, and human
with fatty liver (Vinciguerra et al, 2008). These findings seem to indicate that PTEN is
important for preventing cancer development in the liver.
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Figure 1.3 The role of the PI3K/Akt/mTOR signalling pathway in carcinogenesis
Binding of insulin/IGF-1 to the insulin/IGF-1 receptor results in the phosphorylation of IRS,
which can activate downstream signalling pathways, PI3K/Akt. mTORC1 is activated by the
GTP-bound form of Rheb, whereas TSC2 converts Rheb to GDP-bound, inactive form. Akt
phosphorylates TSC2, which in turn releases its inhibition towards Rheb, and thus allowing for
mTORC1 activation. mTORC1 can also be regulated by the LKB1-AMPK pathway in response
to low energy levels. mTORC1 is a major regulator of protein and lipid synthesis, autophagy
and energy metabolism via phosphorylation of 4E-BPs and S6K1. All of these cassettes may
promote cancer development. mTORC2 is activated by growth factors and ribosomes through a
poorly defined mechanism; it regulates cell survival and metabolism. Abbreviations: 4E-BPs, 4
eukaryotic translation initiation factor-binding proteins; AMPK, adenosine monophosphateactivated protein kinase; Deptor, DEP domain containing mTOR-interacting protein; GDP,
guanosine diphosphate; GTP, guanosine triphosphate; IGF-1, insulin-growth factor-1; IRS,
insulin receptor substrate; LKB1, liver kinase B1; mLST8, mammalian lethal with SEC-13
protein 8; mSin1, mammalian stress-activated map kinase-interacting protein 1; mTORC1/2,
mammalian target of rapamycin complex; PI3K, phosphoinositide 3-kinase; PRAS40, prolinerich Akt substrate 40 kDa; Rheb, Ras homolog enriched in brain; Protor1/2, protein observed
with rictor 1/2; PTEN, phosphatase and tensin homolog; Raptor, regulatory-associated protein
of mTOR; Rictor, rapamycin-insensitive companion of mTOR ; S6K1, S6 kinase 1; TSC1/2,
tuberous sclerosis 1/2.
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By immunostaining, phospho-Akt expression has been shown to be increased in
sinusoidal endothelial cells in HCC (vs. normal liver tissues), implying that the Akt
pathway could favour HCC progression by promoting angiogenesis (Li et al, 2008).
Further, Akt activation correlates with early disease recurrence and poor prognosis in
human HCCs (Nakanishi et al, 2005; Schmitz et al, 2008). The reason for Akt
activation in human HCCs has been attributed to several mechanisms, including loss of
its negative regulator (PTEN), activating mutations of PI3K catalytic subunits, and
overexpression of upstream kinases; the latter include IGF-1R, c-Met, and EGFR (Zhou
et al, 2011).
Table 1.1 Akt substrates and their cellular functions (Manning & Cantley, 2007)
Subtr

Regulatory

Cellular

Cycli
ate
p27
n D1
mTO

Activation
effect
Inhibition

Cell cycle
function
Cell cycle

Activation

Growth

MDM
RC1
p53
2
BAD

Activation

Survival

Inhibition

Survival

Inhibition

Survival

Casp

Inhibition

Survival

GSK3
ase 9
FOX

Inhibition

Metabolism

Inhibition

Metabolism

AS16
O

Inhibition

Metabolism

Abbreviations: FOXO, forkhead box O; mTORC1, mammalian target of rapamycin

0

complex 1; MDM2, mouse double minute 2 homolog; BAD, Bcl-2-associated death promoter;
GSK3, glycogen synthase kinase 3.

1.4.1.2

mTOR

Target of rapamycin (TOR) was discovered in the 1960s, when a Canadian
expedition collected soil samples for Easter Island (Rapa Nui in the native language,
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hence “rapamycin”). These soil samples contained the bacterium Streptomyces
hygroscopicus that produces the macrolide, rapamycin. Not long after its initial
characterization as an antifungal agent, rapamycin was shown to exhibit cytostatic
activity. Same years after its discovery, mTOR was named as the molecular target of
rapamycin in mammalian cells (Loewith, 2011). mTOR is a large, 289-kDa protein,
belonging to the PI3K-related kinase family. It forms two functionally distinct
multiprotein complexes, mTOR complex (mTORC)1 and mTORC2 (Figure 1.3). Both
complexes share the catalytic mTOR subunit, mammalian lethal with SEC-13 protein 8
(mLST8), DEP domain containing mTOR-interacting protein (DEPTOR), and the
Tti1/Tel2 complex. While regulatory-associated protein of mTOR (raptor) and prolinerich Akt substrate 40 kDa (PRAS40) are specific to mTORC1, rapamycin-insensitive
companion of mTOR (rictor), mammalian stress-activated map kinase-interacting
protein 1 (mSin1), and protein observed with rictor 1 and 2 (protor1/2) are unique
components of mTORC2. The complexes differ in their sensitivity to rapamycin;
mTORC1 is sensitive and mTORC2 is deemed resistant (Bhat et al, 2013; Laplante &
Sabatini, 2012; Populo et al, 2012).
mTORC1 activity is mainly regulated by the heterodimer of tuberous sclerosisrelated protein (TSC)1, also known as hamartin, and TSC2 (also known as tuberin).
These two proteins function as guanosine triphosphate (GTP)ase-activating proteins
(GAP) for the Ras homolog enriched in brain (Rheb) GTPase. The GTP-bound form of
Rheb interacts with mTORC1 directly to strongly stimulate its kinase activity. TSC1/2
inhibits mTORC1 activation by converting Rheb into its inactive GDP-bound state
(Laplante & Sabatini, 2012; Populo et al, 2012).
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mTOR integrates diverse stimuli, including growth factors, cellular stress, energy
status, oxygen and amino acids so as to control cellular metabolism, growth and (to a
lesser extent) proliferation. Activation the PI3K and Ras pathways upregulates of
PKB/Akt, extracellular-signal-regulated kinase (ERK)1/2, and ribosomal S6 kinase
(RSK1). These effector kinases directly phosphorylate the TSC1/2 complex to
inactivate it, in turn activating mTORC1 (Laplante & Sabatini, 2012). Akt also
modulates mTORC1 independently of TSC1/2 via proline-rich Akt substrate of 40 kDa
(PRAS40) phosphorylation, a step that promotes its association with raptor (Vander
Haar et al, 2007). Additionally, TNF-α and Wnt signalling may also activate mTORC1,
respectively via IκB kinase β (IKKβ) and glycogen synthase kinase 3β (GSK3-β) (Inoki
et al, 2006; Lee et al, 2007). mTORC1 also senses stress signals, including low energy
and oxygen levels, and DNA damage. In response to hypoxia or a low energy state,
adenosine monophosphate-activated protein kinase (AMPK) phosphorylates TSC2 or
directly phosphorylates raptor. The latter induces binding of the 14-3-3 protein to
raptor, in turn inhibiting mTORC1 activation (Gwinn et al, 2008). DNA damage also
signals to mTORC1 through multiple mechanisms, all of which require p53-dependent
transcription.
By far the best-characterized process controlled by mTORC1 is protein synthesis.
To effect this, mTORC1 directly phosphorylates the translational regulators, 4
eukaryotic translation initiation factor-binding proteins (4E-BPs) and p70S6 kinase
(p70S6K)1 (Figure 1.3); they both control cell growth and proliferation (Bhat et al,
2013). The 4E-BPs regulate translation initiation through their binding to eukaryotic
translation initiation factor 4E (eIF4E). When phosphorylated, 4E-BPs dissociate from
eIF4E, allowing them to bind to the 5’ cap of messenger RNAs (mRNAs). eIF4E is
critical to global protein synthesis, and is over expressed in many cancers (Mamane et
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al, 2004). p70S6K1 activation increases mRNA biogenesis, as well as translational
initiation and elongation (Bhat et al, 2013; Laplante & Sabatini, 2012). In addition,
p70S6K1 can also be activated by mTOR-insensitive signalling pathways, such as
phosphoinositide-dependent kinase 1 (PDK1), MAPK, and stress-activated protein
kinase (SAPK). Upon activation, p70S6K1 phosphorylates S6 protein of ribosomal
subunit 40S, resulting in up-regulation of several components of the translation
apparatus. mTORC1 also controls the synthesis of lipids required for proliferating cells
to generate membranes. It does this by up-regulation of sterol regulatory elementbinding proteins (SREBPs)1 and 2. SREBP1 and 2 control the expression of various
genes involved in fatty acid and cholesterol synthesis, respectively (Bahrami et al,
2014).
In light of the above major cellular functions, it is not surprising that the mTOR
signalling pathway plays an important role in carcinogenesis. Dysregulation of multiple
elements of mTOR cascades has been reported in approximately 70% of all types of
cancers, such as melanoma, breast, colon, ovarian, prostate, lung and kidney cancer
(Populo et al, 2012; Shaw & Cantley, 2006). Aberrant activation of mTOR signalling
has also been reported in half of HCC cases, as determined by integrating data from
direct sequencing, changes in DNA copy number changes, mRNA levels, and
immunohistochemistry (Villanueva et al, 2008). In the study by Villanueva et al,
aberrant activation of mTOR signalling was associated with activation of the IGF and
EGF pathways. In a large genomic profiling study of 608 HCCs covering 3 ancestry
groups (Japanese, Asian and European), there were recurrent inactivating mutations of
various components of the PI3K-mTOR pathway in up to 45% cases (Totoki et al,
2014). S6K phosphorylation was also an independent prognostic factor for survival in
HCC (Zhou et al, 2010).
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The possible important role of mTORC1 in hepatocarcinogenesis has been
suggested by a study in mice with constitutively increased mTORC1 signalling as the
result of liver-specific of Tsc1 deletion (Menon et al, 2012). These mice developed
spontaneous HCC, preceded by sequential pathological changes including liver damage,
inflammation, necrosis, and regeneration. Compared with non-malignant tissue,
tumours from Tsc1-/- mice displayed increased p62, an autophagy substrate. This is
consistent with the proposal that sustained mTORC1 activation could impair autophagy,
as described next.
Autophagy is a highly conserved eukaryotic homeostatic process by which
degradation of cytoplasm components, including damaged organelles, toxic protein
aggregates, and intracellular pathogens within lysosomes is effected (Populo et al,
2012). The constitutive activation of mTORC1 signalling in cancer cells strongly
inhibits autophagy. In tumorigenesis, autophagy is a double-edged sword, acting both as
a tumour suppressor (by removing damaged macromolecules) and promoter of cancer
cell survival. The role of autophagy in mediating the effect of mTORC1 activation on
cancer may be context specific. Specifically, autophagy could be important to prevent
cancer initiation, but thereafter may be required to protect cells once a tumour is
established (Laplante & Sabatini, 2012).
Autophagy appears to be impaired in murine models of obesity (Yang et al,
2010), suggesting that this may be one cellular mechanism linking obesity to increased
HCC risk. mTORC1 also plays an important role in obesity-induced hepatosteatosis and
diabetes. Given that hyperinsulinemia is a major contributor to the development of
obesity complications, increased activation of mTOR signalling may be one potential
mechanism linking obesity to the promotion of hepatocarcinogenesis. Increased mTOR
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activation has been reported in HFD-fed obese rats (Khamzina et al, 2005), and was
evident in non-tumour liver tissue and HCCs from obese mice compared to those from
lean mice (Park et al, 2010).
Taken together, the results discussed in this review provide strong evidence for a
potential role of mTORC1 signalling in obesity-promoted hepatocarcinogenesis.
However, it is not yet known whether inhibition of mTORC1 can delay the accelerated
hepatocarcinogenesis that accompanies obesity. Experiments designed to clarify this
will be described in chapter 4.
1.4.2

Metabolic stress in obesity: the role of stress-responsive signalling molecules
In obese subjects, chronic low grade inflammation induces ROS production; if

there are low levels of anti-oxidant protective mechanisms, this results in oxidative
stress. Oxidative stress has long been recognized as an essential pathogenic contributing
factor in the pathogenesis of obesity complications (Marseglia et al, 2014), and it may
also be part of the pathogenic mechanisms in hepatocarcinogenesis. Oxidative damage
to DNA has been implicated in hepatocarcinogenesis in patients with chronic viral
hepatitis. Thus, accumulation of ROS-mediated oxidative DNA damage can be
observed during the progression of chronic hepatitis to HCC (Cardin et al, 2014). In
HCV-infected patients, expression of 8-hydroxy-2’-deoxy-guanosine (8-OHdG) in
leukocytes and hepatocytes is an independent risk factor for HCC development. 8OHdG is an oxidized product of the DNA base, guanosine. Its presence confers a high
susceptibility to G-C to T-A transversions during DNA replication (Chuma et al, 2008).
In obese and diabetic subjects, the accumulation of certain lipid molecules in nonadipose tissues (pancreatic β cells, muscle, arterial intima and liver) causes a form of
cellular injury termed lipotoxicity. Most studies now embrace the concept that, in obese
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persons, NASH results from liver lipotoxicity (Cusi, 2012; Farrell et al, 2013b; Larter et
al, 2010; Neuschwander-Tetri, 2010). Among potential lipotoxins, saturated free fatty
acids (sFFAs) and free cholesterol (FC) are lipotoxic to hepatocytes via JNK-mediated
mitochondrial injury (Farrell et al, 2013b; Gan et al, 2014). In the following review, the
stress-responsive signalling pathways related to oxidative stress and lipotoxicity will be
discussed.
1.4.2.1

The c-Jun-N-terminal kinase (JNK)

JNKs are also known as one of the SAPKs, and are often included among the
MAPKs, along with ERK and p38. There are three JNK isoforms: JNK1, JNK2, and
JNK3. In turn, each can be alternatively spliced to produce at least 10 variants, range
from 46 to 55 kDa (Davis, 2000). Whereas JNK1 and JNK2 are expressed ubiquitously,
including in liver cells, JNK3 is largely restricted to brain, heart, and testes. JNK can be
activated by a wide range of stimuli, such as: 1) cytokines (TNF, interleukin [IL]-1β); 2)
growth factors (TGF-β, platelet-derived growth factor [PDGF] and EGF); 3) bacterial
products (LPS, peptidoglycan, and bacterial unmethylated CpG DNA, ROS); 4) stress
(ischemia, hypoxia, and UV and ionizing radiation, endoplasmic reticulum [ER] stress);
5) toxins; 6) drugs; and 7) metabolic changes (obesity and hyperlipidemia) (Bubici &
Papa, 2014; Seki et al, 2012).
The JNKs are activated by a series of phosphorylation events (Figure 1.4). These
start with MAP kinase kinase kinases (MAP3Ks, also known as MKKKs), and
proceeding through MAP kinase kinases (MAP2Ks or MKK), and then MAPKs, in this
case JNKs. The best-characterized MAP3Ks include mixed-linage kinase 3 (MLK3),
MEKK1, and TGFβ-activated kinase 1 (TAK1). Two MAP2Ks, MKK4 and MKK7,
directly phosphorylate JNKs on Thr183 and Tyr185 (Davis, 2000). This activates JNK,
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which can then phosphorylate (and activate) a number of proteins, including a Jun
protein (c-Jun, JunB, and JunD) which can heterodimerise with a Fos protein (c-Fos,
FosB, Fra-1, and Fra-2) to form the transcription factor activator protein-1 (AP-1).
Other JNK substrates include activating transcription factor-2 (ATF-2), p53, c-Myc, as
well as apoptotic proteins of the Bcl-2 family (Bubici & Papa, 2014; Seki et al, 2012).
JNKs regulate a host of key physiological processes, some of which oppose each
other and clearly context-dependent. They include inflammatory responses, cell
proliferation, differentiation, survival and cell death. The diversity of JNK-related
cellular functions is underscored by the wide range of disease pathologies in which
JNKs have been implicated, including diabetes, cardiovascular, inflammation,
neurodegenerative disorders, NAFLD/NASH and cancer (Bubici & Papa, 2014; Gan et
al, 2014; Seki et al, 2012; Van Rooyen et al, 2013). Among all cancers, liver cancer is
one of the most compelling examples of JNK involvement. JNK signalling has been
implicated in the initiation and progression of tumorigenesis. Indeed, increased
activation of JNK1, but not JNK2, was evident in approximately half of HCC cases as
compared to non-neoplastic surrounding tissues (Chang et al, 2009b; Hui et al, 2008).
Further, ablation of JNK1 suppressed proliferation of human HCC cells and reduced
tumour growth in a xenograft HCC model (Hui et al, 2008).
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Figure 1.4 Tumour promoting roles of JNKs pertinent to HCC
TNF signalling activates a number of MAP3 kinases, including TAK1, that in turn activates cJun, causing it to heterodimerise with c-Fos to form AP-1. AP-1 up-regulates c-Myc, which
suppresses p21 so as to allow hepatocytes to proliferate. c-Jun also inhibits p53 activity to
reduce apoptosis and also inhibit cell cycle control. TGFβ activates Smad3 to upregulate p21,
eventually suppressing hepatocyte proliferation; JNK1 can interrupt this cascade by inhibiting
SMAD3 signalling. JNK1-mediated hepatocyte cell death induces the release of IL-6 by nonparenchymal cells, such as Kupffer cells. This activates STAT3 to increase hepatocyte
proliferation during the promotion of hepatocarcinogenesis. Abbreviations: AP-1, activator
protein-1; JNK1, c-Jun-N-terminal kinase 1; MAP, mitogen-activated protein; MKK4/7, MAP
kinase kinases; TAK1, TGFβ-activated kinase 1; TGFβ, transforming growth factor; TNF,
tumour necrosis factor.

Studies using JNK-deficient mice have confirmed the tumour-promoting role of
JNK in hepatocarcinogenesis. Jnk1-/- mice had fewer and smaller DEN-induced liver
tumours compared with Wt or Jnk2-/- mice. c-Jun is involved in DEN-induced
hepatocarcinogenesis because hepatic c-Jun deletion substantially reduces liver tumour
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formation (Eferl et al, 2003). This was associated with increased p53 expression,
implying that c-Jun can serve as a p53 suppressor. In human HCCs, high expression of
c-Jun and phosphorylated (p)-c-Jun have been associated with resistance to sorafenib
and poor overall survival (Chen et al, 2016).
Although the mechanisms by which JNK promotes hepatocarcinogenesis remain
unclear, induction of hepatocyte cell death with compensatory proliferation appear to be
critical. Mice deficient in hepatic nuclear factor-κB (NF-κB) activation displayed
enhanced HCC development, and this was associated with sustained activation of JNK1,
increased cell death, and hepatocyte proliferation (Maeda et al, 2005). Further, deletion
of JNK1 in these mice prevented hepatocyte death, reduced compensatory proliferation,
and consequently attenuated liver tumour development (Sakurai et al, 2006). This
suppression of HCC development was accompanied by decreased expression of cyclin
D1 and VEGF, suggesting that induction of hepatocyte proliferation and
neovascularization could be one potential mechanism (Sakurai et al, 2006).
Alternatively, JNK1 suppresses p21 levels via up-regulation of c-Myc, a repressor of
p21 transcription (Hui et al, 2008). JNK1 also antagonizes TGF-β-mediated carboxyterminal phosphorylation of Smad3 (pSmad3C) signalling (Figure 1.4). TGF-βdependent pSmad3C transmits a tumour-suppressive function by increasing p21
expression (Nagata et al, 2009). Thus, induction of cell death and compensatory
proliferation are key targets of the tumour promoting role of JNK1, while c-Myc
overexpression and down-regulation of p21 could lead to uncontrolled hepatocyte
proliferation.
Recent

advances

indicate

that

JNK

within

hepatocytes

and

that

in

nonparenchymal cells may have distinct roles in hepatocarcinogenesis. Mice lacking
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JNK in hepatocytes developed more liver tumours than did Wt mice (Das et al, 2011).
This finding was not anticipated since earlier studies demonstrated that loss of JNK1
(but not JNK2) suppressed HCC development (Hui et al, 2008; Sakurai et al, 2006).
Instead, it suggests that JNK in hepatocytes may exhibit a protective role against DENinduced HCC (Das et al, 2011). In contrast, deletion of JNK in both hepatocytes and
nonparenchymal cells reduced DEN-induced HCC, indicating that it is JNK in
nonparenchymal cells that is required for the protumorigenic role of JNK in HCC. The
reduction of tumour burden in mice carrying JNK deletion in both hepatocytes and
nonparenchymal cells was associated with decreased serum levels and hepatic
expression of IL-6 mRNA, and hepatic TNF-α mRNA (Das et al, 2011). Additionally, a
recent study has identified JNK in myeloid cells as an important source of proinflammatory signalling involved in the development of liver inflammation. Mice
deficient in JNK signalling in myeloid cells had decreased liver mass and smaller liver
tumours (Han et al, 2016). These observations are consistent with the proposal that JNK
in myeloid cells exerts a tumour promoting role in hepatocarcinogenesis.
JNK has also been implicated in the development of obesity and its metabolic
complications. Strong activation of JNK was observed in liver, fat, and muscle tissues
of dietary and genetic (ob/ob) obese mice (Hirosumi et al, 2002), while Jnk1-/- mice are
protected against HFD-induced obesity and insulin resistance (Singh et al, 2009;
Solinas et al, 2006). JNK activation, in particular in hematopoietic cells (including
tissue macrophage), contributes to the development of HFD-induced insulin resistance
via the phosphorylation of IRS-1 at Ser307 (Solinas et al, 2006). JNK activation also
promotes the recruitment of proinflammatory cells into fatty liver in experimental
models of steatohepatitis (Cusi, 2012; Kakisaka et al, 2012; Schattenberg et al, 2006;
Van Rooyen et al, 2013). Thus, JNK signalling is essential in the genesis of insulin
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resistance complicating obesity, as well as being involved in the pathogenic
mechanisms of NASH. JNK is therefore a potential candidate signalling cassette
towards the protumorigenic effects of metabolic stress associated with the effects of
obesity on hepatocarcinogenesis. Thus, enhanced DEN-induced HCC in obese mice was
associated with a significant increase in JNK phosphorylation compared to nontumourous liver and livers from lean mice (Park et al, 2010). However, there is, as yet,
no direct evidence demonstrating a role for JNK signalling in the promotion of HCC by
obesity. With this in mind, we embarked on the studies that will be described in Chapter
5.
1.4.2.2

NRF2: friend or foe for hepatocarcinogenesis?

NRF2 is a transcription factor that belongs to the cap’n’collar family of leucinezipper (b-ZIP) proteins. It is a key pathway in cellular defense against oxidative stress
and electrophilic insults. Under basal conditions, NRF2 is kept inactive in the cytoplasm
through binding to its inhibitor, KEAP1 (Figure 1.5). A third protein in this complex,
cullin 3 (CUL3), mediates the ubiquitination of NRF2, and subsequently directs the
KEAP1-NRF2 complex for proteasomal degradation (Ganan-Gomez et al, 2013; Sporn
& Liby, 2012). Cells are continuously exposed to highly toxic molecules, such as ROS
(in oxidant stress) or electrophiles. These molecules can modify cysteine residues of
KEAP1, resulting in a conformational change that allows the release of NRF2, which
then translocates to the nucleus and becomes transcriptionally active. NRF2 and its
interaction with KEAP1 can also be regulated by phosphorylation or acetylation,
although the physiological impact of these additional modifications is not fully
understood (Sporn & Liby, 2012).
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Figure 1.5 Regulation of NRF2 signalling by KEAP1 and autophagy
(A) In the basal state, KEAP1 dimers bind to NRF2 in the cytoplasm, and recruit cul3 to target
NRF2 for ubiquitination and rapid degradation by the proteasome. (B) Binding of electrophiles
to the reactive cysteine residues of KEAP1 blocks this ubiquitination. Consequently, NRF2 is
stabilized and translocates to the nucleus to heterodimerise with Maf. This in turn induces
transcription of genes involved in cellular defense against oxidant stress, as well as cell survival
and cell proliferation. Impaired autophagy causes the accumulation of p62 that can also bind to
KEAP1. This increases the transactivation activity of NRF2. Abbreviations: ARE, antioxidant
response element; Cul3, Cullin 3; KEAP1, Kelch-like ECH-associated protein; Maf,
musculoaponeurotic fibrosarcoma; NRF2, Nuclear factor E2-related factor 2 ROS, reactive
oxygen species; Ub, ubiquitin.

In the nucleus, NRF2 interacts with proteins from a family of small
musculoaponeurotic fibrosarcoma (Maf) to form heterodimers which bind to antioxidant
response elements (AREs) or electrophile response elements (EpREs) in the promoter
region of target genes (Figure 1.5). NRF2 regulates several genes encoding antioxidant
defense and phase II detoxifying enzymes, processes which are required for cellular
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protection against redox-mediated injury and xenobiotics detoxification. Specific
enzymes include NAD(P)H-quinone oxidoreductase 1 (NQO1), heme oxygenase 1
(HMOX-1), glutamylcysteine ligase (GCL), which is involved in GSH synthesis,
peroxiredoxin (PRDX), and superoxide dismutase (SOD) (Ganan-Gomez et al, 2013;
Moon & Giaccia, 2015; Sporn & Liby, 2012).
In addition to the KEAP1-NRF2 system, oxidative and metabolic stress induce
other host biological defense mechanisms, such as apoptosis or autophagy.
“Autophagy” is derived from the Greek word; ‘auto’ means self, and ‘phagy’ means ‘to
eat’. This describes a series of cellular processes that ultimately results in the lysosomal
degradation of intracellular components (Schneider & Cuervo, 2014). Autophagy allows
for recycling of aggregated proteins (aggrephagy), unnecessary or damaged
mitochondria (mitophagy), and invading bacteria (xenophagy). In these ways,
autophagy is essential in the maintenance of cellular homeostasis (Ichimura et al, 2013).
The role of NRF2 in tumorigenesis is a controversial issue. Some studies have
reported its contribution to chemoprevention again genotoxic agents. On the other hand,
emerging data indicate NRF2 can serve as a tumour promoter (Moon & Giaccia, 2015).
The tumour suppressor function of NRF2 is primarily based on studies using
chemopreventive drugs as well as Nrf2 knockout animals. The results of such studies
indicate that the NRF2 pathway may serve as a tumor suppressor via its antioxidant
properties (Ganan-Gomez et al, 2013; Moon & Giaccia, 2015; Sporn & Liby, 2012).
NRF2-deficient mice display enhanced susceptibility to chemical carcinogens at
multiple organ sites, such as stomach (Ramos-Gomez et al, 2001), urinary bladder (Iida
et al, 2004), skin (Xu et al, 2006), colon (Khor et al, 2008), and breast (Becks et al,
2010). In addition, administration of chemopreventive agents (many of which activate
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NRF2) is able to attenuate or abolish tumour formation (Fahey et al, 2002; Gills et al,
2006; Hu et al, 2006; Liby et al, 2007). However, these compounds also have the ability
to react with other signalling pathways, such as NF-kB (Heiss et al, 2001), c-Jun and cFos of the AP-1 complex (Dickinson et al, 2009). Hence, whether their tumoursuppressive effects are NRF2-dependent requires further clarification.
In humans, aberrant activation of NRF2 either by loss-of-function mutations in
KEAP1 or gain-of-function mutations in NRF2 are evident in a wide range of human
cancers. These include lung, gastric, colorectal, gallbladder, breast, prostate, as well as
liver cancer (Cleary et al, 2013; Ohta et al, 2008; Schulze et al, 2015; Shibata et al,
2008; Singh et al, 2006; Yoo et al, 2012). In addition, NRF2 activation has been
associated with a poor prognosis in patients with cancer (Hartikainen et al, 2012; Park
et al, 2012; Shibata et al, 2008; Shibata et al, 2010). Studies in cancer cell lines and
experimental animals have also documented the ability of NRF2 to enhance resistance
against chemotherapeutic agents (Homma et al, 2009; Jiang et al, 2010;
Konstantinopoulos et al, 2011; Shibata et al, 2008). Thus, the NRF2-KEAP1
antioxidant pathway represents a previously unappreciated mediator of tumorigenesis.
As mentioned previously (Section 1.2.2), recurrent mutations in nuclear factor
NFE2L2 have been found in 6% of HCC cases (Guichard et al, 2012). These mutations
prevent KEAP1-mediated degradation of NRF2. More importantly, six out of eight
HCC samples with NFE2L2 mutations also had CTNNB1 mutations. As mentioned
earlier (Section 1.2.2), CTNNB1 (encoding for β-catenin, the main effector of the
canonical Wnt pathway) is the most frequently mutated oncogene reported in human
HCCs. These findings suggest that NRF2 signalling might cooperate with the Wnt
pathway during HCC development. This concept receives further support from two
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studies of a large series of HCCs in which whole exome sequencing was performed. In
the first, Cleary et al. identified inactivating mutations of KEAP1 in 8% of 80 HCCs
(Cleary et al, 2013). In the second, a multicentre study from Europe analysed 243 liver
tumours with various risk factors. The authors found that NFE2L2 mutations occurred
in 6% of cases (Schulze et al, 2015). Moreover, both studies recognized somatic
mutations of KEAP1 as one putative driver gene in hepatocarcinogenesis. The findings
from mutation studies are consistent with abundant expression of NRF2 in liver tumours
compared with non-neoplastic surrounding livers (Shimizu et al, 2014; Zhang et al,
2015), and with up-regulation of Nqo1, a surrogate marker of NRF2 activation, in a
subset of human HCC cases (Cheng et al, 2015; Inami et al, 2011; Schulze et al, 2015).
NRF2 activation has also been recognized as a novel mechanism underlying resistance
to sorafenib (Sun et al, 2016), the only systemic therapy with efficacy against HCC.
Several animal studies support the contribution of NRF2 to hepatocarcinogenesis.
Petrelli et al used DEN, 2-acetylaminofluorene, and two-thirds hepatotectomy in a rat
model of hepatocarcinogenesis to dissect multistage hepatocarcinogenesis. They were
able to study preneoplastic nodules, early HCC, and advanced HCC (Petrelli et al,
2014). The NRF2-related pathway was among the most up-regulated at all stages of
HCC, while NRF2 silencing inhibited proliferation of HCC cells in vitro (Petrelli et al,
2014). This group then demonstrated that Nrf2/Keap1 mutations were found in 71% of
early preneoplastic lesions, 79% of early HCC, and 60% of advanced HCC.
Interestingly, this study also identified Ctnnb1 mutations with much lower frequency
(18%), and mainly in advanced HCC. These findings suggest that Nfe2l2 and Keap1
mutations are an early event in rat hepatocarcinogenesis. As previously alluded,
NFE2L2/KEAP1 mutations have been found in human HCCs, however, they have not
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been detected in cirrhotic preneoplastic lesions (Nault et al, 2014). This may reflect
differences in NRF2 regulation between rodents and humans.
Alternatively, the NRF2 pathway can be regulated (or dysregulated) by
mechanisms other than mutations, such as by microRNAs that target Keap1 (Petrelli et
al, 2014), or inhibition of NRF2-KEAP1 by the autophagy substrate, p62 (Ichimura et
al, 2013; Inami et al, 2011; Komatsu et al, 2010) (Figure 1.5). Autophagy-deficient
livers exhibited increased accumulation of p62, an autophagy substrate which has been
involved in hepatocarcinogenesis. Although the mechanism(s) by which p62 promotes
hepatocarcinogenesis is/are not fully understood, recent data demonstrate an interaction
between p62 and the NRF2-KEAP1 pathway that may comprise one potential
mechanism. Impaired autophagy leads to accumulation of p62 which interacts with
KEAP1, and this causes competitive inhibition of the NRF2-KEAP1 interaction. The
result is stabilization and activation of NRF2 (Takamura et al, 2011). Mice whose
hepatocytes are unable to undergo autophagy due to deletion of Atg5 displayed
increased hepatocyte apoptosis, inflammation, fibrosis and eventually development of
hepatocellular adenomas (Ni et al, 2014). In these mice, Nrf2 deletion abolished
development of liver tumours. Importantly, p62 accumulation has also been found in
human HCCs. Further, persistent activation of NRF2 mediated by accumulation of
phosphorylated p62 contributes to the growth of HCC cell lines (Ichimura et al, 2013;
Zatloukal et al, 2002). Altogether, these data suggest that cooperation between
autophagy and the NRF2 antioxidant response plays a role in HCC development.
Changes in autophagy have been described in NAFLD, obesity and diabetes
(Schneider & Cuervo, 2014). Additionally, enhanced nuclear accumulation of NRF2
was observed in NASH livers compared with normal livers (Takahashi et al, 2014).
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This has led to the proposal that NRF2 may be a potential candidate signalling pathway
involved in obesity-related hepatocarcinogenesis.
1.4.3

Inflammation: role of cytokines and adipokines
Persistent liver inflammation, driven by chronic viral hepatitis, alcohol

consumption or NASH, contributes to the perpetuation of liver injury, oxidative stress
and compensatory hepatocyte proliferation that lead to cirrhosis. These events may also
be important in the initiation and progression of HCC (Stauffer et al, 2012; Sun &
Karin, 2011). Indeed, circulating and hepatic expression of TNFα and IL-6 were both
increased in some animal models of HCC (Maeda et al, 2005; Sakurai et al, 2006).
Further, in IKKβDhep mice, damaged hepatocytes release IL-1α, and ablation of IL-1α
signalling attenuated carcinogen-induced liver tumorigenesis (Sakurai et al, 2008).
More recently, a multinational prospective case-control study of 520,000 apparently
healthy subjects showed that higher serum levels of CRP and IL-6 were independent
predictors for HCC (Aleksandrova et al, 2014). This finding is consistent with earlier
studies that demonstrated higher serum levels of IL-6 in patients with HCC than those
with cirrhotic liver or in healthy controls (Porta et al, 2008).
The mechanisms that could link inflammation to liver carcinogenesis are not
completely understood, but activation of transcription factors NF-kB and STAT3 by
inflammatory cytokines are prime contenders. NF-kB is critical for survival and
proliferation of hepatocytes, as well as for controlling the expression of proinflammatory cytokines. The IkB kinase (IKK) complex is composed of IKKα and
IKKβ catalytic subunits and the IKKγ regulatory subunit. IKK is activated in response
to TNF or IL-1α, subsequently phosphorylating IkB, a step that allows ubiquitination
and ubiquitin-mediated degradation via the 26S proteasome. This releases NF-kB
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dimers to translocate to the nucleus (He & Karin, 2011). Hepatocyte-specific ablation of
IKKβ enhanced DEN-induced HCC, suggesting that NF-kB may exert anti-tumour
effects in the liver (Maeda et al, 2005). On the other hand, mice lacking IKKγ/ NF-kB
essential modulator (NEMO) developed steatosis, hepatic inflammation, fibrosis, and
eventually spontaneous HCC (Luedde 2007). Administration of HFD to these mice
enhanced

liver

tumorigenesis

(Wunderlich

et

al,

2008).

Loss

of

NEMO

immunoreactivity has also been observed in a substantial proportion of HCCs compared
with adjacent non-malignant liver tissue (Aigelsreiter et al, 2012).
In contrast to above studies, other mouse models of chronic liver inflammation
indicate that NF-kB may promote liver tumourigenesis (Haybaeck et al, 2009; Pikarsky
et al, 2004). It seems possible that NF-kB signalling may exert both pro- and antioncogenic roles in hepatocarcinogenesis, depending on the mouse models and the type
or degree of liver inflammation and injury. These seemingly contradictory roles of NFkB

underscore

the

biological

complexity

of

inflammatory

signalling

in

hepatocarcinogenesis.
Signal transducer and activator of transcription (STAT)3 is activated by several
cytokines and growth factors, such as IL-6, EGF, HGF and leptin. Janus kinases (JAKs)
are the upstream catalysts of STAT3 phosphorylation, a step that leads to its activation.
STAT3 is aberrantly activated in a wide variety of cancers (Bromberg et al, 1999),
including over half of HCC cases. It is also associated with more aggressive liver
tumours (He et al, 2010). Consistent with the increase in circulating levels of IL-6 in
some models of obesity, STAT3 phosphorylation was markedly enhanced both in HCC
and surrounding non-tumour liver tissue in obese mice (vs lean animals). Ablation of
IL-6 abrogated obesity-enhanced liver tumorigenesis, and this was accompanied by a
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reduction of STAT3 activation (Gruber et al, 2013). STAT3 is also an important
intracellular signalling pathway activated by leptin, whose serum levels are positively
correlated with the extent of adiposity (Vaisse et al, 1996). Thus, STAT3 may be a
potential

oncogenic

transcription

factor

involved

in

obesity-enhanced

hepatocarcinogenesis.
Chronic low-grade systemic inflammation has been implicated in the pathogenesis
of metabolic complications of obesity. Hypertrophic adipocytes and inflammatory cells
infiltrating adipose tissue produce and release various pro-inflammatory cytokines,
including TNF, IL-1β, IL-6, IL-8, IL-10, IL-18, and IL-17 (Chen, 2011; Sun & Karin,
2011). Studies in mouse models of obesity highlight the important role for inflammatory
signalling in obesity-associated HCC. Park et al demonstrated that DEN-induced HCC
is enhanced in dietary and genetically obese mice. This study also showed that HCC
development in both lean and obese mice is IL-6-dependent (Park et al, 2010), a finding
that is consistent with the role of IL-6 in liver carcinogenesis described earlier (Naugler
et al, 2007). However, not all obese models show increases in pro-inflammatory
cytokines (Fantuzzi & Faggioni, 2000; Griffin et al, 2009). Thus, whether these proinflammatory signalling pathways are critical in all models of obesity requires further
study.
The cellular source of pro-inflammatory cytokines may also influence the drive
to hepatocarcinogenesis. Visceral adipose is inherently pro-inflammatory (Fain et al,
2004), and the recruited monocytes and other immune cells that infiltrate adipose tissue
in obesity probably release the bulk of these cytokines (Ruan et al, 2003; Weisberg et
al, 2003). Within diseased livers, lymphocytes, Kupffer cells (KCs) and other
macrophages, hepatic stellate cells (HSCs), and other immune cells, such as natural
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killer (NK)/NK T cells, and dendritic cells may each contribute to inflammation
(Stauffer et al, 2012). For example, experimental studies have shown that NF-kB
activation in myeloid cells, and production of IL-6 by KCs are critical for liver injury to
progress to HCC (Maeda et al, 2005; Naugler et al, 2007). Moreover, a recent study has
provided a clue to the important role of neutrophils in DEN-induced HCC (Wilson et al,
2015). Neutrophil infiltration is a common feature of liver inflammation in alcoholic
steatohepatitis (ASH), and NASH, and is present in human HCCs and the surrounding
non-tumorous liver (Lefkowitch, 2005; Rensen et al, 2012; Xu et al, 2014). In
carcinogen-induced HCC mice, a steady increase in the accumulation of hepatic
neutrophils was evident throughout multistages of hepatocarcinogenesis. Further,
treatment with Ly6G antibody depleted neutrophil accumulation in the liver and
reduced tumour formation (Wilson et al, 2015). These data provide direct evidence for
an important role of neutrophils in hepatocarcinogenesis. With respect to obesityrelated HCC, it remains to be established which of these cells are most critical for the
promotion of hepatocarcinogenesis.
1.4.4

Adipokines
Apart from its function as an energy storage depot, adipose tissue represents an

active endocrine organ by releasing bioactive molecules known as adipokines. These
include specialized adipokines, such as adiponectin, leptin and resistin. Dysregulated
production or secretion of adipokines due to adipose tissue dysfunction has been
involved in the pathogenesis of obesity-related metabolic complications (Aleman et al,
2014; Ouchi et al, 2011). Leptin and adiponectin are the two major adipokines, and this
review will be confined to their potential roles in hepatocarcinogenesis.
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Leptin, the product of obese (Ob) gene, regulates appetite and energy homeostasis
by binding to its receptor in the hypothalamus to suppress the drive to eat (Jequier,
2002). Serum leptin levels correlate closely with BMI and total body fat (Maffei et al,
1995), and this is taken to indicate a state of leptin resistance. Several factors increase
leptin expression in white adipose tissue, including insulin, estrogen, inflammatory
mediators (IL-1β, IL-6, and TNF-α), and LPS of gram-negative bacteria (Aleman et al,
2014). Upon binding to its receptors, the biological actions of leptin are mainly
transmitted by the JAK/STAT signalling pathway (Jequier, 2002).
In vitro studies have demonstrated that leptin stimulates proliferation of HCC
cells via activation of STAT3, AKT, and ERK (Aleffi et al, 2005; Chen et al, 2007a;
Ramani et al, 2008; Saxena et al, 2007). Leptin may also have other oncogenic roles in
hepatocarcinogenesis, such as inhibition of apoptosis, promotion of the invasiveness of
HCC cells (Chen et al, 2007a; Saxena et al, 2007), and modulation of TERT (Stefanou
et al, 2010). Leptin-deficient ob/ob mice and leptin-resistant (fa/fa) Zucker rats are
protected against liver fibrosis, such as with a methionine-choline-deficient (MCD) dietHFD (Leclercq et al, 2002) and choline-deficient, amino acid-defined (CDAA) diet
(Kitade et al, 2006). This indicates that leptin may exert pro-fibrogenic effects, and
accordingly play an indirect role in hepatocarcinogenesis. Leptin also exerts proinflammatory and pro-fibrogenic effects by activating Kupffer cells and HSCs (Aleffi et
al, 2005; Ikejima et al, 2007), indicating that leptin may contribute to disease
progression in NASH.
Whether serum leptin levels are associated with HCC risk is controversial. Some
studies have demonstrated a positive association (Sadik et al, 2012; Saxena et al, 2007).
Conversely, a recent prospective, nested, case-control study within the EPIC cohort
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(mentioned earlier) found that serum leptin levels were not significantly associated with
HCC risk. On the other hand, the expression of leptin and its receptors was increased in
HCC compared with liver tissues from healthy subjects (Ribatti et al, 2008; Stefanou et
al, 2010); the authors speculated that leptin may play a local, rather than systemic, role
in HCC development.
Adiponectin is the most abundant protein secreted by adipose tissue. There are
three circulating forms: 1) high molecular weight (HMW) structures, consisting of 12 or
18 adiponectin molecules; 2) low-molecular weight (LMW) structures, comprised of 6
adiponectin molecules; and 3) full-length adiponectin trimer, consisting of 3 adiponectin
molecules. HMW and LMW adiponectin are the predominant forms (90%) of
circulating adiponectin in humans. The existence of these various forms of adiponectin
in the circulation complicates analysis of serum adiponectin concentrations (Aleman et
al, 2014; Combs & Marliss, 2014). Two adiponectin receptors, AdipoR1 and AdipoR2,
mediate the metabolic effects of adiponectin by activating AMPK, peroxisome
proliferator-activated receptor-α (PPAR-α), and possibly other as-yet-unknown
signalling pathways (Kadowaki et al, 2006; Rabe et al, 2008).
In obesity, circulating adiponectin levels decrease rather than increase with fatmass expansion. The resultant hypoadiponectinemia is strongly associated with insulin
resistance, diabetes, metabolic syndrome, and NASH (Cnop et al, 2003; Combs &
Marliss, 2014; Kadowaki et al, 2006; Rabe et al, 2008; Tschritter et al, 2003).
Adiponectin also exerts potent anti-inflammatory (Ouchi et al, 2011) and anti-fibrotic
effects. It may therefore be an important factor in the progression of NAFLD to NASH.
In a murine model of NASH, serum adiponectin was substantially decreased compared
to control mice, in parallel with reduced expression of adiponectin in white adipose
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tissue and liver (Handa et al, 2014). Clinical data also support an inverse relationship
between serum adiponectin and pathogenic components of NAFLD. Values were
significantly lower in NASH patients than controls and correlated inversely with
steatosis severity (Musso et al, 2005a). Importantly, a meta-analysis of 27, mostly
cross-sectional studies, found that NASH patients had lower serum adiponectin
compared with patients with simple steatosis or healthy controls (Polyzos et al, 2011b).
This is consistent with the proposal that adiponectin may play a protective role in the
clinical progression of NAFLD.
Despite the afore-mentioned salutary effects of adiponectin in NAFLD, studies of
the role of adiponectin in HCC development have yielded contradictory results. In
clinical studies, serum adiponectin was significantly higher in patients with HCC than
among controls (Chen et al, 2012; Sadik et al, 2012). In agreement with these
observations, circulating adiponectin levels were significantly higher in patients with
cirrhosis and correlated strongly with markers of liver fibrosis (Balmer et al, 2010).
Interestingly, a large, multicentre, prospective study found that non-HMW adiponectin,
but not HMW adiponectin, was significantly associated with increased of HCC among
apparently healthy obese people (Aleksandrova et al, 2014). This finding suggests that
various forms of adiponectin may exert distinct roles in hepatocarcinogenesis.
1.4.5

Gut microbiota
Due to its unique anatomy, the liver is constantly exposed to products derived

from the gut microbiota via the portal vein and bile ducts. Intestinal microbial products
include LPS and CpG-containing bacterial DNA that contain signature motifs, termed
pathogen-associated molecular patterns (PAMPs). The recognition of PAMPs by tolllike receptors (TLRs) induces an inflammatory response. The most relevant of these
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TLR family members are TLR2, 4 and 9. TLR4 recognises the Gram-negative bacterial
cell wall component of LPS, TLR2 is a receptor for Gram-positive bacterial wall
components, and TLR9 recognises CpG-containing DNA (Seki et al, 2011; Wiest &
Garcia-Tsao, 2005).
Obesity has been associated with changes in gut microbiota, and it has been
proposed that these changes contribute to the pathophysiology of obesity (Duseja &
Chawla, 2014; Ley et al, 2006). For example, mice maintained in a germ-free (GF)
environment were protected against HFD-induced obesity; they developed less body fat
compared with mice with normal gut microbiota. Transplantation of cecal microbiota
from normal to GF mice increased total body fat (Backhed et al, 2007). It is also
possible that the obese microbiome confers an increased capacity to harvest energy from
the diet. Correspondingly, GF lean mice that received gut microbiota from obese ob/ob
mice had higher fat gain than those were transplanted with the lean-derived microbiota
(Turnbaugh et al, 2006), raising the possibility that obesity phenotype is transferrable.
Recent data have been interpreted as indicating that the gut microbiota could also
be a pathogenic factor in NAFLD. Thus, NAFLD patients exhibited increased
circulating levels of LPS-binding protein (Ruiz et al, 2007). In addition, a high
prevalence of small intestine bacterial overgrowth in parallel with enhanced hepatic
expression of TLR4 and circulating IL-8 has also been reported in NASH patients
compared with healthy controls (Shanab et al, 2011). MCD diet feeding increased
serum transaminase levels, and exacerbated steatosis and hepatic inflammation (HenaoMejia et al, 2012). Co-housing of inflammasome-deficient mice with Wt animals,
before induction of NASH with MCD, enhanced hepatic steatosis and inflammation in
Wt cage-mates, but antibiotic treatment abolished the NASH phenotypes in Wt cage-
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mates. These results indicate that the enhancement of NASH in Wt mice is attributed to
the transmissible colitogenic microbiota that are present in inflammasome-deficient
mice (Henao-Mejia et al, 2012). In a murine model of liver cirrhosis induced by bile
duct ligation, treatment with a cocktail of broad-spectrum antibiotics reduced plasma
LPS levels and prevented development of liver cirrhosis (Seki et al, 2007). This
suggests that gut microbiota could also contribute to the pathogenesis of liver cirrhosis.
More importantly, in patients with cirrhosis, increased translocation of bacteria or
endotoxin across the intestine was also reported (Cirera et al, 2001).
Similarly, clinical and experimental data have been consistent with a role of gut
microbiota in development of HCC (Hara, 2015; Roderburg & Luedde, 2014). Mice
subjected to DEN-induced hepatocarcinogenesis exhibit increased plasma levels of LPS
(Dapito et al, 2012; Yu et al, 2010). Conversely, treatment with antibiotics or gut
sterilization reduced HCC tumour burden, and this was associated with decreased
plasma LPS levels and hepatic expression of TNF-α and IL-6 mRNAs. LPS exerts its
effects primarily through TLR4. Accordingly, DEN-injected TLR4-deficient mice
displayed a substantial reduction in tumour number and size, associated with reduced
expression of genes involved in inflammation, fibrosis and cell cycle regulation (Dapito
et al, 2012). These data indicate that TLR4 is required for LPS-mediated promotion of
hepatocarcinogenesis.
Another study by Yoshimoto et al. has indicated an important role of intestinal
microbiota in obesity-promoted HCC. This study showed that dietary and genetically
obese mice exhibited increase circulating levels of deoxycholic acid (DCA), a
secondary bile acid product metabolized by gut bacteria. DCA provokes DNA damage
through ROS production. It also induces the senescence-associated secretory phenotype
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(SASP) in HSCs, which in turn promotes an inflammatory response. Because DCA has
been known to increase liver carcinogenesis, Yoshimoto et al. further blocked DCA
production or reduced gut bacteria and showed that these strategies efficiently prevented
HCC development in obese mice. Interestingly, cellular senescence and SASP changes
were also observed in HSCs in the area of HCC arising in NASH liver (Yoshimoto et al,
2013).
1.4.6

Genomic instability: role of DNA damage response pathway
Genetic changes are believed to accumulate during the multistep process of

hepatocarcinogenesis, leading to genomic instability in preneoplastic HCC tissues
(Farazi & DePinho, 2006; Harrison et al, 2009). Various mechanisms contribute to
genomic instability, including telomere shortening and erosion, defective chromosome
rearrangements and dysregulation of DNA-damage-response pathways (Farazi &
DePinho, 2006). In order to maintain genomic integrity, cells have developed a complex
series of mechanisms to sense and repair DNA damage; this is known as the DNA
damage response. DNA damage response pathways encompass a set of tightly
coordinated processes. In order, these include detection of DNA damage, accumulation
of DNA repair proteins at the site of damage, and finally repair of the lesion.
The checkpoint pathway is responsible for sensing DNA damage or errors in cell
cycle events, such as DNA replication or defective chromosomal segregation. Ataxiatelangiectasia mutated (ATM) and ataxia-telangiectasia and RAD3-related (ATR) play
an important role in coordinating the cellular response to DNA damage. ATM can also
be activated independently from DNA damage through redox-sensitive mechanisms
(Alexander et al, 2010; Ditch & Paull, 2012). Upon its activation, ATM promptly
spreads the DNA damage signals to change chromatin structure, activate cell cycle
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checkpoints, and effect DNA repair (Figure 1.6). For example, ATM regulates the G1-S
cell cycle checkpoint through p53 phosphorylation at Ser15, and activates checkpoint
kinase 2 (CHK2) through phosphorylation at Thr68. ATM activation can also induce
apoptosis and senescence via p53-dependent signalling (Bartek & Lukas, 2003; Ditch &
Paull, 2012; Khanna & Jackson, 2001). p21 is the main effector by which p53 mediates
G1 cell cycle arrest; it achieves this by inhibiting multiple cyclin/CDK complexes
(Philipp-Staheli et al, 2004).
Most of more subtle changes to DNA, such as oxidative lesions, addition of
alkylation products, and single-strand breaks (SSBs) are repaired through base excision
repair (BER). The key enzymes that catalyse BER are poly(ADP-ribose) polymerase
(PARP)1 and 2. Double-strand breaks (DSBs) are far more deleterious DNA lesions
within the cell, and their repair is intrinsically more difficult than other types of DNA
damage. DSBs can be generated as a result of exogenous agents, such as ionizing
radiation (IR), or from endogenously produced ROS.
There are two distinct and complementary mechanisms for DSB repair,
homologous recombination (HR) and non-homologous end-joining (NHEJ). HR acts
mainly in the S and G2 phases of the cell cycle. It is a conservative process that requires
a normal DNA template to restore the original DNA sequence at the site of damage.
Key proteins involved in mediating HR include BRCA1, BRCA2, and RAD51. In
contrast to HR, NHEJ occurs throughout the cell cycle and mediates repair by directly
ligating the ends of DSBs together. Thus, although it is mechanistically simpler, NHEJ
is error-prone than HR, and as a consequence more mutagenic. NHEJ is governed by
DNA protein kinase (DNA-PK), which consists of a DNA-PK catalytic subunit, and the
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regulatory proteins, Ku70 and Ku86 (Bartek & Lukas, 2003; Khanna & Jackson, 2001;
Lord & Ashworth, 2012).

Figure 1.6 DNA damage response pathways
In response to DNA damage from ROS or physical injury (eg. irradiation), ATM/ATR is
activated and transmits the signal to a series of downstream effector molecules. These include
p53, which signals via p21 and 14-3-3σ (a member of scaffold and adapter proteins) to inhibit
CDK/cyclin complexes, or to induce apoptosis. Cell cycle progression can also be inhibited by
the CHK1/2-Cdc25 cascade. ATM activation signals to BRCA1 to induce DNA repair by
RAD51, a component of the homologous recombination pathway. Abbreviations: ATM, ataxiatelangiectasia mutated; ATR, ataxia-telangiectasia and RAD3-related; BRCA1, breast cancer
gene 1; Cdc25, cell division cycle 25; CDK, cyclin-dependent kinase; CHK1/2, checkpoint
kinase 1/2, MDM2, mouse double minute 2; ROS, reactive oxygen species.
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Several studies have demonstrated a crucial role of DSB repair in the progression
of hepatocarcinogenesis. Mice lacking Ku70 exhibit accelerated DEN-induced HCC
development with striking chromosomal aberrations that resemble those in human
HCCs (Teoh et al, 2008). In addition, a proteomic analysis has shown that Ku86
expression is increased in HCCs compared with non-tumorous liver, and serum antiKu86 may be a potential biomarker for early diagnosis of HCV-related HCC (Nomura
et al, 2012). Up-regulation of DNA repair and damage can also be observed in liver
with cirrhosis, which is the major risk factor for HCC (Zindy et al, 2005).
1.5

Summary and aims of thesis
Obesity is an independent risk factor for HCC. It may be mediated by the

development of NAFLD and its progression to NASH. Metabolic factors associated
with obesity are likely part of the mechanisms by which obesity promotes
hepatocarcinogenesis. However, it remains unclear which of these factors are the most
relevant. HCC can occur in NAFLD patients in the absence of cirrhosis, suggesting
distinct molecular mechanisms may underlie the promotion of hepatocarcinogenesis in
fatty liver disease. In order to design chemoprevention against obesity-related HCC, it is
essential to identify relevant, pro-carcinogenenic signalling molecules amenable to
small molecule blockade. Given the global pandemic of obesity, it is also important to
develop preventive strategies for HCC that are low cost and accessible, such as lifestyle
modifications.
Towards these broad objectives, the principal aims of this thesis are to clarify the
molecular mechanisms that contribute to promotion of hepatocarcinogenesis in obesity
and NAFLD, and specifically:
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1.

To test whether obesity promotes the development of HCC in mice genetically
predisposed to hyperphagic obesity and diabetes, and to examine the role of the
DNA damage response in such promotion (Chapter 3)

2.

To examine metabolic and stress-responsive signalling pathways that may
contribute to enhanced hepatocarcinogenesis in obesity (Chapter 4)

3.

To

establish

the

role

of

JNK1

signalling

in

obesity-accelerated

hepatocarcinogenesis, and test whether a small molecule JNK inhibitor can
delay liver tumour development in obese, diabetic mice (Chapter 5)
4.

To establish whether obesity per se or obesity complicated by insulin resistance
and type 2 diabetes (the latter will be referred to “metabolic obesity”) is more
important in the acceleration of hepatocarcinogenesis (Chapter 6)

5.

To test whether regular exercise can delay HCC development in mice
genetically predisposed to obesity and diabetes (Chapter 7)
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2.1

Materials and methods

Reagents, kit and buffers
A list of general reagents, kits, and buffers used in this thesis are provided in

Appendix A.
2.2
2.1.1

Animals
Mice
All animal experiments were approved by the Australian National University

(ANU) Animal Ethics Committee under protocols A2011/40 and A2014/47. Male
NOD.B10, C57BL/6J and Balb/c mice were bred and maintained at the animal facility,
The Canberra Hospital. Jnk1-/- mice were obtained from Department of Nephrology,
Monash Medical Centre (Clayton, VIC, Australia) and bred at the animal facility, The
Canberra Hospital. Unless otherwise stated, mice were housed 3-5 mice per cage, under
specific pathogen-free conditions on 12:12 hour light-dark cycle at 22oC, and had adlibitum access to food and water.
2.1.2

Diets
Mice were fed standard rodent chow (4.8% fat, 59% carbohydrate, 20% protein,

0% cholesterol [w/w]) or atherogenic diet (23% fat, 45% carbohydrate, 19% protein,
0.19% cholesterol [w/w]) (Specialty Feeds, Glen Forrest, WA, Australia).
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Diethylnitrosamine (DEN)-induced HCC mouse model
DEN-induced hepatic tumourigenesis has been widely used to study HCC

pathogenesis due to its similarity to the histological and genetic features in the
corresponding human condition (Fausto & Campbell, 2010). DEN is a genotoxic
hepatocarcinogen that induces the formation of DNA adducts, which are believed to be
largely responsible for inducing carcinogenesis. The induction of liver tumours in mice
from all studies was performed by a single intra-peritoneal (i.p) injection of DEN
(Sigma Chemical, St Louis, MO, USA, 10 mg/kg body weight) at 12-15 days of age.
DEN solution was prepared in a concentration of 1 mg/mL by constituting with normal
saline. The solution was prepared freshly and protected from light until used. These
procedures were performed according to DEN standard operating prodecure. Control
mice were injected with saline.
2.1.4

Tissue Collection
At the end of the designated experimental period (as referred in each chapter and

figure legend), food was withdrawn for 4 hours to determine fasting blood glucose
(Advantage II glucometer, Roche, Indianapolis, IN, USA). Mice were put on general
anaesthesia by an intraperitoneal injection of ketamine hydrochloride (~100 mg/kg body
weight, Ilium) and xylazil (~20 mg/kg body weight, Ilium), and then sacrificed by
cervical dislocation. Blood was collected by cardiac puncture, and serum obtained by
centrifugation. All tissues were collected between 12.30 and 3 pm. Following cardiac
puncture, the liver was rapidly excised, and weighed. Freshly dissected liver tissues
were fixed in 10% buffered formalin for histological analyses, and the remaining was
snap frozen with liquid nitrogen and stored at -80oC until further analysis.
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Intraperitoneal glucose tolerance test (IPGTT)
IPGTT was performed to evaluate glucose tolerance. Prior to the test, mice were

fasted from 8:30 am for 4 hours; this was ensured by transferring them to clean cages so
that no food contamination existed in the bedding. Mice were allowed free access to
drinking water at all times. A 25% glucose solution was prepared by diluting 50%
(hypertonic) glucose solution with 0.15 M saline. A bolus of glucose (2 g/kg body
weight) was administered by intraperitoneal injection, injections being staggered
between individual mice at two minutes intervals. A 2 mm distal section of the mouse’s
tail was excised using a scalpel to allow blood to be collected for glucose measurement.
Blood glucose levels were determined using an Advantage II glucometer (Roche,
Indianapolis, IN, USA) at 0 (prior to glucose administration), 15, 30, 60, 120, 180 min
after glucose administration. This glucometer indicates “HI” when glucose
concentration is above 33.4 mmol/L. To accommodate this restriction on accuracy, we
use the value of 33.4 mmol/L for such instance to calculate group data. Blood glucose
levels were analysed at baseline and during the indicated time points of the tolerance
test. Additionally, area under the curve (AUC) was calculated as a reflection of the
circulating levels of blood glucose during the IPGTT.
2.3

Biochemical assays

2.4

Serum analyses
Serum ALT, AST, triglyceride and cholesterol were analysed using automated

techniques by Department of Clinical Chemistry, ACT Pathology, The Canberra
Hospital.
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2.5

Hepatic lipid analyses
Neutral

lipid

fractions

were

quantified

using

high-performance

liquid

chromatography (HPLC), while free and total fatty acids were separated by gas
chromatography (performed by Dr. Geoff Haigh, Division of Gastroenterology,
Veterans Affairs Puget Sound Health Care System and University of Washington,
Seattle, WA, USA).
2.6

Histological analysis
Freshly dissected liver tissues were fixed in 10% buffered formalin and paraffin-

embedded. Sections (4 µm) were stained with hematoxylin and eosin (H&E) by Anne
Prins at the Microscopy and Cytometry Resource Facility at the John Curtin School of
Medical Research (JCSMR, ANU, Australia). Dr Matthew Yeh, an independent liver
pathologist (Department of Pathology, University of Washington, Seattle), examined
liver histology for HCC diagnosis.
2.7

Immunohistochemistry (IHC)
Liver tissues were fixed in 10% neutral buffered formalin for 16-24 hrs, stored in

phosphate buffered saline (PBS) before embedding in paraffin. Tissue sections (4 µm)
were deparaffinised with xylene and rehydrated through graded ethanol. Antigen
retrieval was performed using 10 mM sodium citrate, pH 6.0 containing 0.5% (v/v)
Tween-20 at 123oC for 3 minutes in decloaking chamber (Biocare medical, Concord,
CA, USA). After washing with 1x TBST three times, the sections were treated with
blocking buffer (Millipore, Billerica, MA, USA) for 30 mins at room temperature to
block non-specific binding. To inhibit endogenous peroxidase activity, the sections
were incubated with 0.3% hydrogen peroxide diluted in water for 30 mins at room
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temperature. Subsequently, sections were incubated with corresponding primary
antibodies overnight at 4oC. After rinsing in 1x Tris-Buffered Saline and Tween-20
(TBST) three times, biotinylated secondary antibodies were applied for 30 min at room
temperature, followed by treatment with peroxidase-labelled streptavidin for 10 min at
room temperature. The peroxidase activity was developed with 3.3’-diaminobenzidine
(DAB; Millipore, Billerica, MA, USA) for 5-10 mins. Sections were then
counterstained for nuclei with Gill’s haematoxylin for 1 min, dehydrated and mounted
(ProSciTech (Kirwan, QLD, Australia).

Quantification of positive staining was

performed using Image J software on 10 random high-power fields per section and only
stained hepatocytes with intact nuclei were counted. Results were then normalized to
number of all hepatocyte nuclei and expressed as % of cells stained.
2.8

Semi-quantitative real-time polymerase chain reaction (qRT-PCR)

2.9

RNA extraction
Total RNA was extracted from liver tissue, tumours and hepatocytes using

TRIreagentÒ (Sigma Chemical Company, St Louis, MO, USA). Briefly, approximately
~30 mg tissue or 100 µL cells were homogenized in 1 mL TRIreagent and the mixture
was allowed to sit at room temperature for 10 mins, followed by centrifugation at
13,400 x g for 10 mins at 4oC to remove cell debris. Chloroform was added to each
mixture, vortexed vigorously, then allowed to sit at room temperature for 15 mins and
centrifuged at 13,400 x g for 10 mins at 4oC. The RNA, which was fractionated to the
clear upper phase, was transferred to a sterile microcentrifuge tube and precipitated by
the addition of isopropanol and 5 M NaCl overnight at -20oC. RNA was collected by
centrifugation, washed in 75% ethanol and then re-suspended in 50 µL of
diethylpyrocarbonate (DEPC)-treated water. RNA concentration and quality were
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assessed by using NanoDrop 1000 spectrophotometer (ThermoScientific, Wilmington,
DE, USA).
2.9.1

First strand cDNA synthesis
cDNA was reverse-transcribed from 5 µg of RNA using SuperscriptÒ III reverse

transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA). Firstly, total RNA
was added to master mix containing 0.7 µM dNTPs and 0.5 µg of random primers
(Promega, Madison, WI, USA) followed by incubating on a heat block at 65oC for 5-10
mins. After chilling on ice for at least 5 mins, the second master-mix was prepared (5
mM dithiothreitol [DTT] and 200 U of SuperscriptÒ III reverse transcriptase in a total
volume of 20 µL) and added to the first reaction mix. A thermal cycler was used to
incubate the reaction at 25oC for 5 mins, 55oC for 60 mins and finally inactivation by
heating at 70oC for 15 mins. Reaction was then quenched by adding 30 µL of
polymerase chain reaction (PCR) grade H20.
2.9.2

Gene expression analyses by qRT-PCR
qRT-PCR was performed on 1:20 or 1:50 diluted cDNA obtained from Section

2.6.2 using iQÔSYBRÒ Green Supermix on the iQÔ5 real-time thermal cycler (BioRad Laboratories, Hercules, CA, USA). PCR was carried out on 96-well plate in a total
volume of 20 µL with each reaction containing a final concentration of 1x iQÔSYBRÒ
Green Supermix and 200 nM of each primer. Thermal cycler parameters were as
follows: initial denaturation at 95oC for 3 mins, followed by 40 cycles of 95oC for 10 s,
60oC for 20 s and 72oC for 20 s.
Primers listed in Appendix B were designed using Beacon DesignerÔ and
manufactured by GeneWorks (Adelaide, SA, Australia) or ordered from KiCqStart™
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Primers (Sigma-Aldrich, Sydney, NSW, Australia). Melt-curve profiles were generated
by plotting the fluorescence as a function of temperature to confirm the specificity of
primers, as well as to reveal the presence of primer dimers. Serially diluted of pooled
cDNA was used to generated a standard curve, which was utilized to determine the
efficiency of PCR reaction. All data were normalized to the geometric mean of
housekeeping genes b-2 microglobulin (B2M) and ribosomal protein L13a (RPL13a)
(Vandesompele et al, 2002) and are presented relative to expression levels in salineinjected Wt mice. Relative expressions of target gene were calculated using the 2-DDCT
method (Schmittgen & Livak, 2008).
2.10

Immunoblotting

2.10.1 Total protein extraction
Total protein was isolated from frozen liver, tumours or cancer cells. Briefly,
tissue and cells were homogenized in 9X volume of ERK buffer (50 mM HEPES, pH
7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 0.1% Triton X-100)
containing freshly added protease (Roche Applied Science, Castle Hill, NSW,
Australia) and a phosphatase inhibitor cocktail (Sigma Chemical, St Louis, MO, USA).
Any remaining unsolubilized material was pelleted at 9,300 x g at 4oC for 5 mins, and
centrifugation was repeated twice. The resultant supernatant was aliquoted and stored at
-80oC for later use. Protein concentration was determined using Dc protein assay kit
(Bio-Rad, Hercules, CA, USA) with BSA as a standard.
2.10.2 Nuclear Extraction
Nuclear fraction was extracted using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce Thermo Scientific, Waltham, MA, USA). Approximately
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50-60 mg of frozen liver tissue was homogenized in 400 µL of cytoplasmic extraction
reagent (CER) I followed by vortexing for 15 secs. Protease and phosphatase inhibitor
cocktail (Sigma Chemical (St Louis, MO, USA) were added to prevent protein
degradation and maintained phosphorylation states. After incubation on ice for 10 mins,
22 µL of CER II was added followed by vigorous vortexing for 15 secs. Cytoplasmic
fraction was derived by centrifugation at 16,000 x g at 4oC for 5 mins. The insoluble
pellet was then resuspended in nuclear extraction reagent (NER) follow by repeated
vortexing every 10 mins for a total 40 mins. Nuclear fraction was collected after
centrifugation at 16,000 x g at 4oC for 10 mins. Protein concentration of cytoplasmic
and nuclear fractions was determined using Dc protein assay kit (Bio-Rad, Hercules,
CA, USA) with BSA as a standard.
2.10.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
Total protein (20-40 µg) was mixed with an equal volume of 2.5x reducing
sample buffer containing reducing agent 10% dithiothreitol (DTT), heated at 95oC for 5
mins and then cooled to room temperature. Samples were then resolved by SDS-PAGE
(115 volts, 60-120 mins) using a Mini-Protean II apparatus (Bio-Rad Laboratories,
Hercules, CA, USA) submerged in 1X Tris-glycine running buffer (50 mM Tris-HCl,
0.5 M glycine and 3 mM SDS). Corresponding resolving gels (5-12% polyacrylamide
gels) were used, depending on the size of the protein of interest.
2.10.4 Western Blotting
Following SDS-PAGE, protein fractions were transferred electrophoretically
(25V/1.0A, 30 mins) onto Immobilon-P polyvinylidene fluoride (PVDF) membranes
(Millipore, MA, USA) using semi-dry conditions (Trans-BlotÒTurboÔ Transfer
System, Bio-Rad Laboratories, Hercules, CA, USA). The membranes were first
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incubated non-fat dry milk or BSA in 1X TBST (50 mM Tris, 150 mM NaCl, 0.05%
(v/v) Tween-20, pH 7.4) for 1 h at room temperature to block non-specific binding. The
blots were then incubated with primary antibodies listed in Appendix C overnight at
4oC, followed by 1 h incubation with horseradish peroxidase-conjugated secondary
antibodies. After each incubation with primary or secondary antibodies, membranes
were washed (1X TBST, 3 x 5 mins). Protein bands were detected using Western
Lightning® Plus-ECL, Enhanced Chemiluminescence Substrate (Perkin Elmer,
Waltham, MA, USA). The molecular weight was verified by using prestained molecular
weight markers (Bio-Rad Laboratories,Hercules, CA, USA).
2.10.5 Densitometry analyses of western blot
Images were captured with Fujifilm LAS4000 mini and analysed using Multi
Gauge software V3.0 (Fujifilm Life Science). Briefly, boxes/circles of equivalent size
were traced around bands. A background box/circle of equal size was also placed in an
area on the membrane where no specific chemiluminescence could be detected; this was
set as ‘global’ background. The intensity of bands was quantified as the pixel intensity
per mm2, subtracting the ‘global’ background. Data were normalized to HSP-90 as
loading control and presented relative to saline-injected Wt mice.
2.11

Enzyme-linked immunoabsorbent assay (ELISA)
Serum levels of insulin, leptin, adiponectin, IL-6, and TNFα were measured using

commercial ELISA kits (Insulin, Millipore, Billerica, MA; all others R&D systems,
Minneapolis, MN, USA) according to manufacturer’s instruction. Briefly, diluted serum
was added to pre-coated microplates and incubated for 2 h at room temperature. After
this incubation period, the solution was discarded and the wells were washed 5 times
with washing buffer to remove any unbound substances. Next, enzyme-conjugated
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polyclonal antibody specific to corresponding protein was added to each well and
incubated for 2 h. Following a wash to remove any unbound antibody-enzyme reagent,
a substrate solution was added and incubated for 30 mins. The enzymatic reaction was
stopped by adding stop solution. The absorbance of the enzymatic product was
measured at 450 nm on FLUOstar OPTIMA microplate reader (BMG Labtech,
Ortenberg, Germany).
2.12

Statistical analyses
All data were presented as mean ± standard error of the mean (SEM). Differences

between groups were analysed with the statistical software GraphPad Prism for
Windows, Version 6.00 (GraphPad Software, CA, USA) and SPSS statistic version 22
(IBM Corp., Armonk, NY, USA) for Windows using Unpaired Student’s t test, one or
two-way analyses of variance (ANOVA) followed by Tukey’s or Bonferroni Post-hoc
for pairwise comparisons. The results were considered significant when P < 0.05.
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Hepatocellular carcinoma is accelerated in mice genetically
predisposed to obesity and diabetes

3.1
3.1.1

Introduction and aims
Obesity and HCC
As reviewed in Chapter 1 (section 1.1), HCC is the most common form of primary

liver cancer (World Health Organization, 2012) and the most lethal cancers, with 5 year
survival below 5% (Siegel et al, 2011). Accumulating evidence demonstrates that
obesity and its associated metabolic complications are viewed as important independent
risk factors for liver cancer development, both in the presence and absence of other risk
factors (see Section 1.2.1). In addition, diabetes has also been shown to increase HCC
prevalence and mortality (El-Serag et al, 2006; Lai et al, 2012; Wang et al, 2006), as
well as that of other cancers, particularly endometrial (Noto et al, 2010). The
contribution of obesity to overall HCC risk is likely driven by the development of
NAFLD (see Section 1.2.3). Given the growing pandemic of obesity and concomitant
increase in NAFLD cases in both developing and Western countries, even a small
increase in risk of HCC associated with obesity and NAFLD would pose an enormous
burden to human health.
Although epidemiological studies repeatedly show an association between obesity
and increased risk of HCC, the tumour-promoting factors attributable to obesity remain
inconclusive (El-Serag & Kanwal, 2014b). The use of human tissues for mechanistic
studies is limited and constrained by ethical considerations. Thus, animal studies have
been critical to understand disease pathogenesis, including HCC (Bakiri & Wagner,
2013; Fausto & Campbell, 2010). In order to accurately reflect human liver cancer,

Chapter 3 HCC is accelerated in mice genetically predisposed to obesity and diabetes

83

these animal models need to display the same spectrum of liver pathology that is
observed with human HCC. In addition, the metabolic contexts in which tumours
develop should recapitulate many aspects of those features associated with the human
condition. In the last few years, a number of models have been used to study obesity
and its metabolic complications including NASH and HCC (Larter & Yeh, 2008).
In general, obesity in these models is caused by chronic overnutrition.
Overnutrition has been achieved in several different ways, including HFD feeding and
the use of genetically hyperphagic animals (Larter & Yeh, 2008). However, there are
conflicting results as to whether obesity increases or attenuates hepatocarcinogenesis.
Park et al., demonstrated that both dietary and genetic obesity promoted DEN-induced
liver cancer, and proposed that the effect of obesity was dependent on chronic hepatic
inflammation, specifically activation of ERK and STAT3 caused by increased
production of TNF and IL-6, respectively (Park et al, 2010). Similarly, other studies
reported that mice exposed long-term to a HFD developed moderate to severe NASH
and spontaneous HCC without pre-existing cirrhosis (Dowman et al, 2014; Hill-Baskin
et al, 2009). In contrast, a recent study showed that HFD feeding decreased liver tumour
burden in rats when compared to DEN-treated rats fed chow diet (Duan et al, 2014).
These contradictory results highlight the need for more rigorous studies using suitable
animal models to provide in-depth molecular analyses of hepatocarcinogenesis in the
setting of obesity complicated by insulin resistance. In this thesis, this latter condition
will be referred to “metabolic obesity”.
To clarify the tumourigenic effect of obesity during hepatocarcinogenesis, we
employed foz/foz mice, a novel obese mouse model, using DEN as a classic
hepatocarcinogen. foz/foz mice inherit a spontaneous mutation of the murine equivalent
of the Alström gene (Alms1) leading to dysregulation of appetite control associated with

Chapter 3 HCC is accelerated in mice genetically predisposed to obesity and diabetes

84

post-natal loss of hypothalamic cilia (Arsov et al, 2006a; Heydet et al, 2013). This
causes hyperphagic obesity with secondary physical inactivity, hyperinsulinemia,
diabetes, dyslipidemia, hyperleptinemia, and hypoadiponectinemia. Chow-fed foz/foz
mice develop simple steatosis with minimal liver injury, whereas HFD-fed foz/foz mice
exhibit severe NASH with liver fibrosis (Arsov et al, 2006a; Larter et al, 2009; Van
Rooyen et al, 2011). Thus, this mouse model represents a valuable tool to establish
whether obesity/diabetes and fatty liver experimentally promote the development of
liver cancer, and if so to explore the possible aetiopathogenic mechanisms.
In humans, HCC is the end stage of chronic liver disease, comprising a multistep
process of hepatocarcinogenesis that evolves over decades. In the preneoplastic stage,
persistent hepatocellular injury is a common event. It may be caused by chronic
hepatitis, cirrhosis, or both. As a result of oxidative stress, or insertional mutagenesis in
the case of HBV, DNA lesioning occurs. Chronic injury also triggers compensatory
hepatocyte proliferation. This facilitates the development of monoclonal populations of
altered hepatocytes to form dysplastic cells. These cells subsequently form foci and
nodules which eventually develop into HCC (Greenbaum, 2004; Thorgeirsson &
Grisham, 2002). Thus, deciphering the complex molecular and cellular signalling during
the early events of hepatocarcinogenesis should advance our understanding of the
evolution of HCC and improve its prevention or early detection. In addition,
understanding mechanisms whereby obesity and diabetes promote liver cancer
development is important because some factors may be amenable to manipulation by
lifestyle intervention, nutritional changes or pharmacological agents (Farrell, 2014).
Genomic instability is a common feature of human HCC. It may be the result of
telomere erosion, chromosomal segregation defects, or alterations in the DNA damage
response pathways (Farazi & DePinho, 2006). Accelerated hepatocarcinogenesis in
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Mdr2-/- mice, a mouse model for human HCC resulting from chronic cholestasis with
liver inflammation, is associated with activation of the DNA damage response
machinery (reviewed in Chapter 1, Section 1.4.6). In turn, this increases genomic
instability during liver inflammation (Barash et al, 2010). Mice null for Ku70 are
defective in the NHEJ DNA repair pathway (catalyzed by Ku70:Ku80 heterodimer).
Ku70-/- mice develop HCC early (6 mths) after DEN injection and this is associated with
chromosomal abnormalities that are homologous to those observed in human HCC
(Teoh et al, 2008). These findings suggest that cellular responses to DNA damage can
cause CIN, which in turn may play an important role in hepatocarcinogenesis.
Although progression from inflammation to fibrosis and then cirrhosis is widely
accepted as the main mechanism underlying obesity-associated HCC, several studies
have suggested a role for DNA damage (Sun & Karin, 2011). Scarpato et al.
demonstrated that peripheral lymphocytes from overweight and obese children
exhibited higher rates of DSBs compared to those from normal-weight children. They
also found a positive correlation between the level of DSBs and markers of
inflammatory mediators in blood, such as IL-6 and C-reactive protein (CRP). These
results have been interpreted as an indication that DNA damage can be induced by
chronic low grade inflammation in the obese; this could contribute to the development
of cancer in later life (Scarpato et al, 2011).
The studies described in this chapter first outline how obesity and insulin
resistance resulting from overnutrition in appetite-defective foz/foz mice accelerate the
onset of hepatocarcinogenesis after DEN injection. We then used this model to
characterise the metabolic abnormalities and DNA damage response signalling that may
be involved in such enhanced development of HCC in obese diabetic foz/foz mice.
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Hypotheses and aims
The experiments reported in this chapter were designed to test the following

hypotheses:
1. Obesity promotes the development of DEN-induced HCC.
2. The metabolic abnormalities complicating obesity play a crucial role in
hepatocarcinogenesis.
The specific aims of this study were to characterise the pathogenic factors that
promote the development of HCC in obesity with regard to:
1. Metabolic defects and humoral changes that may be involved.
2. Identification of dysplastic hepatocytes in the pre-malignant stage.
3. Determination of indices of hepatocyte proliferation and apoptosis that may be
relevant to hepatocarcinogenesis.
4. Characterisation of DNA damage response pathways during DEN-induced
hepatocarcinogenesis in obese and diabetic vs lean mice.
3.2
3.2.1

Materials and methods
Animal studies
It should be noted that some of preliminary animal experiments and tissue

collection used in this thesis were performed by Dr Claire Larter. To induce HCC in
obese foz/foz NOD.B10 mice (a model described in Section 1.3), DEN (10 mg/kg body
weight) was injected intraperitoneally (i.p) into 12-15-day-old pups. Wild-type (Wt)
NOD.B10 littermates were used as lean controls of the same mouse strain, while salineinjected mice (CTL) represent treatment-matched control mice (Figure 3.1). Mice were
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housed 3-5 per cage, under specific pathogen-free conditions on 12:12 hour light:dark
cycle at 22oC. Mice were fed standard chow diet and given ad-libitum access to
drinking water. Chow diet contained (w/w): 4.8% fat, 59% carbohydrate, 20% protein,
0% cholesterol (Specialty Feeds, Glen Forrest, WA, Australia). All experiments were
approved by the ANU Animal Ethics Committee (protocols A2011/40 and A2014/47).
Serum and tissues were collected at 3, 6, 9 mths of age. At the end of study, mice were
fasted for 4 hours to determine fasting blood glucose.

Figure 3.1 Schematic of study design and timelines
At 12-15 days of age, a single intraperitoneal injection (i.p) of DEN (10 mg/kg body weight) or
saline to controls was administered. Wt NOD.B10 mice were used as lean controls for foz/foz
mice, while saline-treated mice (CTL) were used as treatment controls. Mice were fed standard
chow diet and tissues were collected in which of mice taken to 3, 6, and 9 mths of age.
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Serum and liver analyses
Serum ALT, cholesterol, and triglyceride were determined by automated

procedures in ACT Pathology, The Canberra Hospital. Commercial ELISA assays were
used to measure serum insulin, leptin, adiponectin, IL-6, and TNF-a as described in
Chapter 2 (Section 2.9). Neutral lipid fractions were quantified using high-performance
liquid chromatography (HPLC), while free and total fatty acids were separated by gas
chromatography (performed by Dr. Geoff Haigh, Division of Gastroenterology,
Veterans Affairs Puget Sound Health Care System and University of Washington,
Seattle, WA, USA). Hepatic expression of genes and proteins was analysed by qRTPCR, immunoblotting and IHC (described in Chapter 2). Specific antibodies used in
immunoblotting and IHC were iterated in Appendix C. Immunoblot data were
normalized to HSP-90 as loading control and presented relative to saline-injected Wt
mice (set at 1). To evaluate hepatocyte apoptosis, we performed immunostaining using
M30 monoclonal antibody to identify the caspase 3-cleaved product of cytokeratin 18
(Grassi et al, 2004), while dysplastic hepatocytes were identified using immunostaining
of glutathione-S transferase pi (GST-pi, kindly given by Prof. Philip Board).
3.2.3

Statistical analyses
Two-way ANOVA was performed to test for the effects of genotype (foz/foz vs

Wt) and treatment (DEN vs saline), followed by Bonferroni’s post hoc test. In the 6 mth
study, one-way ANOVA was used to compare between groups, followed by
Bonferroni’s post hoc test. Data are presented as mean ± SEM, with group size (n) ³ 6,
as indicated in figure legends and tables. P < 0.05 was considered significant. Statistical
analyses were performed using GraphPad Prism version 6.00 (GraphPad Software, San
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Diego California, USA), and SPSS statistic version 22 (IBM Corp., Armonk, NY, USA)
for Windows.
In results compiled as tables and figures, the following notations are used to
indicate statistical significance differences: (a) between genotypes, (b) between
treatment groups, and (c) between non-tumorous surrounding liver and HCC.
3.3

Results

3.3.1

DEN-induced HCC is accelerated in obese, diabetic mice
At 3 mths, there were no visible nodules in liver from DEN-injected foz/foz or Wt

mice. However, all foz/foz mice develop HCC by 6 mths, with two mice having lung
metastases. By contrast, none of the Wt littermates had macroscopic liver tumours (
Table 3.1). Regardless of genotype, HCC was observed in all mice at 9 mths after
DEN administration; however, more than 60% of foz/foz mice had lung metastases
compared to only one (<10%) Wt mouse.
Table 3.1 HCC incidence and frequency of lung metastases in foz/foz and Wt mice
6 mths
Genotype

9 mths

3 mths
HCC

Metastases

HCC

Metastases

Wt

0

0/11

-

11/11 (100%)

1/11 (9.1%)

foz/foz

0

12/12 (100%)

2/12 (17%)

11/11 (100%)

7/11 (64%)

As shown in Figure 3.2A, no liver tumours were observed in DEN-treated Wt
mice at 6 mths, but large tumour nodules were macroscopically visible in foz-foz
counterparts (Figure 3.2B). As shown in Figure 3.2C-D, histological examination of
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these tumours (by Professor Matthew Yeh, a liver pathologist with particular expertise
in NAFLD and HCC) showed features described as the steatohepatitic variant of HCC,
with large-droplet steatosis and mild inflammatory cell infiltration (Salomao et al,
2010).

Figure 3.2 foz/foz mice display steatohepatitic HCC at 6 mths
(A) Macroscopic appearances of representative liver from DEN-injected Wt and foz/foz mice at
6 mths of age compared with saline-injected (CTL) littermates. Arrows point to some of the
tumours in liver from a DEN-treated foz/foz mouse. There was no tumour macroscopically
visible in the liver of either its Wt counterpart or saline-injected mice. Histological
(hematoxylin/eosin staining) images of liver from a DEN-injected foz/foz mouse show (B) a
macronodule (scale bars = 1 mm, magnification x40), and (C) typical steatohepatitic HCC with
presence of macro and microvesicular steatosis. Arrows point to macrovesicular steatosis (scale
bars = 500 µm, magnification x400).
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foz/foz mice develop obesity, diabetes, and metabolic disorders
Since the focus of this thesis was on the molecular events that precede onset of

obesity-related HCC, subsequent measurements were performed on tissues harvested at
3 and/or 6 months. At all timepoints, foz/foz mice were heavier than Wt littermates (P <
0.0001, Figure 3.3A). In the 3-mth-cohort, relative white adipose tissue (WAT) weight
(as peri-epididymal fat) of foz/foz mice was twice that of Wt (P < 0.0001, Figure 3.3B),
but this difference was less pronounced in older mice. foz/foz mice exhibited
hepatomegaly compared to Wt counterparts (P < 0.0001, Figure 3.3C). At 6 mths,
hepatomegaly was even greater in DEN-injected obese mice (P < 0.001), indicating the
tumour burden in these mice.
As previously reported (Arsov et al, 2006a; Larter et al, 2009), foz/foz mice
developed early onset insulin resistance as shown by hyperinsulinemia (P < 0.05, Figure
3.3D). This resulted in a 3-fold-increase in fasting serum insulin compared with
corresponding Wt mice, albeit the apparent difference was not significant in DENtreated mice at 3 mths. Fasting blood glucose (FBG) was also increased (P < 0.05,
Figure 3.3E), and all foz/foz mice had established diabetes (FBG > 8 mml/L).
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Figure 3.3 foz/foz mice develop obesity and diabetes
(A) Whether injected with DEN or saline (control, CTL), foz/foz mice were heavier than Wt
littermates throughout the time course of these experiments. (B) They showed greater
epididymal WAT mass (as a proportion to body weight) and (C) developed hepatomegaly. (D)
Serum insulin was markedly increased, and (E) fasting blood glucose was higher in foz/foz mice
compared to Wt counterparts. With the exception of hepatomegaly, there was no effect of DEN
a

(vs. CTL) on any of these indices. Data are mean ± SEM (n = 9-15 mice/group). P < 0.05, vs.
b

treatment-matched genotype control, P < 0.05, vs. genotype-matched treatment control, by one
way or two-way ANOVA with Bonferroni’s post hoc test.

Consistent with earlier report (Arsov et al, 2006a; Larter et al, 2009), foz/foz mice
fed chow diet exhibited the same metabolic complications as those seen in human
obesity, including increased serum cholesterol and triglyceride levels (P < 0.0001,
Figure

3.4A

and

B).

Interestingly,

at

6

mths,

hypercholesterolemia

and

hypertriglyceridemia were more pronounced in DEN-injected than saline-injected
foz/foz mice (P < 0.01, Figure 3.4A and B). Further, at 3 mths, lipidomic analyses
revealed that fractions of hepatic lipids measured, including cholesterol esters (CE) and
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triglycerides (TG), were higher in obese foz/foz than lean Wt mice (P < 0.05, Figure
3.4C and D).

Figure 3.4 foz/foz mice display increased serum and hepatic lipid levels
Obese foz/foz mice had increased levels of (A) serum cholesterol and (B) serum triglyceride
compared to lean Wt mice, and at 6 mths there were higher levels in DEN-injected than salineinjected controls (CTL). (C) Hepatic lipid analyses in 3-mth-old mice showed that cholesterol
esters (CE) and (D) triglycerides (TG) levels were increased in foz/foz mice compared to Wt
a

counterparts. Data are mean ± SEM (n = 11-15 mice/group). P < 0.05, vs. treatment-matched
b

genotype control, P < 0.05, vs. genotype-matched treatment control, by one way or two-way
ANOVA with Bonferroni’s post hoc test.

Increased serum leptin and decreased serum adiponectin usually occur in obesity,
and changes in both these adipokines have been associated with insulin resistance and
cancer (Calle & Kaaks, 2004; Khandekar et al, 2011). Consistent with expansion of
adipose tissue (Figure 3.3B), foz/foz mice exhibited hyperleptinemia (P < 0.05, Figure
3.5A) at both 3 and 6 mths. Expression of leptin receptor mRNA was also markedly
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increased in the livers from DEN-injected obese mice than Wt counterparts, as well as in
HCC derived from obese foz/foz mice (P < 0.05, Figure 3.5B). Conversely, 6-mth-old
DEN-treated foz/foz mice exhibited reduced levels of serum adiponectin (P < 0.05,
Figure 3.5C). Surprisingly, hepatic expression of adiponectin receptor R2 (AdipoR2)
mRNA was higher in foz/foz mice compared to their Wt counterparts at 3 mths (P <
0.05, Figure 3.5D). However, at 6 mths, this receptor transcript was markedly downregulated in saline-injected foz/foz mice vs. Wt littermates, but there was no significant
difference after DEN injection.
3.3.3

Macrophage infiltration and expression of inflammatory mediators are

increased in liver from obese foz/foz mice, but without NF-κB activation
Obesity is associated with low-grade inflammation in adipose and other tissues,
and this is one favoured pathway for promotion of obesity-related cancers (Toffanin et
al, 2010). In contrast to a previous report in dietary-induced obese mice (Park et al,
2010), we did not find an increase in serum TNF-a levels in obese foz/foz mice. Instead,
TNF-a levels were highly variable, being detected in only a few mice in each group
(data not shown), and there was no correlation with obesity and HCC. Within liver
tissues, however, hepatic transcript levels of Tnf-a were persistently up-regulated in
obesity and HCC (Figure 3.6A). Despite this, it seems unlikely that tissue TNF-a was
increased as there was no activation of the pro-inflammatory transcription factor NFκB, as confirmed by no difference in nuclear translocation of p65 (Figure 3.6B).
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Figure 3.5 Alterations of serum leptin, adiponectin, and hepatic transcripts of their
receptors occur in obese foz/foz mice compared to lean Wt mice
Compared to Wt counterparts, (A) serum leptin was markedly increased in foz/foz mice
(irrespective of DEN injection), with (B) increased expression of leptin receptor (OB-R) mRNA
in non-tumourous liver and HCC from foz/foz mice. Conversely, (C) there was a slight decrease
in serum adiponectin at 6 mths (but not at 3 mths) in DEN-injected foz/foz vs. Wt mice. (D)
Hepatic expression of AdipoR2 mRNA was up-regulated in foz/foz mice at 3 mths. At the later
time point, AdipoR2 mRNA was lower in saline-injected (CTL) foz/foz mice than in Wt
counterparts, but this change was not seen in DEN-injected foz/foz mice or resultant HCCs. Data
a

b

are mean ± SEM (n = 7-10 mice/group). P < 0.05, vs. treatment-matched genotype control, P
< 0.05, vs. genotype-matched treatment control, by one way or two-way ANOVA with
Bonferroni’s post hoc test.

Likewise, serum IL-6 concentrations (which are induced by TNF-a) were not
different between obese foz/foz and lean Wt mice (Figure 3.6C). IL-6 has been
implicated in hepatocarcinogenesis via the activation of JAK2/STAT3 pathway (He &
Karin, 2011; Park et al, 2010). In present work, consistent with the failure of serum IL-6
to increase, there was no activation of STAT3 in fatty livers of these obese diabetic
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mice (Figure 3.6D). Further, hepatic expression of Il-1b mRNA was actually reduced
(slightly) in DEN-injected foz/foz mice compared to lean Wt counterparts at 3 mths;
values were comparable at 6 mths (Figure 3.6E). On the other hand, mRNA of
monocyte chemoattractant protein-1 (Mcp)-1, a potent macrophage chemokine (Figure
3.6F), and its receptor, CC-chemokine receptor (CCR) 2 (Figure 3.6G), were both
increased in obese mouse livers and obesity-related HCC. This finding provides at least
one explanation for recruitment of inflammatory cells into the liver.
Using F4/80 immunostaining for activated macrophages, the number of F4/80positive cells was increased in livers from obese mice, indicating increased hepatic
macrophage infiltration compared with few F4/80-positive cells in lean Wt mice (Figure
3.7). These findings are consistent with the idea that local rather than systemic
inflammation may be involved in obesity-associated hepatocarcinogenesis.
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Figure 3.6 Hepatic Tnf-a, Mcp-1, Ccr2 mRNAs are higher and Il-1b lower in obese
vs. lean mice, while activation of NF-κB and serum IL-6 do not differ
(A) Hepatic expression of Tnf-a mRNA was up-regulated in livers from obese foz/foz mice
compared to those from lean Wt mice at both 3 and 6 mths, and in HCC from obese mice, but
(B) hepatic nuclear NF-κB p65 levels were not different between groups. (C) Serum IL-6 levels
were not influenced by genotype or DEN injection. (D) At 6 mths, STAT3 phoshorylation did
not differ across all groups. (E) At 3 mths, hepatic Il-1b mRNA was slightly reduced in DENinjected obese foz/foz mice compared to lean Wt counterparts, but without significant
differences at 6 mths. Inflammatory mediators (F) Mcp-1 and (G) Ccr2 mRNAs were
significantly up-regulated in livers from obese foz/foz than lean Wt mice, as well as in HCC
a

from obese mice. W= Wt, F=foz/foz, H=HCC. Data are mean ± SEM (n = 7-10 mice/group). P
< 0.05, vs. treatment-matched genotype control, by one way or two-way ANOVA with
Bonferroni’s post hoc test.
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Figure 3.7 Increased macrophage infiltration in livers from obese foz/foz mice vs.
lean Wt mice at 3 mths
At 3 mths, F4/80 staining in liver sections demonstrated that activated macrophages (F4/80positive cells) were already appreciable in (B) liver from saline-injected (CTL) obese, and (D)
further exaggerated in liver from obese after DEN injection compared to (A and C) liver from
treatment-matched lean Wt mice. Panels are representative of 6 mice/group. Arrows indicate
F4/80-positive cells, scale bars = 100 µM, magnification x400.

3.3.4

Obese and diabetic mice exhibit enhanced growth of dysplastic hepatocytes

associated with increased hepatocellular injury and proliferation
In mouse and human hepatocarcinogenesis, development of HCC is preceded by
the formation of dysplastic/preneoplastic hepatocytes in a pre-malignant phase
(Hytiroglou et al, 2007). We used GST-pi immunostaining to identify dysplastic
hepatocytes at 3 mths of age (Pok et al, 2013). Saline-injected (CTL) Wt mice exhibited
minimal or no dysplastic hepatocytes (Figure 3.8A), but a small number of GST-pipositive cells was already present in livers from foz/foz mice injected with saline (Figure
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3.8B). DEN injection significantly increased the number of GST-pi-positive cells in
foz/foz mice (Figure 3.8D), but an apparent smaller increase in Wt mice was not
significant (Figure 3.8C). As shown in Figure 3.8E, DEN-treated foz/foz mice exhibited
more than twice the number of GST-pi-positive cells as correspondingly treated lean Wt
mice (3.7 ± 0.6% vs. 1.6 ± 0.2 %, P <0.05).

Figure 3.8 Increased number of dysplastic hepatocytes in livers of obese foz/foz
compared to lean Wt mice
Representative liver sections stained with GST-pi antibody from 3-mth-old mice show: (A)
minimal/no GST-pi positive cells in saline-injected (CTL) lean Wt mice, while (B) their salineinjected (CTL) obese littermates already exhibited few GST-pi-stained (dysplastic) hepatocytes.
After DEN injection, (C) there were few, if any, dysplastic hepatocytes in lean Wt mice, but (D)
numerous dysplastic hepatocytes in livers from obese foz/foz mice. Arrows indicate GSTpipositive hepatocytes. Scale bars = 100 µM, magnification x400. (E) Numbers of dysplastic
hepatocytes were significantly higher in obese foz/foz mice vs. genotype and treatment controls.
Quantification of GST-pi-positive cells was performed using Image J software and normalized
a

to number of hepatocyte nuclei. Values represent mean ± SEM (n=6-10 mice/group). P < 0.05,
b

vs. treatment-matched genotype control, P < 0.05, vs. genotype-matched treatment control, by
one way or two-way ANOVA with Bonferroni’s post hoc test.
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In humans, HCC usually develops in the context of chronic hepatocellular injury
such as viral hepatitis (Luedde et al, 2014). It was therefore of interest to establish
whether the extent of hepatocyte injury and cell death differed between obese and lean
mice. Irrespective of DEN treatment, serum ALT levels were higher in obese foz/foz
mice compared to corresponding lean Wt littermates (P < 0.05, Figure 3.9A), suggesting
obesity in this model is associated with increased liver injury.
Chronic hepatocyte injury may trigger programmed cell death, apoptosis. We
therefore assessed apoptotic hepatocytes using immunohistochemistry of M30, a
caspase 3-cleaved product of cytokeratin 18 which is specific for hepatocytes. Liver
from foz/foz mice exhibit many M30-positive hepatocytes, both in saline (CTL) and
DEN-injected animals (Figure 3.9C and E), while Wt mice display few M30 positive
cells (Figure 3.9B and D). Indeed, numbers of M30-positive hepatocytes were greater in
obese foz/foz than lean Wt mice after DEN injection (P < 0.01, Figure 3.9F). This
finding indicates the presence of hepatocyte apoptosis in livers of obese mice.
Consistent with this, hepatic expression of the pro-apoptotic protein, Bax, was higher in
livers from saline-injected (CTL) foz/foz than Wt mice (P < 0.05, Figure 3.9G), and
tended to be higher (though not significant) in livers from DEN-injected foz/foz vs. Wt
mice. Collectively, these results support the proposal that liver injury is increased in
obese foz/foz mice compared to lean Wt littermates, irrespective of DEN injection.
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Figure 3.9 Livers from obese foz/foz mice exhibit increased hepatocyte injury and
apoptosis compared to lean Wt littermates at 3 mths
(A) Regardless of DEN injection, serum ALT levels increased in obese foz/foz but not in lean
Wt mice. (B-C) M30 IHC of liver sections demonstrated appreciable numbers of M30-positive
cells in saline-injected (CTL) obese foz/foz vs. lean Wt mice. (D-E) Immunostaining of M30 in
liver sections from foz/foz and Wt mice. Arrows indicate M30-positive hepatocytes, scale bars =
100 µM, magnification x400. (F) DEN increased the number of M30-positive hepatocytes in
obese foz/foz mice, but not in lean Wt littermates. (G) Hepatic expression of pro-apoptotic Bax
was increased in saline-injected (CTL) foz/foz mice compared to genotype controls. W= Wt,
a

F=foz/foz. Values represent mean ± SEM (n=10-12 mice/group). P < 0.05, vs. treatmentmatched genotype control, by one way or two-way ANOVA with Bonferroni’s post hoc test.
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Persistently increased hepatocellular injury requires compensatory hepatocyte
proliferation to maintain organ homeostasis. By inducing such proliferation, chronic
injury is likely to play a role in the initiation and promotion of hepatocarcinogenesis
(Luedde et al, 2014). In order to establish whether increased hepatocyte proliferation is
characteristic during the early stage of hepatocarcinogenesis, we examined the
proliferative markers, cyclin D1, cyclin E, PCNA, and their cyclin-dependent kinases
(CDKs) in liver at 3 mths. Compared to lean Wt mice, hepatic expression of cyclin D1
was up-regulated in obese foz/foz mice, particularly after DEN injection (Figure 3.10A).
However, expression of its kinase, CDK4, remained unchanged (Figure 3.10B). Cyclin
E expression was also enhanced in livers from obese foz/foz vs. lean Wt mice this time
regardless of DEN treatment (Figure 3.10C), while CDK2 was comparable between
experimental groups (Figure 3.10D).
In addition to the changes in cyclin D1 and E, immunostaining revealed abundant
PCNA-positive cells in livers from saline-injected (CTL) foz/foz mice (Figure 3.10F),
but hardly any PCNA-positive cells in Wt counterparts (Figure 3.10E). The number of
hepatic PCNA-positive cells increased substantially as a result of DEN injection in
obese foz/foz mice (Figure 3.10H) compared to minimal change in lean Wt animals
(Figure 3.10G). Accordingly, livers from DEN-injected obese foz/foz mice exhibited a
4-fold-increase in the number of PCNA-positive cells compared to those from lean Wt
littermates (P < 0.0001, Figure 3.10I). Collectively, these results indicate that
hepatocellular proliferation is higher in livers from obese foz/foz mice in response to
both spontaneous and DEN-induced hepatocyte injury and apoptosis.
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Figure 3.10 Increased hepatic expression of cell proliferation markers in obese
foz/foz vs. lean Wt mice at 3 mths
(A) Hepatic expression of cyclin D1 was up-regulated in DEN-injected obese foz/foz compared
to lean Wt counterparts, (B) while its respective kinase, CDK4, remained unaltered. (C) Cyclin
E was increased in obese mice (vs. lean mice) regardless of DEN treatment, (D) while its kinase,
CDK2, did not differ between experimental groups. (E-H) PCNA immunostaining of liver
sections showed an increase of hepatocytes in cell cycle in saline-injected (CTL) obese foz/foz
mice, which was further enhanced by DEN. Arrows indicate PCNA-positive hepatocytes, scale
bars = 100 µM, magnification x400. (I) Quantification of PCNA-positive cells was performed
using Image J software; results were normalized to number of hepatocyte nuclei. W= Wt,
a

F=foz/foz. Values represent mean ± SEM (n=7-12 mice/group). P < 0.05, vs. treatmentb

matched genotype control, P < 0.05, vs. genotype-matched treatment control, by one way or
two-way ANOVA with Bonferroni’s post hoc test.
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Despite evidence of DNA damage in liver from obese foz/foz mice, ATM
and ATR fail to halt proliferation of damaged hepatocytes
DNA damage-induced genomic instability, such as CIN, is a common feature of

hepatocarcinogenesis and likely precedes the development of HCC. In the presence of
DNA damaging agents, such as DEN and aflatoxin, cells sense DNA strand breaks, and
respond promptly by signalling to downstream effectors to maintain cellular genome
integrity. The ATM and ATR members of Ser/Thr-protein kinases are major sensors of
DNA damage. They coordinate cellular responses to DNA damage by activating a suite
of DNA repair and signalling pathways, two main types of which are HR and NHEJ
(Ditch & Paull, 2012).
At 3 mths, hepatic expression of ATM was markedly increased in obese foz/foz
mice compared to lean Wt littermates regardless of DEN injection (P < 0.0001, Figure
3.11A). By 6 mth, hepatic expression of ATM was more pronounced in livers from
obese foz/foz mice compared to lean Wt (irrespective of DEN injection), as well as in
HCC derived from obese mice. Similarly, ATR was significantly induced in livers from
DEN-injected obese foz/foz compared to lean Wt mice at both time points (3 and 6 mths)
(P < 0.05, Figure 3.11B). In short, this increase in hepatic expression of both ATM and
ATR is clearly a response to enhanced DNA damage in obese foz/foz compared to lean
Wt mice.
The activation of cell cycle checkpoints delays cell cycle progression, allows
DNA repair, or eliminates DNA-damaged cells via induction of programmed cell death.
Together, these responses protect the organism from carcinogenesis (Bartek & Lukas,
2003). In response to DNA damage, activated ATM and ATR up-regulate and
phosphorylate a variety of effector molecules, such as the checkpoint kinases, CHK1
and CHK2 (Gatei et al, 2003; Sorensen et al, 2003). Total CHK2 did not differ across
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all groups (Figure 3.11C). However, at 3 mths there was comparatively reduced CHK2
phosphorylation in livers from saline-injected (CTL) obese vs. lean mice (P < 0.05,
Figure 3.11D). At 6 mths, phosphorylated CHK2 was uniformly lower, and actually
undetectable in some livers from obese foz/foz mice (vs. lean Wt littermates) especially
after DEN injection, and in HCC (P < 0.05, Figure 3.11D). At 3 mths, the hepatic
expression of CHK1 was lower in obese foz/foz than lean Wt littermates (irrespective of
DEN injection), but it was comparable at later age (P < 0.05, Figure 3.11E). We
interpret these findings to indicate that, despite up-regulation of ATM and ATR in
response to DNA damage in obese mice, there is defective cell cycle checkpoint control.
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Figure 3.11 Differential up-regulation of ATM, ATR, and target proteins that are
cell cycle regulators in foz/foz and Wt mice
Compared to lean Wt mice, livers from obese mice exhibited increased hepatic expression of
(A) ATM and (B) ATR, irrespective of DEN injection, at both 3 and 6 mths. (C) Total CHK2
expression was comparable across all groups. (D) CHK2 phosphorylation was decreased in
livers from saline-injected (CTL) obese foz/foz than lean Wt mice both at 3 and 6 mths. At 6
mths, there was an apparent reduction of phosphorylated CHK2 in obese vs. lean mice after
DEN injection. (E) At 3 mths, hepatic CHK1 was reduced in obese foz/foz compared to lean Wt
mice irrespective of DEN injection but similar at 6 mths. (F) At 3 mths, total p53 levels were
relatively lower in livers from DEN-injected obese foz/foz than lean Wt littermates. At 6 mths,
total p53 was downregulated in saline-treated (CTL), but not in DEN-injected, obese mice
compared to lean mice. (G) At 3 mths, p53 Ser20 phosphorylation was increased in livers from
obese foz/foz vs. lean Wt mice after DEN injection. However, at 6 mths, DEN significantly
reduced p53 Ser20 phosphorylation in livers from obese foz/foz mice vs. saline-injected (CTL)
littermates. (H) At 3 mths, p21 was induced in livers from obese foz/foz compared to lean Wt
animals following DEN injection, but significantly reduced in HCC vs. non-tumorous liver. W=
Wt, F=foz/foz, H=HCC. Values represent mean ± SEM (n=10-12 mice/group). aP < 0.05, vs.
treatment-matched genotype control, bP < 0.05, vs. genotype-matched treatment control, by one
way or two-way ANOVA with Bonferroni’s post hoc test.

3.4

Discussion
Despite obesity being an independent risk factor for HCC development,

understanding of the pathogenic basis for such association remains limited. In the
present study, we studied DEN-induced hepatocarcinogenesis in a model of obesity and
metabolic syndrome. We first confirmed that obese foz/foz mice exhibit DEN-induced
HCC by 6 mths, whereas lean Wt mice do not develop HCC until 9 mths of age; the
latter time course is completely consistent with previous studies (Pok et al, 2013; Teoh
et al, 2008), indicating the highly predictable, reliable nature of the DEN model in male
mice. Further, HCC development in foz/foz mice is associated with hyperinsulinemia,
diabetes, dyslipidemia, hyperleptinemia, hypoadiponectinemia and fatty liver, all very
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relevant to the metabolic complications of human obesity. In the host laboratory, foz/foz
mice have been shown to lose hypothalamic neuronal cilia after weaning (Heydet et al,
2013), thereby developing severe appetite dysregulation akin to children with Alström
syndrome. foz/foz mice develop early onset obesity, insulin resistance, diabetes, and
simple steatosis even when fed chow (Arsov et al, 2006a), thereby serving as a useful
model for studies of obesity-related complications, such as HCC. Enhanced liver
tumorigenesis has been previously reported in genetic and dietary models of obesity
(Dowman et al, 2014; Hill-Baskin et al, 2009; Park et al, 2010). However, as
hyperleptinemia is a common adipokine imbalance in obesity, use of ob/ob mice which
are deficient in leptin may not be an appropriate, relevant model to interrogate the
mechanisms of human obesity-related disorders. In the present model, the early onset (6
mths) and highly reproducible incidence (80-90%) of HCC in genetically obese foz/foz
mice provide logistic and biological advantages over other mouse models of obesityrelated HCC. For instance, less than 40% mice with diet-induced obesity develop HCC
by 9 mths of age (Park et al, 2010), while spontaneous HCC development in mice fed a
diet high in trans-fats and fructose was not apparent until after 12 mths (Dowman et al,
2014). Spontaneous HCC development has also been observed in foz/foz mice between
12-18 mths, but this would comprise an inconvenient HCC model that is less
reproducible (Larter, Teoh, Farrell-unpublished data).
Obesity is characterized by chronic low-grade inflammation in adipose and liver.
It has been proposed that this is the key mechanism for obesity-promoted
carcinogenesis (Sun & Karin, 2011). Park et al. showed that obesity induced by HFD
feeding increases production of IL-6. In their dietary model, IL-6 appeared crucial in
accelerating DEN-induced HCC as Il-6-/- mice were protected from HFD-promoted
hepatocarcinogenesis (Park et al, 2010). In the present work, serum IL-6 levels were

Chapter 3 HCC is accelerated in mice genetically predisposed to obesity and diabetes

109

noted to be low and comparable between obese foz/foz and lean Wt mice. Likewise,
ob/ob mice fail to display high circulating levels of IL-6 (Fantuzzi & Faggioni, 2000;
Griffin et al, 2009), despite enhanced DEN-induced HCC development (Park et al,
2010).

We

conclude

that

while

some

roles

for

IL-6

in

obesity-related

hepatocarcinogenesis cannot be totally discounted, it may not be applicable to all
models of obesity.
What we did find was that obese foz/foz mice exhibited liver inflammation with
abundant infiltration of macrophages and increased expression of transcripts for the
macrophage chemokine Mcp-1 and for Tnfa but not for Il-1b. Importantly, though,
despite these transcript levels suggesting increased expression of pro-inflammatory
mediators, NF-κB activation was not apparent. Taken together, these data indicate that
hepatic

inflammation

may

not

play

a

direct

role

in

the

promotion

of

hepatocarcinogenesis in obese foz/foz mice.
Adipokine dysregulation is known to participate in development of insulin
resistance (Rabe et al, 2008), hepatic steatosis (Chitturi et al, 2002) and NASH (Musso
et al, 2005b). These adipose tissue-derived hormones have also been implicated in the
growth and development of some types of obesity-related cancer (Housa et al, 2006;
Walker et al, 2012), including HCC. Obese foz/foz mice exhibit hyperleptinemia and
increased expression of leptin receptor transcripts in liver and HCC. Leptin is produced
mainly by white adipose tissue (WAT). It is the key regulator of energy balance and
body weight control. Although hyperleptinemia in obesity may initially be a
compensatory mechanism to preserve insulin sensitivity, persistent hyperleptinemia
may have adverse effects, including the promotion of insulin resistance, hepatic
steatosis, inflammation, fibrogenesis and carcinogenesis (Polyzos et al, 2011a). In vitro
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and in vivo studies signify a plausible role of leptin in hepatocarcinogenesis. Leptin
stimulates proliferation and migration of HCC cell lines (Ramani et al, 2008; Saxena et
al, 2007), increases cyclin D1 expression and protects HCC cells from apoptosis
induced by TGF-b1 (Chen et al, 2007a). A murine model lacking leptin receptor (db/db
mice) is protected from choline-deficient, amino acid-defined (CDAA)-induced
hepatocarcinogenesis, despite the development of steatohepatitis (Kitade et al, 2006).
These data could indicate an essential role of leptin signalling in the progression of
hepatocarcinogenesis in NASH.
In humans, evidence about the role of circulating leptin and HCC risk is
controversial; some studies have shown that serum leptin levels are higher in HCC
patients than healthy controls (Sadik et al, 2012; Saxena et al, 2007), but in another
study, serum leptin level failed to predict HCC development (Aleksandrova et al, 2014).
Leptin has also been shown to augment angiogenesis and tumour progression in human
HCC (Ribatti et al, 2008). Leptin and leptin receptor expression are barely detectable in
normal liver tissues, but highly expressed in human HCC nodules (Ribatti et al, 2008;
Stefanou et al, 2010). Leptin signals mainly via the JAK2/ STAT3 pathway (Polyzos et
al, 2011a); STAT3 is also activated by IL-6. STAT3 has been shown to be an essential
transcription factor in hepatocarcinogenesis (He & Karin, 2011). It is highly activated in
approximately 60% of human HCC cases (He et al, 2010), and correlates strongly with
poor prognosis (Calvisi et al, 2006). Despite increased levels of circulating leptin in
obese foz/foz mice, hepatic STAT3 activation was unaltered. Nonetheless, we have not
excluded a possible role for other signalling pathways, such as PI3K/AKT and ERK
which can also transmit the growth promoting effect of leptin (Saxena et al, 2007), and
for PI3K/Akt, which is highly responsive to insulin.
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Adiponectin is produced by white and brown adipose tissue. Unlike leptin, serum
adiponectin levels are reduced in obese, diabetic foz/foz mice, and in human NASH and
T2D. Adiponectin is a potent anti-inflammatory, insulin-sensitizing, and anti-fibrotic
agent, that has been suggested to play a role in the pathogenesis of obesity-associated
metabolic disorders, including insulin resistance, T2D (Rabe et al, 2008; Turer &
Scherer, 2012), NAFLD and NASH (Finelli & Tarantino, 2013; Hui et al, 2004). A
systematic review demonstrated that serum adiponectin levels are significantly lower in
NAFLD subjects and associate strongly with the progression from simple steatosis to
steatohepatitis (Polyzos et al, 2011b). In contrast with the generally consistent findings
linking hypoadiponectinemia with the development of obesity-related metabolic
abnormalities, current data on the role of adiponectin in hepatocarcinogenesis are
contradictory. In vitro and animal studies have suggested a protective role of
adiponectin in hepatocarcinogenesis. Adiponectin treatment inhibits proliferation,
increases apoptosis of HCC cells (Saxena et al, 2010; Sharma et al, 2010), and
supresses liver tumour growth in nude mouse models (Saxena et al, 2010). In humans,
however, serum adiponectin levels are significantly higher in HCC patients compared to
healthy controls (Aleksandrova et al, 2014; Chen et al, 2012; Khattab et al, 2012). In
contrast, hepatic adiponectin expression is substantially lower in HCC than in the
corresponding non-tumorous liver tissues (Shin et al, 2014), suggesting that tissue
expression of adiponectin, rather than its systemic level, may be more important in
hepatocarcinogenesis.
Two adiponectin receptor isoforms (AdipoR1 and adipoR2) have been identified
as mediators of adiponectin signalling cascades, and adipoR2 is highly liver specific
(Combs & Marliss, 2014). In the present study, hepatic expression of AdipoR2 mRNA
increased in 3-month-old obese foz/foz mice, was significantly reduced in saline-
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injected obese foz/foz mice (vs. lean Wt mice) at 6 mths, but appeared unaltered in nontumorous and HCC tissues derived from DEN-injected foz/foz mice. Such induction of
hepatic AdipoR2 expression may be a compensatory mechanism for insulin resistance in
obese foz/foz mice; a similar feature has been shown in insulin-resistant obese subjects
(Felder et al, 2010). Thus, in the present study, the low serum adiponectin level is
likely involved in the development of insulin resistance and diabetes in obese foz/foz
mice. Its tumour-facilitating effect on obesity-related HCC warrants further
investigation.
In addition to obesity, diabetes has been suggested to increase risk of HCC
(Adami et al, 1996; Davila et al, 2005; Lai et al, 2012). In this study, it is unclear
whether diabetes or obesity is more important in the growth promotion of dysplastic
hepatocytes and transition to HCC. Among other factors, insulin resistance and the
resultant hyperinsulinemia have been proposed to confer the cancer-promoting effects
of obesity and diabetes (Khandekar et al, 2011). In diabetic liver, not all insulin
signalling pathways are equally impaired. For example, while the gluconeogenic
pathways become insulin resistant, lipogenesis remains insulin-sensitive; this results in
the

triad

of

insulin

resistance,

hyperinsulinemia,

hyperglycemia,

and

hypertriglyceridemia. Thus, in the insulin-resistant state, specific tissues and signalling
pathways remain insulin sensitive and are exposed to high insulin concentrations.
It is also possible that insulin could promote hepatocarcinogenesis indirectly via
IGF-1, whose production is enhanced by hyperinsulinemia. In the physiological state,
IGFs promote cell growth, survival, and differentiation, whereas insulin exerts mainly
metabolic functions. However, recent evidence supports the proposal that insulin can
also mediate mitogenic effects (LeRoith et al, 1995; Osborne et al, 1976; Siddle et al,
2001), thereby promoting tumorigenesis. The potentially relevant pathways downstream
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of the insulin receptor include PI3K/AKT and RAS/MAPK. These signalling pathways
transduce the intracellular actions of insulin and IGF-1 and they are commonly
deregulated in HCC (Hopfner et al, 2008). In addition, mTOR, a key pathway mediating
insulin/IGF-1 signalling, has been identified as a potentially critical modulator of
hepatocarcinogenesis (Bhat et al, 2013). mTOR integrates diverse signals, such as
growth factors, cytokines, cellular energy levels, cellular stress, hypoxia, and DNA
damage, to regulate protein translation, cell proliferation, growth, and survival (Laplante
& Sabatini, 2012). mTOR signalling is aberrantly activated in about half of human
HCCs (Villanueva et al, 2008), and mice with liver-specific constitutive activation of
mTORC1 (Tsc1-/- mice) develop spontaneous HCC (Menon et al, 2012). Given the
presence of insulin resistance and hyperinsulinemia in obese foz/foz mice, and the
importance of PI3K/AKT/mTORC1 pathways in HCC development, further studies in
this model were designed to examine the activation status of these pathways and their
possible roles in the promotion of hepatocarcinogenesis in obese foz/foz mice. These
results will be discussed in the next chapter (Chapter 4).
Among the important findings from the present study is the presence of enhanced
growth of dysplastic hepatocytes in liver from obese foz/foz mice, which precedes the
development of HCC. The appearance of dysplastic hepatocytes, which may develop
into dysplastic nodules, is considered to herald early preneoplastic lesions (Park, 2011;
Seki et al, 2000). Such precancerous lesions are also present in cirrhosis and/or
chronically injured liver (Plentz et al, 2007). They are indicative of initial change in the
multistep process of hepatocarcinogenesis in humans (Farazi & DePinho, 2006;
Hytiroglou et al, 2007; Kim & Park, 2014), and are well-documented in DEN murine
models (Bakiri & Wagner, 2013; Bannasch et al, 1982; Pok et al, 2013; Wang et al,
2009). In our foz/foz mouse model, obesity appears to promote DEN-induced dysplastic
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change and HCC. Interestingly, pancreatic tissue obtained from obese individuals
frequently exhibits intraepithelial neoplasia, and the presence of such precancerous
lesions correlate positively with BMI (Rebours et al, 2015). Taken together, our data
support the proposal that obesity promotes the growth of pre-malignant cells, thereby
potentiating carcinogenesis initiated by other process.
Regardless of aetiology, 80% of HCCs develop in the context of chronic liver
injury. This induces a persistent cycle of cellular death and hepatocyte regeneration that
results in accumulation of genetic mutations in hepatocytes and expansion of initiated
cells, eventually leading to HCC (Kuraishy et al, 2011; Luedde et al, 2014; Nakagawa
& Maeda, 2012). In line with this notion, we found that the development of dysplastic
hepatocytes was accompanied by a greater extent of liver injury, as reflected by
increased serum ALT levels and markers of apoptosis. Serum ALT is the most
commonly used biomarker for liver injury in diagnosis and monitoring of chronic liver
disease (Kew, 2000). In the present experiments, high expression of apoptotic markers
including M30 immunostaining and pro-apoptotic Bax supported the presence of
apoptosis in response to liver injury in livers from obese mice.

M30 is the

fragmentation product of caspase-mediated cleavage of cytokeratin-18 (CK18), the
major intermediate filament protein in the hepatocytes (Grassi et al, 2004). M30 has
also been reported to increase substantially in liver tissues and serum of patient with
chronic HCV infection and its levels are positively correlated with stage of fibrosis
(Bantel et al, 2004), suggesting the importance role of apoptosis in disease progression
in HCV-infected patients. Further, mice carrying hepatocyte-specific deletion of
antiapoptotic proteins Mcl-1 or Bcl-xL not only exhibit increased rate of hepatocyte
apoptosis but also spontaneous HCC development (Hikita et al, 2012; Weber et al,
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2010). These data strongly support the tumor-promoting effect of hepatocyte apoptosis
in hepatocarcinogenesis.
Despite the fact that most hepatocytes are quiescent cells, the liver is endowed
with an astonishing ability to regenerate in response to hepatocyte cell death. Hence,
compensatory hepatocellular proliferation is a common feature paralleling persistent
hepatocyte cell death, and has been shown to contribute mechanistically to
hepatocarcinogenesis in animal models (Maeda et al, 2005; Vucur et al, 2013).
Increased hepatocyte proliferation has also been observed in HCV-cirrhotic human liver
in which HCC later developed (Dutta et al, 1998). In the present work, livers of obese
foz/foz mice exhibited greater proliferative activity (vs. lean Wt mice), as indicated by
expression of cyclin D1, E, and PCNA. A previous study in male mice has also shown
that altered hepatocytes expressing cyclin E accumulate in DEN-induced dysplastic
nodules (Pok et al, 2013). In that work, cyclin E knockdown impaired viability of
primary HCC cells derived from DEN-injected mice. Taken together, these findings
could indicate that cyclin E is important in the development of pre-malignant
hepatocytes, as well as for survival of HCC cells.
Another striking finding of the present study is that DNA damage sensors (ATM
and ATR) are up-regulated in livers from obese mice even without DEN administration,
and in HCC. CHK2 and CHK1 are the main kinase substrates of ATM and ATR,
respectively, and their activation is essential to mediate ATM and ATR-dependent
signalling in response to DNA damage. Despite the increased expression of ATM and
ATR in livers from obese foz/foz mice, such up-regulation did not activate CHK2 or
CHK1. Instead, livers from obese foz/foz mice exhibited reduced CHK2
phosphorylation and CHK1 expression compared with lean Wt mice. CHK2 has been
shown to regulate both stabilization and transcriptional activation of p53. Thus, Chk2-/-
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cells are unable to stabilize p53 (Hirao et al, 2000; Takai et al, 2002), resulting in
reduced p53 expression. Lack of CHK2 could therefore explain, at least in part, the
observation of low p53 levels in livers of obese mice. Further, p21, a major target gene
of p53 and cell-cycle inhibitor, was up-regulated during the early stage of
hepatocarcinogenesis, but markedly decreased in HCC compared to non-tumorous
surrounding liver. This finding may also reflect defective transcriptional activation by
p53 (Takai et al, 2002). Taken together, these results suggest that CHK2 and CHK1
activation is impaired in livers from obese foz/foz mice, in turn, this disrupts p53
stabilization and its function as transcriptional activator.
The loss of p53-cell cycle checkpoint occurs in more than 70% of human HCCs
(Tannapfel et al, 2001; Thorgeirsson & Grisham, 2002). It is associated with CIN,
whilst Atm-/- mice are resistant to DEN-induced HCC because of exaggerated upregulation of p53 (Teoh et al, 2010). In the present model, DEN injection enhanced the
early (3 mths) p53 Ser20 phosphorylation in livers from obese foz/foz mice, but this
change was not sustained to 6 mths compared to saline-injected obese foz/foz mice.
Thus, defective cell cycle checkpoint control by p53 may be lost in obese mice and is
potentially involved in the associated enhancement of hepatocarcinogenesis.
In summary, the results of this chapter show that obese and diabetic foz/foz mice
undergo accelerated DEN-induced liver carcinogenesis, which is preceded by increased
growth of dysplastic hepatocytes. The development of HCC in obese mice is associated
with increased hepatocellular injury, resulting in apoptosis and compensatory
hepatocellular proliferation. Despite increased expression of DNA-damage sensors
(ATM and ATR) in obese vs. lean mice, CHK2 and CHK1 were less activated. This
could, at least in part, affect the ability of p53 to inhibit proliferation of damaged and
altered hepatocytes during the progression of dysplastic hepatocytes to HCC in obese
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mice. In the present work, we found little evidence to support a key role of
inflammation in obesity-related hepatocarcinogenesis; IL-6 was not changed, and
hepatic TNF-a signalling was unlikely to be involved as NF-κB was not activated.
Obese mice also exhibited hyperleptinemia, but this did not induce STAT3 activation.
On the other hand, important metabolic and humoral changes accompanying early onset
hepatocarcinogenesis in this model are central, among which was striking
hyperinsulinemia. In the next chapter (Chapter 4), experiments are described that were
designed to examine whether these metabolic-related pathways could contribute to
hepatocarcinogenesis.
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Chapter 4. Metabolic and stress-response signalling pathways in obesity-promoted HCC

Chapter 4

Which metabolic and stress-response signalling pathways are
associated with promotion of hepatocarcinogenesis by obesity?

4.1
4.1.1

Introduction and aims
Molecular mechanisms linking obesity to hepatocarcinogenesis
In Chapter 3, we showed that mice genetically predisposed to obesity develop

early onset DEN-induced hepatocarcinogenesis. The metabolic abnormalities common
to obesity, including insulin resistance with hyperinsulinemia, type 2 diabetes,
dyslipidemia, changes of circulating adipocytokine levels, steatosis and hepatic
inflammation (Section 3.3.2 and 3.3.3) accompanied HCC development in this model.
Further, chronic liver injury with its consequences for enhanced hepatocyte apoptosis
and increased hepatocellular proliferation clearly preceded accelerated liver
tumorigenesis. We proposed that the latter changes could enhance the growth of altered
(dysplastic) hepatocytes (Section 3.3.4).
As

discussed

in

Chapter

3,

others

have

also

reported

enhanced

hepatocarcinogenesis in mouse models of genetic and dietary obesity (Dowman et al,
2014; Hill-Baskin et al, 2009; Park et al, 2010). However, despite the very strong
epidemiological and animal model evidence linking obesity to increased HCC risk, the
molecular mechanisms driving the initiation and promotion of hepatocarcinogenesis in
the context of obesity have not yet been clarified. Multiple mechanisms may be
involved. Thus far, some potential mechanisms have been identified, including chronic
low-grade inflammation induced by pro-inflammatory cytokines (Park et al, 2010),
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insulin resistance with resultant hyperinsulinemia (Chettouh et al, 2015; Khandekar et
al, 2011), and alterations of gut microbiota (Yoshimoto et al, 2013).
Park et al., (2011) proposed that increased circulating level of inflammatory
cytokines is an essential mechanism underlying increased risk of HCC in obese mice
(Park et al, 2010). In this work, Park et al. demonstrated that HFD-fed mice develop
more liver tumours following DEN injection than those fed low-fat diet. Further, they
found that enhanced IL-6 production and tumour necrosis factor signalling correlated
with enhanced liver tumour development in obese mice via activation of the oncogenic
transcription factor, JAK/STAT3 and ERK intracellular signalling pathways. However,
not all obese models show changes in these pro-inflammatory cytokines; ours do not. In
obese foz/foz mice, serum IL-6 was unaltered, while serum TNFa was detectable only in
a subset of mice. Similarly, ob/ob mice exhibit no changes in serum IL-6 concentrations
(Fantuzzi & Faggioni, 2000; Griffin et al, 2009), despite clear evidence of enhanced
DEN-induced hepatocarcinogenesis (Park et al, 2010). Importantly, a recent study
showed that abrogation of IL-6 signalling by knockdown of IL-6 receptor a (IL-6Ra)
prevents DEN-induced HCC in lean mice. However, HFD-fed IL-6a-/- mice developed
liver tumour to the same extent as Wt counterparts (Gruber et al, 2013). These data
indicate that IL-6-dependent signalling does play a role in DEN-induced HCC in lean
mice, but obesity promotes DEN-induced hepatocarcinogenesis by mechanisms that are
independent of IL-6 signalling.
Insulin resistance is a cardinal metabolic feature of obesity, T2D, and fatty liver,
and results in increased circulating insulin concentration. Hyperinsulinemia has
therefore been proposed as a potential link between obesity and HCC (Chettouh et al,
2015; Khandekar et al, 2011). The essential role of insulin signalling in
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hepatocarcinogenesis is underlined by the frequent dysregulation of its signalling
components in HCC. Overexpression of insulin receptor A has been reported in
approximately 40% of HCC cases (Belfiore et al, 2009; Chettouh et al, 2013).
Moreover, the expression of IRS-1 and IRS-2, key intracellular effectors of insulin
signalling, is frequently up-regulated in human HCCs compared to adjacent nontumourous liver tissues (Boissan et al, 2005; Tanaka et al, 1997). In addition to insulin,
the IGFs may be involved in obesity-related hepatocarcinogenesis (Khandekar et al,
2011). IGF1 and IGF2 are primarily produced in the liver and have high similarity with
insulin. Hyperinsulinemia increases the production of IGF-1 (Boni-Schnetzler et al,
1991). IGF system is one of the key drivers of hepatocarcinogenesis and has emerged as
a potential target for HCC treatment (Enguita-German & Fortes, 2014).
PI3K/Akt is a key signal-transduction pathway for growth factors, cytokines and
other cellular stimuli. These include insulin and IGF signalling (Celton-Morizur et al,
2009; Enguita-German & Fortes, 2014; Pirola et al, 2004; Pollak, 2008). Since its
discovery, the PI3K pathway has been implicated in carcinogenesis. Thus, dysregulation
of PI3K signalling cascades is one of the most common events in human malignancies
(Ding et al, 2008; Thomas et al, 2007; Wood et al, 2007), including HCC (Vivanco &
Sawyers, 2002; Zhou et al, 2011). Similarly, there is accumulating evidence to
implicate activation of Akt as a key oncogenic event in human hepatocarcinogenesis
(Quetglas et al, 2014; Villanueva et al, 2008). Approximately 40% of HCCs
demonstrate evidence of Akt activation (Villanueva et al, 2008; Zucman-Rossi, 2010).
In obesity-related HCC, enhanced Akt activation caused by increased insulin and IGF-1
levels has been proposed as one key mechanism underlying increased HCC
development (Calle & Kaaks, 2004). However, this proposal has been challenged by
Park et al., who observed reduced Akt activation as a result of insulin resistance in
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HFD-fed mice; they thought that the Akt pathway is unlikely to contribute to
accelerated hepatocarcinogenesis by obesity (Park et al, 2010).
Another

potential

candidate

signalling

pathway

linking

obesity

to

hepatocarcinogenesis is mTORC1 (reviewed in Chapter 1 Section 1.4.1.2). mTORC1
integrates nutrient and mitogenic inputs, and an important mediator of insulin/IGF-1
action. mTORC1 regulates most major cellular functions, including overall cell
metabolism, protein synthesis, growth, and proliferation (Bhat et al, 2013; Laplante &
Sabatini, 2012). Not surprisingly, up-regulation of the mTOR pathway has been
reported in ~70% of all types of cancers (Shaw & Cantley, 2006), while aberrant
activation of mTOR is present in half of human HCCs (Villanueva et al, 2008). The
importance of mTORC1 in hepatocarcinogenesis is further supported by the findings in
a mouse model with a liver-specific knockout of Tsc1; the resultant constitutive
activation of mTORC1 signalling led to spontaneous HCC development associated with
persistent liver damage, inflammation, necrosis and regeneration (Menon et al, 2012).
Two well-characterized downstream effectors of the mTORC1 are 4E-BP1 and
p70S6K; these control protein translation and cell growth. In addition, mTOR-S6K1
signalling has been shown to phosphorylate eIF4B, an essential component of
translation initiation (Shahbazian et al, 2010).
With respect to obesity, activation of the mTOR pathway has been reported to
play a role in the development of metabolic complications. Chronic mTORC1 activation
contributes to obesity by mediating excess fat deposition in white adipose tissue, liver
and muscle, which in turn impairs insulin signalling to cause insulin resistance (Musso
et al, 2016). The cellular mechanisms underlying activation of the PI3K/Akt/mTORC1
pathway in HCC are not fully understood. However, activation by upstream signals
seems likely be one mechanism. Thus, given the important role of hyperinsulinemia in
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obesity-associated metabolic disorders, together with the widely observed activation of
this pathway in hepatocarcinogenesis, PI3K/Akt/mTOR could be a potential pathway
linking obesity to hepatocarcinogenesis.
Autophagy is an essential pathway for degradation of cellular constituents, such as
damaged mitochondria (mitophagy). Autophagosomes are formed to deliver their cargo
of macromolecules to lysosomes. In this way, autophagy maintains cellular homeostasis
in response to nutrient stress (Glick et al, 2010). Constitutive mTOR activation is
known to inhibit autophagy, and defective autophagy has been reported in both genetic
and dietary models of obesity (Yang et al, 2010). Suppression of autophagy in obese
mice exacerbates insulin resistance and generation of ER stress. Of interest here,
autophagy-deficient mice developed spontaneous tumours, including liver tumours (Qu
et al, 2003; Takamura et al, 2011).
In addition to insulin resistance, oxidative stress may contribute to
hepatocarcinogenesis in obesity (Caldwell et al, 2004; Karagozian et al, 2014). In fatty
liver, increased fatty acid oxidation and hepatic inflammation produce a large amount of
ROS. This can cause oxidative damage in genomic DNA, which potentially leads to
chromosome instability and this could initiate hepatocarcinogenesis (Farrell, 2014;
Marseglia et al, 2014). NRF2 is an important transcription factor for cellular protection
against oxidant stress and xenobiotic insults. NRF2 was initially viewed as a tumour
suppressor due to its essential role in combating oxidant stress and DNA-damaging
electrophiles, thereby protecting cells from genotoxic damage. Surprisingly, emerging
data have revealed that NRF2 may exert pro-tumorigenic effects. Of interest here, NFR2
has been shown, under sustained activation of PI3K/Akt signalling, to shift glucose
metabolism toward purine nucleotide synthesis (Mitsuishi et al, 2012). This emerging
role of NRF2 provides congruent mechanism whereby NRF2 increases proliferation of
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tumour cells (Hayes & Ashford, 2012). Given the well-known presence of oxidative
stress in obesity and emerging data indicating a potential role of NRF2 in
hepatocarcinogenesis, we thought it would be also of interest to establish whether NRF2
signalling is involved in hepatocarcinogenesis in obese foz/foz mice.
4.1.2

Hypotheses and aims
In light of the strong associations between obesity, hyperinsulinemia, mTORC1

activation, and the possible role of Akt/mTORC1 in cancer growth, we proposed the
hypotheses that Akt/mTORC1 signalling plays an important role in promoting obesityaccelerated hepatocarcinogenesis. Having found clear evidence of such activation, we
postulated that blockade of mTORC1 with rapamycin should reduce growth of
dysplastic hepatocytes. Finally, we examined NRF2 signalling in response to oxidative
stress to clarify its possible role in obesity-enhanced hepatocarcinogenesis.
The specific aims of this study were to:
1. Assay the signalling proteins and transcriptional targets of Akt/mTORC1
signalling in obesity-accelerated hepatocarcinogenesis.
2. Test whether inhibition of mTORC1 with rapamycin prevents growth of
dysplastic hepatocytes in vivo in DEN-injected obese foz/foz mice.
3. Examine hepatic NRF2 signalling pathway that may be modulated by oxidant
stress generated by fatty liver disease in obesity, and investigate its role in
obesity-related hepatocarcinogenesis.
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Materials and methods
Animal studies
Data presented in this chapter were derived from the same animals employed in

chapter 3. These data are included as a separate chapter in order to focus on the role of
mTORC1 in obesity-accelerated HCC. In addition, separate experiments were
performed to test whether in vivo inhibition of mTORC1 with rapamycin prevents
growth of dysplastic hepatocytes in DEN-injected obese foz/foz mice. All experiments
were approved by the ANU Animal Ethics Committee (protocols A2011/40 and
A2014/47).
4.2.2

Rapamycin in vivo study
Male NOD.B10 foz/foz mice were given a single i.p DEN injection (10 mg/kg

body weight) at 12-15 days of age. To avoid repeated intraperitoneal injections of
rapamycin, the drug was administered orally by adding to standard rodent chow, as
described by others (de Gruijl et al, 2010). Rapamycin (300 mg, LC Laboratories,
Woburn, MA, USA) was mixed with 20 g of standard rodent chow as a “premix”. This
was used to prepare a pelletised diet containing 25 mg rapamycin/kg diet (Glen Forrest
Specialty Feeds, WA, Australia). Two weeks after DEN injection, mice were fed on
either rapamycin-containing diet or standard rodent chow and sacrificed at 3 months of
age. With roughly 40 g/wk of food intake by a 40-g mouse, we estimated that daily
intake of rapamycin was approximately 4 mg/kg body weight/day. All diet stocks were
refrigerated to avoid degradation. Mice were housed under a 12 hour light-dark cycle
and given free access to food and drinking water. At the end of feeding period, mice
were fasted for 4 hours and tissue was collected as described in Section 3.2.1.
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Intraperitoneal glucose tolerance test (IPGTT)
To evaluate glucose tolerance, an IPGTT was performed 2 weeks before

completion of the experiment (see Chapter 2 section 2.3 for detail procedures).
4.2.4

Measurement of hepatic GSH and GSSG
GSH is a ubiquitous tripeptide (g-glutamylcysteinyl glycine) present in millimolar

(mM) concentrations in tissues and micromolar (µM) concentration in bodily fluids.
GSH is critical for neutralizing ROS and electrophiles, so as to maintain cellular redox
balance, and thus protect cells from oxidative stress. Detoxification of xenobiotics is
another major function of GSH. Under oxidative conditions, GSH is oxidized to GSSG.
In turn, GSSG is reduced back to GSH by glutathione reductase, thereby forming a
redox cycle (Giustarini et al, 2013; Lu, 1999). As a result, low GSH and/or high GSSG
concentration and low GSH/GSSG ratio are well-established markers for intracellular
redox imbalance.
In these studies, we assayed GSH and GSSG using Cayman’s GSH assay kit
(Cayman Chemical, Ann Arbor, Michigan, USA). This utilizes an optimized enzymatic
recycling method catalyzed by glutathione reductase. Briefly, the sulfhydryl group of
GSH reacts with 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) or Ellman’s reagent to
produce a yellow compound, 5-thio-2-nitrobenzoic acid (TNB) that is measured
spectrophotometrically (Figure 4.1). The resultant disulphide complex formed between
GSH and TNB is reduced by glutathione reductase to recycle GSH and produce more
TNB. Thus, TNB concentration in the reaction assay is directly proportional to the
activity of this recycling reaction, which in turn is directly proportional to the GSH
concentration in the sample.
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Figure 4.1 Schematic principle of GSH and GSSG assays
The assay measures GSH. GSSG is measured after its reduction to two molecules of GSH by
glutathione reductase. The sulfhydryl group of GSH reacts with 5,5’-dithio-bis-(2-nitrobenzoic
acid) (DTNB) to produce a yellow compound 5-thio-2-nitrobenzoic acid (TNB). The mixed
disulphide, GSTNB (between GSH and TNB) that is produced concomitantly, is reduced by
glutathione reductase to recycle the GSH and produce more TNB. TNB was measured
spectrophotometrically at 405 nm (Giustarini et al, 2013).
Abbreviations: DTNB, 5,5’-dithio-bis-(2-nitrobenzoic acid); GR, glutathione reductase; GSH,
glutathione; GSSG, glutathione disulphide; TNB, 5-thio-2-nitrobenzoic acid (Giustarini et al,
2013).

For total glutathione (GSH + GSSG) measurement, approximately 30 mg of
frozen liver tissue was homogenized in 50 mM 2-(N-morpholino) ethanesulphonic
(MES) buffer (0.4 M MES acid, 0.1 M phosphate and 2 mM EDTA, pH 6.0) to give a
10% homogenate. After centrifugation at 10,000 x g at 4oC for 15 mins, supernatant was
collected. Due to the large amount of proteins (containing sulfhydryl groups) in tissue
homogenates, deproteination was performed by addition of an equal volume
metaphosphoric acid (MPA) reagent, followed by vigorous vortexing and incubation at
RT for 5 mins. After centrifugation at 5,000 x g at 4oC for 5 mins, supernatant was
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collected carefully without disturbing the precipitate. Before assay, deproteinated
supernatant was mixed with triethanolamine (TEAM) (1:20 dilution), vortexed and used
immediately for assay. Fresh assay cocktail was prepared by mixing the following
reagents: NADP+, glucose-6-phosphate, glutathione reductase, glucose-6-phosphate
dehydrogenase and 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) or Ellman’s reagent
with MES buffer. Standards were prepared in MES buffer to reach final concentrations
of 0.5, 1, 2, 4, 8, 12 and 16 µM. To both standards and samples, 150 µL of the freshly
prepared assay cocktail was added. Absorbance was then measured at 405 nm (5 min
intervals over 30 mins) on a FLUOstar optima microplate reader (BMG Labtech,
Ortenberg, Germany). The results reflected total glutathione in liver tissues. For GSSG
quantification, prior to mixing with assay cocktail, samples were deproteinated with
MPA followed by addition of 2-vinylpiridine (1:100 dilution) to derive GSH, and
samples were vortexed. After incubation at RT for 60 mins, the absorbance was
measured as previously described for total glutathione. Protein concentration of
homogenates was determined as described in Section 2.8.1. Hepatic GSH and GSSG
levels are presented as µM/mg protein.
4.2.5

Serum and liver analyses
Serum ALT, cholesterol and triglyceride were determined by automated

procedures in ACT Pathology, The Canberra Hospital. Commercial ELISA assays were
used to measure serum insulin, IGF-1 and IGF-BP3 as described in Chapter 2 Section
2.9. Hepatic expression of genes and proteins was analysed using qRT-PCR,
immunoblotting and immunohistochemistry as described in Chapter 2. Specific
antibodies used in immunoblotting and IHC were iterated in Appendix C. Immunoblot
data were normalized to HSP-90 as loading control and presented relative to salineinjected Wt mice (set at 1).
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Statistical analyses
Two-way ANOVA was performed to test for the effects of genotype (foz/foz vs.

Wt) and treatment (DEN vs. saline), followed by Bonferroni’s post hoc test. In the 6 mth
study, one-way ANOVA was used to compare between groups, followed by
Bonferroni’s post hoc test. Unpaired Student’s t test was used to analyse the difference
between rapamycin-fed and untreated mice. Data are presented as mean ± SEM, with
group size (n) ³ 6, as indicated in figure legends and tables. P value < 0.05 was
considered significant. Statistical analyses were performed using GraphPad Prism
version 6.00 for Windows (GraphPad Software, San Diego, CA, USA).
In results compiled as tables and figures, the following notations are used to
indicate statistical significance differences: (a) between genotypes, (b) between
treatment groups, and (c) between HCC and non-tumorous surrounding liver.
4.3
4.3.1

Results
mTOR is activated in livers of obese mice and in HCCs derived therefrom
To assess whether mTORC1 signalling is implicated in obesity-related HCC, we

first examined mTOR itself. At 3 mths, total mTOR was significantly up-regulated in
obese foz/foz compared to lean Wt mice, irrespective of DEN treatment (P < 0.01,
Figure 4.2A). At 6 mths, it was also increased in non-tumorous livers from obese foz/foz
vs. lean Wt mice (P < 0.05, Figure 4.2A). At 3 mths, mTOR phosphorylation was
substantially increased in livers from obese foz/foz compared to lean Wt animals,
regardless of DEN injection (P < 0.01, Figure 4.2B). However, such mTOR activation
was not evident at 6 mths.
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Activation of the mTORC1 signalling cascade occurs in livers and HCCs

from obese mice
To determine whether phosphorylated mTOR accumulation reflects activation of
mTORC1 signalling, we examined activation of downstream targets known to be
regulated by this cassette. mTOR phosphorylates the p70S6K1, an event that promotes
the phosphorylation of ribosomal protein S6 (Bahrami et al, 2014). Ribosomal S6 is a
33-kD protein within the 40S ribosomal subunit that mediates the binding of 5’m7GpppG cap of mRNA required for the initiation of translation (Hutchinson et al,
2011). As anticipated, increased phosphorylation of p70S6K1 (Thr389) was evident in
DEN-treated obese vs. lean Wt mice at 3 mths, but p70S6K1 (Thr389) levels did not
differ between groups at 6 mths (P < 0.05, Figure 4.3A). Further, using IHC, we
demonstrated that, while staining for phosphorylated S6 was hardly detectable in livers
of DEN-injected lean Wt mice (Figure 4.3B), there was an increased phosphorylation of
S6 in HCC arising in obese foz/foz mice relative to surrounding non-tumorous livers
(Figure 4.3C). Interestingly, as shown in Figure 4.3D, p-S6 immunostaining was not
only confined to lipid-laden hepatocytes, but was also present in non-parenchymal cells.
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Figure 4.2 Increased expression of total and phosphorylated mTOR in livers and
HCC from obese mice
(A) At 3 mths, total mTOR was up-regulated in livers from obese mice compared to lean Wt
mice, regardless of DEN treatment, and it was increased in non-tumorous livers from obese vs.
lean mice at 6 mths. (B) At 3 mths, phosphorylation of mTOR was increased in livers from
obese mice compared to lean counterparts, irrespective of DEN injection, but there was no
difference between groups at 6 mths. W= Wt, F=foz/foz, H=HCC. Values represent mean ±
a

b

SEM (n=6-11 mice/group). P < 0.05, vs. treatment-matched genotype control; P < 0.05, vs.
genotype-matched, treatment control by one-way or two-way ANOVA with Bonferroni’s post
hoc test.
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Figure 4.3 Increased activation of the downstream targets of mTORC1, p70S6K1
and eIF4B in livers from obese foz/foz mice
(A) At 3 mths, p70S6K1 phosphorylation was higher in livers from obese foz/foz than lean Wt
littermates after DEN injection (but not in livers from control mice). However, this increase of
p70S6K1 activation was not maintained at 6 mths. (B) p-S6 immunostaining was not apparent in
liver from a DEN-injected Wt mouse, (C) but was markedly increased in HCC tissue (H) vs.
surrounding non-tumorous liver (N). (D) p-S6 positive staining localized to non-parenchymal cells
as well as lipid-laden non-malignant hepatocytes (arrows), scale bars = 100 µM, magnification x100
(B-C) and x400 (D). W= Wt, F=foz/foz, H=HCC. (E) At 3 mths, eIF4B phosphorylation was
increased in livers from obese foz/foz vs. lean Wt mice, irrespective of DEN injection, and DEN
enhanced p-eIF4B expression in livers from obese foz/foz but not in lean Wt mice at 6 mths. Values
represent mean ± SEM (n=6-11 mice/group). aP < 0.05, vs. treatment-matched genotype control, by
one-way or two-way ANOVA with Bonferroni’s post hoc test.
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mTORC1 also regulates eukaryotic initiation factor 4B (eIF4B), an important
regulator of protein translation (Shahbazian et al, 2010). In further support of enhanced
mTORC1 activation, livers from obese foz/foz mice (irrespective of DEN injection)
exhibited enhanced eIF4B phosphorylation compared to those from lean Wt mice at 3
mths, and DEN increased phosphorylation of eIF4B in livers from obese foz/foz mice
(but not in lean Wt mice) at 6 mths (P < 0.05, Figure 4.3E).
4.3.3

Expression of positive and negative regulators of mTORC1 in obese and

lean mouse livers, and in HCC derived from obese mice
We next examined expression of the signalling molecules known to regulate the
mTORC1 pathway (Populo et al, 2012). Raptor positively regulates mTORC1
signalling, and functions as a scaffold for recruiting mTORC1 substrates.

TSC2

inactivates the Rheb GTPase, thereby inhibiting mTOR kinase activity. PRAS40 is a
subunit protein component specific to mTORC1. It associates with mTORC1 via raptor
to inhibit its catalytic activity (Laplante & Sabatini, 2012).
As shown in Figure 4.4A, DEN injection greatly enhanced raptor phosphorylation
in livers from obese foz/foz mice, but not in lean Wt mice; this difference was noted at
both 3 and 6 mths of age (P < 0.05). There were both similarities and differences in
hepatic expression of phosphorylated TSC2 between groups; DEN substantially
increased p-TSC2 in livers from obese foz/foz vs. lean Wt mice at 3 mths, but any
differences was lost at 6 mths, and p-TSC2 did not seem to be increased in HCC (P <
0.001, Figure 4.4B).
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Figure 4.4 Increased activation of both positive and negative regulators of
mTORC1 in livers from obese foz/foz mice
(A) DEN injection increased raptor phosphorylation in livers from obese foz/foz mice but not in
lean Wt littermates at both 3 and 6 mths. (B) At 3 mths, hepatic expression of phosphorylated
TSC2 was greater in DEN-injected obese foz/foz than lean Wt mice, but DEN induced TSC2
phosphorylation in both genotypes at 6 mths. (C) At both 3 and 6 mths, PRAS40
phosphorylation was not different across groups. W= Wt, F=foz/foz, H=HCC. Values represent
a

b

mean ± SEM (n=6-11 mice/group). P < 0.05, vs. treatment-matched genotype control; P <
0.05, vs. genotype-matched treatment control, by one-way or two-way ANOVA with
Bonferroni’s post hoc test.

At 6 mths, hepatic PRAS40 phosphorylation did not differ between obese and
lean ice following DEN injection (Figure 4.4C). Phosphorylation of both TSC2 and
PRAS40 is an inactivating step for what are mTOR repressors; the resultant derepression allows mTORC1 activation.
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Growth signalling inputs that regulate mTORC1 are enhanced in livers

from obese foz/foz mice
The connection between the metabolic context of obese foz/foz mice and
regulators of the mTORC1 pathway is likely to be hyperinsulinemia (Figure 4.5A). In
addition to its own direct effects, chronic hyperinsulinemia can upregulate both
synthesis and biological availability of IGF-1. It has been proposed that increased IGF-1
signalling contributes to obesity-related HCCs (Calle & Kaaks, 2004; Shimizu et al,
2012). In the present experiments, serum IGF-1 was higher, and serum IGF-binding
protein (IGF-BP) 3 was decreased in obese foz/foz mice compared to lean Wt
counterparts, irrespective of DEN injection (P < 0.05, Figure 4.5B and C). The increase
in serum IGF-1 and decrease in serum IGF-BP3 are consistent with increased
bioavailability of IGF-1 as a potential mediator for enhanced mTORC1 signalling in
these obese mice.
Akt/mTORC1 is the key pathway by which insulin/IGF-1 signalling regulates
protein synthesis and cell growth. Increased activation of Akt was frequently observed
in HCC cases (Chen et al, 2009; Zucman-Rossi, 2010). To determine whether Akt
pathway was involved in obesity-accelerated hepatocarcinogenesis, we examined its
activation by immunoblotting. At 3 mths, total Akt was significantly induced in livers
from saline-injected (CTL) obese foz/foz compared to lean Wt animals (P < 0.05, Figure
4.5D), but there was no difference between groups at later age (6 mths). Akt was highly
phosphorylated in livers from DEN-treated obese foz/foz mice compared to lean Wt
counterparts at 3 mths (P < 0.05, Figure 4.5E), but at 6 mths, Akt phosphorylation was
comparable across all groups. The early increase in hepatic Akt phosphorylation in
obese mice is consistent with the observed increase in serum insulin levels.
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Figure 4.5 Increased insulin/IGF-1 signalling and decreased AMPK activation are
evident in livers from obese mice
(A) Serum insulin was markedly increased in obese foz/foz mice compared to lean Wt
littermates, both at 3 and 6 mths. (B) Serum IGF-1 increased, (C) while serum IGF-BP3
decreased in obese vs. lean mice at 6 mths. (D) At 3 mths, total Akt was significantly upregulated in saline-injected (CTL) obese foz/foz vs. lean Wt mice (but not in DEN-injected
mice). At 6 mths, there was no difference in total Akt levels. (E) At 3 mths, Akt
phosphorylation was increased in obese vs. lean Wt mice after DEN injection, but there was no
difference between groups at 6 mths. (F) At 3 mths, total AMPK was greater in obese than lean
mice, but there was no significant different at 6 mths. (G) At 3 mths, AMPK phosphorylation
was lower in obese than corresponding lean Wt mice, but at 6 mths DEN substantially enhanced
AMPK phosphorylation in livers from obese mice compared to saline injected (CTL)
littermates. W= Wt, F=foz/foz, H=HCC. Values represent mean ± SEM (n=6-11 mice/group). aP
< 0.05, vs. treatment-matched genotype control; bP < 0.05, vs. genotype-matched treatment
control, by one-way or two-way ANOVA with Bonferroni’s post hoc test.

AMPK, a major sensor of cellular energy status, inhibits mTORC1 activity
through direct phosphorylation of TSC2 and raptor (Ma & Blenis, 2009). At 3 mths,
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total AMPK was greater in livers from obese foz/foz than lean Wt mice, irrespective of
DEN treatment. While an apparent difference remained at 6 mths, it did not reach
statistical significant (P < 0.05, Figure 4.5F). In contrast to total AMPK, AMPK
phosphorylation decreased in livers from obese foz/foz compared to lean Wt mice
(regardless of DEN injection) at 3 mths (P < 0.05, Figure 4.5G). Though at 6 mths,
DEN enhanced AMPK phosphorylation in livers from obese mice (vs. saline-injected
(CTL) obese mice) (P < 0.05, Figure 4.5G).
To assay further implication of chronic mTORC1 activation, we examined
autophagy proteins in livers. At both 3 and 6 mths, DEN increased the autophagy
substrate p62 in livers from obese mice, but not in lean mice (P < 0.05, Figure 4.6A).
However, p62 accumulation did not differ between HCC and surrounding non-tumorous
liver (Figure 4.6A). Despite this evidence of potential defect in autophagy in obese
foz/foz mice, hepatic expression of LC3B-I and II was variable, and there were no
significant differences between groups (Figure 4.6B and C).
4.3.5

Rapamycin fails to inhibit growth of dysplastic hepatocytes towards HCC

in obese mice
The data in section 4.3.1-4.3.4 are consistent with a potential role of mTORC1
signalling in promoting hepatocarcinogenesis in obese foz/foz mice. If mTORC1 is a
critical node for switching on progression to HCC, it should be possible to delay
hepatocarcinogenesis by inhibiting mTOR signalling. To test this proposal, we injected
foz/foz mice with DEN at 12-15 days of age, then from 6 weeks of age fed them normal
chow supplemented with rapamycin, a well-established mTOR inhibitor, until 3 mths of
age. As shown in Figure 4.7A-B, chronic rapamycin intake did not affect body weight
or adiposity in foz/foz mice, and there was no change in hepatomegaly (Figure 4.7C).
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Similarly, the metabolic abnormalities previously documented in obese foz/foz mice
(Section

3.3.2),

including

hyperglycemia,

hypertriglyceridemia,

and

hypercholesterolemia, were not ameliorated by rapamycin administration (Figure 4.7DF). Further, the result of IPGTT indicated that rapamycin administered in this schedule
did not significantly impair glucose tolerance (Figure 4.7G-H).

Figure 4.6 Increased expression of p62, but not other autophagy proteins in livers
from obese vs. lean mice
(A) Hepatic p62 accumulated in livers from obese foz/foz vs. lean Wt mice after DEN injection
at both 3 and 6 mths, and possibly in HCC (not significant). (B) At 3 mths, expression of LC3BI was lower in livers from saline-injected (CTL) foz/foz mice, but there was no significant
difference between groups at the later age. (C) Similarly, LC3B-II was variable between groups.
(D) Representative Western Blots for p62, LC3B, and HSP-90 (as loading control). W= Wt,
a

F=foz/foz, H=HCC. Values represent mean ± SEM (n=6-11 mice/group). P < 0.05, vs.
b

treatment-matched genotype control; P < 0.05, vs. genotype-matched treatment control, by
two-way ANOVA with Bonferroni’s post hoc test.
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Figure 4.7 Lack of effect of rapamycin on body weight, adiposity, hepatomegaly,
dyslipidemia, and glucose metabolism in foz/foz mice.
Rapamycin feeding did not affect (A) body weight, (B) adiposity, (C) hepatomegaly, serum (D)
triglyceride (TG), (E) cholesterol, and (F) fasting blood glucose levels in foz/foz mice. (G-H)
The apparent slight impairment of glucose tolerance after rapamycin exposure was not
significant. Data are mean ± SEM (n=9-10 mice/group).

To examine the efficacy of mTORC1 inhibition by rapamycin, we first assayed
hepatic expression of the mTORC1 signalling cascade. Rapamycin supplementation had
no effect on total mTOR (Figure 4.8A), but decreased mTOR phosphorylation in livers
from obese foz/foz mice compared to untreated mice (P < 0.05, Figure 4.8B). Both
p70S6K1 and S6 phosphorylation was unaltered (Figure 4.8C and D). Further,
rapamycin treatment clearly decreased hepatic eIF4B phosphorylation (P < 0.05, Figure
4.8E), suggesting that inhibition of mTORC1 signalling by rapamycin in this model is
independent of p70S6K1. Because the inhibition of mTORC1 will in turn increase the
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upstream PI3K/Akt pathway through an S6K1-feedback loop (Huang & Lin, 2013), we
also examined the activation status of Akt on Ser473. Consistent with no change in
activation levels of p70S6K1 and S6, Akt phosphorylation was not affected by
rapamycin treatment (Figure 4.8F).
Finally, we examined the efficacy of rapamycin administration to inhibit the
growth of dysplastic hepatocytes in the early stage of hepatocarcinogenesis. As
determined by immunostaining of GST-pi, dysplastic hepatocytes were abundant in
livers from untreated obese foz/foz mice after DEN injection (Figure 4.9A), consistent
with our previous observation in an earlier cohort of mice (Section 3.3.4). Despite the
inhibition of mTORC1 signalling in rapamycin-treated obese mice, rapamycin failed to
inhibit growth of dysplastic hepatocytes as demonstrated by an unchanged number of
GST-pi-positive cells (Figure 4.9B-C). Further, in line with a recent study (Umemura et
al, 2014), chronic inhibition of mTORC1 signalling by rapamycin tended to increase
liver injury, as indicated by an apparent increase (NS) in serum ALT levels compared to
untreated obese mice (Figure 4.9D).

On the other hand, markers of hepatocyte

proliferation, cyclin D1, cyclin E and PCNA were not altered by rapamycin
administration (Figure 4.9E-G).
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Figure 4.8 Rapamycin administration to foz/foz mice suppresses activation of
hepatic mTORC1-eIF4B, but does not alter p70S6K1 signalling
(A) Rapamycin treatment had no effect on total mTOR, (B) but inhibited mTOR
phosphorylation. (C) p70S6K1 was not altered by rapamycin treatment, (D) while an apparent
increase (not significant) in expression of p-S6 was seen in livers from rapamycin-fed mice. (E)
eIF4B activation was reduced after rapamycin supplementation. (F) Rapamycin treatment did
not affect Akt activation. (G) Representative Western Blots for mTOR, p-mTOR, p-p70S6K1,
p-S6, p-eIF4B, p-Akt and HSP-90 (as loading control). Values represent mean ± SEM (n=9-10
b

mice/group). P < 0.05, vs. genotype-matched treatment control, by unpaired t test.
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Figure 4.9 Rapamycin treatment fails to inhibit growth of dysplastic hepatocytes
during the early phase of hepatocarcinogenesis in foz/foz mice
(A-B) Representative images of liver sections stained with GST-pi antibody showed appreciable
expression of GST-pi positive cells in both controls (-) and rapamycin-fed (+) mice. (C)
Quantification of GST-pi positive cells was performed using Image J software; results were
normalized to number of hepatocyte nuclei. (D) Serum ALT levels appeared higher (NS) in
rapamycin-fed foz/foz than untreated foz/foz littermates, while (E) cyclin D1, (F) cyclin E, and
(G) PCNA remained unaltered. Values represent mean ± SEM (n=9-10 mice/group).

4.3.6

NRF2 is activated in livers from obese mice, with associated metabolic

reprogramming to promote nucleotide synthesis
The earlier sections (4.3.1-4.3.5) showed that mTORC1 activation occurs in livers
from obese mice, seemingly independent of DEN administration. However, although
mTORC1 is also active in resultant HCC, administration of rapamycin failed to alter the
early stages of hepatocarcinogenesis. We therefore wondered whether other molecular
signalling pathways could be involved to explain how metabolic abnormalities
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accelerate hepatocarcinogenesis in obesity. Oxidative stress plays a pivotal role in the
development of metabolic abnormalities in obesity (Furukawa et al, 2004; Leclercq,
2012; Marseglia et al, 2014). It is also one candidate mechanism mediating increased
HCC risk by obesity (Caldwell et al, 2004; Farrell, 2014; Khandekar et al, 2011). We
therefore examined the nuclear expression levels of NRF2, a major regulator of adaptive
responses against oxidative stress. At 3 mths, nuclear NRF2 was markedly up-regulated
in livers from obese foz/foz compared to lean Wt mice, irrespective of DEN injection (P
< 0.01, Figure 4.10A), but by 6 mths, the apparent increase of nuclear NRF2 in livers
from saline-injected (CTL) foz/foz mice (vs. Wt littermates) was no longer significant
(Figure 4.10A). There was no difference in nuclear expression of NRF2 between DENinjected mice and in HCC (Figure 4.10A).

Chapter 4. Metabolic and stress-response signalling pathways in obesity-promoted HCC

Figure 4.10 See following page for figure legends
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Figure 4.10 Nuclear NRF2 expression is increased in livers from obese foz/foz mice,
associated with up-regulation of genes involved in oxidative stress response and
purine nucleotide synthesis
(A) At 3 mths, nuclear NRF2 accumulated in livers from obese vs. lean mice, irrespective of
DEN treatment, but NRF2 expression was not different in the later age (6 mths). (B) At 3 mths,
hepatic expression of Nqo1, Hmox-1, Gclc and Gclm mRNAs were all up-regulated in obese
foz/foz (with the exception Hmox-1 in DEN-injected mice) compared to lean Wt mice. At 6
mths, (C) there was no change in hepatic GSH levels between groups, but (D) hepatic GSSG
levels were higher in livers from obese foz/foz than lean Wt mice, (E) with reduced GSH:GSSG
ratio. (F) At 3 mths, hepatic mRNA expression of Taldo1, Tkt, Pgd and Idh1 were all increased
in obese foz/foz compared to lean Wt mice, irrespective of DEN treatment. W= Wt, F=foz/foz,
a

H=HCC. Values represent mean ± SEM (n=6-11 mice/group). P < 0.05, vs. treatment-matched,
genotype control by one-way or two-way ANOVA with Bonferroni’s post hoc test.

To assess the functional significance of NRF2 activation, we analysed the
expression of NRF2-regulated genes at 3 mths. In line with increased nuclear NRF2,
Nqo1, Hmox-1, glutamate-cysteine ligase catalytic subunit (Gclc), and glutamatecysteine ligase modifier subunit (Gclm) mRNA were all up-regulated in livers from
obese foz/foz mice (irrespective of DEN injection) compared to their lean Wt littermates,
with the exception of Hmox-1 (P < 0.05, Figure 4.10B). Because NRF2 is the major
transcription factor protecting cells from ROS-mediated cytotoxicity, its induction may
reflect a response to increased oxidant stress in obese foz/foz mice. We therefore
determined redox status in terms of hepatic GSH and GSSG levels at 6 mths. As shown
in Figure 4.10C, there was no difference in GSH levels between groups, but obese
foz/foz mice exhibited an increase in hepatic GSSG regardless of DEN injection, with
resultant decrease in the GSH:GSSG ratio compared to lean Wt littermates (P < 0.05,
Figure 4.10D-E). However, there was no further differences in GSSG levels or
GSH:GSSG ratio between HCC and non-tumorous liver. NRF2 may promote
tumorigenesis by reprogramming metabolic pathways to support the increased
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nucleotide synthesis required by cancer cells (Hayes & Ashford, 2012; Mitsuishi et al,
2012). In doing so, NRF2 controls the expression of enzymes involved in the pentose
phosphate pathway, including Taldo1, Tkt and Pgd (described in Section XX). Further,
NRF2 regulates Idh1, which generates the NADPH required for macromolecule
synthesis. Consistent with the accumulation of nuclear NRF2 at 3 mths, hepatic mRNA
levels of Taldo1, Tkt, Pgd and Idh1 were markedly up-regulated in livers from obese
mice compared to lean mice, irrespective of DEN injection (P < 0.05, Figure 4.10F).
4.4

Discussion
Growing epidemiological evidence supports the association between obesity and

increased HCC risk. However, despite several proposed molecular pathways driving
carcinogenesis in obesity, those that are critical mechanistically remain unclear. In
Chapter 3, we demonstrated in foz/foz mice, which are genetically predisposed to
metabolic obesity, the onset of HCC after DEN injection is accelerated compared to
lean Wt mice. foz/foz mice also exhibit a full range of metabolic complications of
obesity, including hyperinsulinemia, diabetes, hepatic steatosis and alteration of
adipokine

secretion;

some

or

all

of

the

changes

could

contribute

to

hepatocarcinogenesis. Unravelling signalling pathway involved in obesity-related
hepatocarcinogenesis is necessary for the development of targeted therapy to prevent
(chemoprevention) or treat this devastating disease. The key aim of this chapter was to
characterise the molecular signalling pathways pertinent to metabolic obesity that may
contribute to enhanced HCC development in foz/foz mice. The particular focus was to
identify metabolic-related and redox stress-inducible signalling pathways involved in
hepatocarcinogenesis.
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We first studied the mTORC1 pathway in this model. mTOR has a major role in
controlling global cellular functions, such as growth, proliferation and survival. It does
this through the regulation of protein, lipid synthesis and cellular autophagy. In view of
these cardinal functions, mTOR signalling has been implicated in many human diseases,
including cancer, type 2 diabetes and neurodegeneration (Laplante & Sabatini, 2012;
Ma & Blenis, 2009). The mTORC1 pathway also contributes to the development of
hepatic insulin resistance and chronic liver inflammation (Wang et al, 2010), as well as
promoting de novo hepatic lipogenesis in HCC (Calvisi et al, 2011); these are all factors
that could contribute to the development and progression of NAFLD.
With respect to carcinogenesis, aberrant mTOR activation has been noted in
~70% of all types of cancer (Shaw & Cantley, 2006), and has been reported in up to
50% of human HCCs (Villanueva et al, 2008). Mice with hepatocyte-specific deletion
of Pten, the tumour suppressor that inhibits mTORC1 signalling, eventually (after 40
wks) develop histological features of NASH, including macrovesicular steatosis,
ballooning hepatocytes, lobular inflammation and perisinusoidal fibrosis (Watanabe et
al, 2005). By 80 wks, they develop HCC, but this is a relatively late for an HCC mouse
model. In another animal study, constitutive activation of mTORC1 signalling due to
liver-specific deletion of Tsc1 induced sequential pathological development of liver
damage, inflammation, necrosis, regeneration and eventually HCC by 9-10 mths
(Menon et al, 2012). Similarly, Park et al. also showed that by 9 mths, HFD-fed mice
displayed enhanced DEN-induced hepatocarcinogenesis compared to mice fed low-fat
diet. In this study, HCC development was also accompanied by increased mTOR
signalling (Park et al, 2010). Together, these studies and ours support the important
association between mTORC1 activation and hepatocarcinogenesis.
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The first new finding presented in this chapter was that obese foz/foz mice
exhibited increased mTORC1 activation in livers from an early age. This early timing
allows the possibility that mTORC1 signalling could contribute to the enhanced growth
of dysplastic hepatocytes observed in the premalignant stage of hepatocarcinogenesis
(see section 3.3.4). Further, sustained mTORC1 signalling was observed in tumours and
adjacent non-tumorous livers from obese mice as demonstrated by p-S6
immunostaining. S6 is a main target of mTORC1. In line with this finding, others have
reported increased mTORC1 activation in liver tumours arising in HFD-fed obese mice
(Park et al, 2010), suggesting the importance role of mTORC1 signalling in both
genetic and dietary obesity in the promotion of liver tumorigenesis. Of note, increased
S6 phosphorylation was detected not only in fat-laden hepatocytes, but also in nonparenchymal cells. This finding suggests a potential role of mTOR signalling in
inflammatory cells to promote chronic liver inflammation, which as discussed in
chapter 3 could also contribute indirectly to HCC development. Interestingly, a recent
study has demonstrated that ablation of mTORC1 signalling in macrophages, achieved
by deletion of Raptor, reduced HFD-induced insulin resistance, steatosis, liver and
adipose inflammation (Jiang et al, 2014b). This finding highlights the potential role of
the mTORC1 pathway in macrophages in the development of metabolic complications
of obesity. In the future, clarification of the cell-specific roles of mTORC1 signalling
could be valuable information for unravelling the complex mechanisms of
hepatocarcinogenesis in obesity.
Given the increased activation of mTORC1 signalling in livers from obese foz/foz
mice, we next determined the possible factors that may modulate mTORC1 activity.
Several environmental signals, including growth factors, nutrients, and hormones,
control mTORC1 via the phosphorylation of its negative or positive regulators
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(described in Chapter 1, Section 1.4.1.2). In obese foz/foz mice, the most likely humoral
regulators of mTORC1 are hyperinsulinemia and increased biological availability of
IGF-1, afforded by the decrease in IGF-BP3 and increased total IGF-1. IGF-1 also
signals via the PI3K/Akt pathway. Akt is known to phosphorylate TSC2, causing its
inactivation which, in turn, releases suppression of mTORC1 activation (Huang &
Manning, 2008; Laplante & Sabatini, 2012; Ma & Blenis, 2009). Our observation that
livers of obese mice exhibit enhanced TSC2 phosphorylation at an early age compared
to lean mice, is consistent with increased Akt activation. Another regulatory mechanism
is via Akt-mediated phosphorylation of PRAS40. This dissociates PRAS40 from
mTORC1 so as to release its inhibitory constraint, thereby increasing mTORC1 activity
(Vander Haar et al, 2007). In the present work, PRAS40 phosphorylation was unaltered
in livers from obese foz/foz vs. lean Wt mice at 3 mths, but an apparent increase in
PRAS40 activation, albeit not significant, appeared to occur in these mice at a later age.
If this is a real finding, it could also be involved in sustained mTORC1 signalling in
obese mice.
AMPK is another important signalling pathway that may modulate mTORC1
activity. In response to cellular energy depletion, when AMP:ATP ratio increases,
AMPK is activated to suppress energy consumption, while at the same time increasing
ATP-generating pathways. Protein synthesis requires substantial amounts of cellular
materials and energy, and these may be ensured by activated AMPK which inhibits
mTORC1 via the phosphorylation of raptor and TSC2 (Ma & Blenis, 2009). Decreased
AMPK activity has been reported in several mouse models of genetic obesity and is
involved in the pathogenesis of insulin resistance and metabolic syndrome (Ruderman
et al, 2013). At an early age and irrespective of DEN injection, livers from obese foz/foz
mice exhibited lower AMPK activation compared to their lean Wt counterparts. This
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lack of AMPK inhibition on mTORC1 could further contribute to the up-regulation
mTORC1 signalling observed in these studies.
To date, sorafenib, a multikinase inhibitor, is the only available systemic
chemotherapeutic agent for advanced HCC, but it has only a modest effect on survival
(El-Serag, 2011; Llovet et al, 2008). Given the essential role of mTOR signalling in
HCC development, there has been much interest in the use of mTOR inhibitors for HCC
treatment. Furthermore, several in vitro and preclinical in vivo studies have
demonstrated potential anti-tumour activity of rapamycin for HCC (Rizell et al, 2008;
Schoniger-Hekele & Muller, 2010; Zhu et al, 2011).
In order to clarify the role of mTORC1 signalling in obesity-promoted
hepatocarcinogenesis, we treated obese foz/foz mice with rapamycin to establish
whether the resultant inhibition of mTORC1 signalling was able to reduce growth of
dysplastic hepatocytes. Despite evidence of mTORC1 inhibition in the schedule used,
rapamycin treatment failed to inhibit cell proliferation and subsequent growth of
dysplastic hepatocytes in obese mice following DEN injection. Notably, there was a
trend of increased liver injury due to rapamycin treatment. In line with this finding, a
recent study has shown that long-term mTORC1 inhibition achieved by liver-specific
deletion of Raptor enhances tumour burden in HFD-fed mice, despite amelioration of
steatosis (Umemura et al, 2014). Accelerated tumour formation in these mice was
associated with increased liver injury, oxidative stress and serum IL-6 levels. In light of
these findings, our results are consistent with the proposal that chronic suppression of
mTORC1 activity may be detrimental rather than beneficial for the treatment of obesitypromoted HCC. A key limitation of mTOR inhibitors in the treatment of HCC may be
partly their selective inhibition of mTORC1, which in turn enhances the PI3K/Akt
pathway via the activation of mTORC2. It will therefore of interest to use dual
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mTORC1 and mTORC2 inhibitors alone or in combination with inhibitors of other
relevant signalling pathways in the treatment of obesity-related HCC.
Another pitfall of rapamycin treatment has been its effects on glucose metabolism,
as seemingly occurred in our study. As shown by IPGTT results, there was a trend
toward decreased glucose tolerance in obese mice after rapamycin treatment. Previous
studies have reported that, despite the beneficial effect on adiposity and hepatic lipid
accumulation, chronic rapamycin administration exacerbates glucose intolerance in
obese mice (Chang et al, 2009a), as well as insulin resistance in rats and plausibly
humans (Johnston et al, 2008; Teutonico et al, 2005). Several mechanisms have been
proposed to underlie the development of glucose intolerance, including robust induction
of hepatic gluconeogenesis (Houde et al, 2010), and disruption of glucose uptake in
insulin-sensitive organs (Veilleux et al, 2010).
In addition to increased hepatic mTORC1 signalling, livers of obese foz/foz mice
exhibited evidence of defective autophagy as indicated by increased p62, a protein that
is normally degraded through autophagy. mTORC1 is a negative regulator of autophagy
(Glick et al, 2010; Schneider & Cuervo, 2014). Decreased autophagy has been reported
in livers from genetic and dietary models of obesity and may contribute to the
development of hepatic lipid accumulation (Czaja, 2011) and insulin resistance (Yang et
al, 2010). In HCC, autophagy is considered to function as tumour suppressor. Mice with
defective autophagy develop benign liver adenomas (Takamura et al, 2011), while
heterozygous deletion of the autophagy gene, Beclin 1, accelerates the development of
hepatitis B virus-induced premalignant transformation (Qu et al, 2003). It is therefore
an attractive proposal that impaired autophagy resulting from chronic activation of
mTORC1 signalling could contribute, at least in part, to HCC development in the obese
foz/foz model. Such defective autophagy may prevent an adequate response of livers to
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the metabolic stresses induced by obesity/diabetes and genotoxic DEN; this inadequate
response may predispose obese mice to genomic instability.
The second important finding in this study is the increased nuclear accumulation
of NRF2 in livers from obese vs. lean mice, particularly during the early stages of
obesity. This resulted in up-regulation of antioxidant responsive genes (Nqo1, Hmox-1,
Gclc and Gclm). In obese mice, high GSSG concentrations and a low GSH:GSSG ratio
(hepatic GSH levels were comparable) can be interpreted as evidence of redox
unbalance in these mice. Despite its beneficial effect in cancer chemoprevention (Hayes
et al, 2010), there is growing evidence that overexpression or hyperactivation of NRF2
may participate in the development of several types of cancers (DeNicola et al, 2011;
Garate et al, 2010; Jamshidi et al, 2012; Solis et al, 2010), including HCC (Inami et al,
2011; Ni et al, 2014; Shimizu et al, 2014). In addition, the NRF2 pathway plays a role
in chemoresistance of leukemias and a number of solid cancers (Maher et al, 2007;
Wang et al, 2008).
A previous study has demonstrated that NRF2 activation shifts glucose and
glutamine metabolism towards anabolic pathways so as to support purine nucleotide
synthesis; this provides a mechanism by which up-regulation of NRF2 increases tumour
cell proliferation (Hayes & Ashford, 2012; Mitsuishi et al, 2012). Here, we found that
hepatic expression of genes encoding enzymes involved in nucleotide synthesis,
including Taldo1 and Tkt (pentose phosphate pathway), as well as Pgd and Idh1
(NADPH synthesis) were all up-regulated in obese compared with lean mice.
Interestingly, Mitsuishi et al., also showed that a proliferative signal provided by the
PI3K-Akt pathway was required for the NRF2-induced metabolic reprogramming.
Another explanation for increased activation of NRF2 pathway in our model is p62mediated degradation of the Nrf2 inhibitor, KEAP1 (Bae et al, 2013; Inami et al, 2011;
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Komatsu et al, 2010). KEAP1 releases NRF2, allowing it to translocate to nucleus
where it increases NRF2 transcriptional activity (Ganan-Gomez et al, 2013). Taken
together, these results are consistent with the idea that increased PI3K/Akt activation
and p62 accumulation resulted from defective autophagy may synergistically increase
NRF2 activation, thereby allowing it to participate in enhanced tumorigenesis in obese
foz/foz mice.
In summary, the results presented in this chapter extend the current understanding
of molecular signalling whereby obesity promotes early development of HCC. One of
the design strengths of the present work was the opportunity to examine the premalignant phase of hepatocarcinogenesis. This allowed us to demonstrate alterations of
molecular signalling that characterise the early development of obesity-associated
hepatocarcinogenesis. Several metabolic and redox responsive signalling pathways may
be involved. The findings indicate that Akt and nutrient-sensing mTORC1 are activated
in fatty livers from obese/diabetic mice at an early stage. Hyperinsulinemia and
increased circulating IGF-1 may be responsible for this. The enhanced mTORC1
signalling activates the downstream effectors S6 and eIF4B, which are major regulators
of cell growth; in turn, these could promote growth of altered hepatocytes. Moreover,
AMPK activation is reduced in livers from obese mice, and this could further contribute
to sustained activation of mTORC1 signalling. In addition to hyperphagia (Heydet et al,
2013), inactivity plays a pathogenic role in obesity in foz/foz mice, resembling the
mechanisms in human obesity (Farrell et al, 2007; Haczeyni et al, 2015; Rodriguez et
al, 2012). It would therefore be of interest to establish whether exercise, a lifestyle
strategy that activates AMPK, can abrogate mTORC1 activation, and subsequently
reduce HCC development in obese foz/foz mice. Experiments that address this question
will be described in Chapter 7.
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Here, we also found that the negative regulators of mTORC1, TSC2 and PRAS40,
and the positive regulator, raptor are likely to contribute to sustained mTORC1
activation by relaying signals from diverse up-stream pathways, including PI3K/Akt
and AMPK. However, despite the capacity for sustained mTORC1 activation to
facilitate growth and survival of altered hepatocytes in obese mice, inhibition of
mTORC1 with rapamycin over 3 mths fails to prevent growth of dysplastic hepatocytes.
During the conduction of these experiments, Umemura et al. (2014), reported a similar
finding. Potential explanations include increased liver injury, which is consistent with
the present work, as well as increased IL-6 production and activation of STAT3.
As an attractive explanation to the link between obesity and enhanced HCC, we
found evidence of redox imbalance (increased GSSG with decreased GSH:GSSG ratio)
and resultant up-regulation of NRF2 pathway in livers from obese mice. The sustained
up-regulation of NRF2 signalling, in combination with increased PI3K/Akt signalling,
could contribute to growth promotion of preneoplastic or cancer cells by the resultant
increase of nucleotide synthesis. In light of the known effects of oxidative stress on
JNK1 activation and the previous implication of JNK signalling in fatty liver disease
(Gan et al, 2014; Kodama et al, 2009; Schattenberg et al, 2006; Singh et al, 2009) and
HCC (Das et al, 2011; Hui et al, 2008; Sakurai et al, 2006), we embarked on further
studies to establish the role of JNK1 in enhanced hepatocarcinogenesis in obese mice.
These experiments and the novel data derived therefrom will be described in chapter 5.
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Roles of JNK signalling in the promotion of hepatocarcinogenesis by
obesity

5.1

Introduction and aims
As discussed in Chapter 4, sustained activation of mTORC1 may not be the most

critical pathway for facilitating growth and survival of altered hepatocytes in obese
foz/foz mice. We therefore sought to elucidate the role of other intracellular signalling
pathways discussed in Chapter 1 that are known to be involved in hepatocarcinogenesis,
particularly those that could be pharmacologically targeted for HCC chemoprevention.
JNK is a member of the SAPKs that can be activated by several stimuli, including
cytokines, ROS, growth factors and metabolic changes (Seki et al, 2012). A detailed
review of JNK signalling and its likely role in HCC development is given in Chapter 1
(Section 1.4.2.1). Thus, Jnk1-/- (but not Jnk2-/-) mice had fewer and smaller hepatic
tumours induced by DEN compared with Wt littermates (Hui et al, 2008; Sakurai et al,
2006). c-Jun, a downstream target of JNKs, seems to be an essential promoter of
chemically induced liver cancer because hepatic c-Jun deletion substantially reduced
liver tumour formation (Eferl et al, 2003). However, the requirement for c-Jun in DENinduced hepatocarcinogenesis appeared restricted to the early stages and was
independent of c-Jun phosphorylation by JNK (Eferl et al, 2003). JNK signalling is
activated in human HCCs (Chang et al, 2009b; Hui et al, 2008), and high levels of c-Jun
have been found in tumours and non-tumorous liver tissue from patients with HCC
(Yuen et al, 2001). Altogether, these studies support for a pivotal role of JNK in HCC
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development. However, whether JNK could account for the enhancement of
hepatocarcinogenesis in the context of metabolic obesity remains unclear.
As briefly discussed in Chapter 1 (Section 1.4.2.1), JNK has also been implicated
in the development of metabolic complication of obesity. JNK1 deletion decreased
adiposity and improved insulin sensitivity in two different mouse models of obesity
(Hirosumi et al, 2002). JNK activation is also evident in NASH livers both in humans
(Ferreira et al, 2011; Puri et al, 2008) and mouse models (Van Rooyen et al, 2013). As
mentioned in Chapter 3, Park et al showed that HFD-fed mice developed more HCCs
than chow-fed mice, and this was associated with, amongst others, increased JNK
phosphorylation. This is consistent with the idea that JNK could play a role in the
acceleration of hepatocarcinogenesis by obesity (Park et al, 2010). To date, however, no
studies appear to have addressed the role of JNK signalling in obesity-related HCC
directly.
JNK could contribute to hepatocarcinogenesis by inducing hepatocyte apoptosis
and stimulating compensatory proliferation. As stated in Chapter 1 (Section 1.2),
persistent liver injury, that triggers hepatocellular cell death and compensatory
proliferation, seems important in the development of obesity-related HCC. Thus, obese
foz/foz mice exhibited increased liver injury (as reflected by higher serum ALT levels,
regardless of DEN injection), and this was accompanied by abundance of M30-and
PCNA-positive hepatocytes, indicating enhanced hepatocellular apoptosis and
proliferation, respectively (Chapter 3, Figure 3.9 and 3.10). JNK promotes apoptosis of
HCC cell lines (Saxena et al, 2010), while JNK1 deficiency protected mice from DENinduced cell death, reduced compensatory proliferation, and eventually attenuated HCC
development (Sakurai et al, 2006).
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Despite numerous studies on chemotherapeutic agents, sorafenib, a multikinase
inhibitor, remains the only systemic agent demonstrated to improve overall survival of
patients with advanced HCC (Llovet et al, 2015). Therefore, there is an unmet need to
develop more effective chemotherapy for HCC. Several phase III clinical trials of firstline and second-line treatments have failed to detect any significant survival benefits
(Cheng et al, 2013; Johnson et al, 2013; Llovet et al, 2013; Zhu et al, 2014; Zhu et al,
2015). One contributing factor is the lack of understanding about which signalling
molecules are critical in hepatocarcinogenesis.
Several studies have suggested that inhibition of JNK signalling could provide a
promising novel therapeutic strategy for HCC (Mucha et al, 2009; Nagata et al, 2009;
Saxena et al, 2010; Wu et al, 2016). At least 40 agents have been published or patented
as JNK inhibitors, either affecting JNK signalling directly (e.g. CEP1347), or blocking
the catalytic domain that is conserved among all JNK isoforms (e.g. SP600125 and
AS601245). Unfortunately, most of these compounds have only moderate specificity for
JNKs, and interfere with other signalling pathways (Koch et al, 2015; Waetzig &
Herdegen, 2005). CC-930 is a novel and selective JNK inhibitor that competitively
binds to the ATP-binding site of JNK, blocking phosphorylation of JNK target proteins
(Lim et al, 2011). The specificity of CC-930 was tested by extensive biochemical
profiling against a panel of 209 protein kinases. At 3 µM, CC-930 inhibited only three
human kinases other than JNK; MAPK2, epidermal growth factor receptor (EGFR), and
mutated EGFR L861Q. The IC50 values for JNK1, 2, and 3 were 52, 5, and 5 nM,
respectively compared with 480 nM for MAPK2, and 379 nM for EGFR (Plantevin
Krenitsky et al, 2012). CC-930 (tanzisertib) has entered clinical trials for treatment of
idiopathic pulmonary fibrosis and discoid lupus erythematosus (www.clinicaltrials.gov
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ID NCT01203943 and NCT01466725), although these trials have been discontinued
owing to an unfavourable risk/benefit profile.
In the present study, we first assayed expression and activation of JNK signalling
in foz/foz mice, which have a genetic appetite disorder that results in hyperphagic
obesity. Having found that JNK activation was increased in livers from foz/foz mice
compared with Wt littermates and in HCCs, we then embarked into the next experiment
which tested whether JNK1 was necessary for hepatocarcinogenesis in obese mice. To
be in line with the genetically determined over-eating model used in this thesis, it would
have been ideal to use Jnk1-/-.Alms1 mice. However, at the time experiments were
planned, these “double mutants” had not been generated. We therefore conducted this
experiment in a different model. In other work from the host laboratory, it had been
shown that DEN-injected C57BL/6J fed an atherogenic diet had more numerous and
larger HCCs than their lean chow-fed littermates at 8 mths of age (Xu et al). Thus, like
chow-fed foz/foz mice, these mice exhibit enhanced hepatocarcinogenesis in a dietary
model of obesity. To test whether JNK1 is required for the enhancement of chemically
hepatocarcinogenesis by obesity, we fed DEN-injected Jnk1-/- mice with an atherogenic
diet and compared results with their Wt littermates. Last experiment described here was
an attempt to establish whether CC-930 administration could prevent early-onset DENinduced HCC in chow-fed foz/foz mice.
5.1.1

Hypotheses and aims
This study investigated the role of JNK1 signalling in acceleration of

hepatocarcinogenesis with obesity using two different approaches: 1) study of DENinjected Jnk1-/- mice fed an atherogenic diet, and 2) administration of the selective JNK
inhibitor, CC-930, to DEN-injected foz/foz mice. The underlying hypotheses were that
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JNK1 is indispensable for acceleration of hepatocarcinogenesis by obesity. If this is the
one, selective JNK abolition or inhibition should ameliorate DEN-induced
hepatocarcinogenesis in obesity.
The specific aims were to:
1.

Assay hepatic expression of JNK signalling in foz/foz mice and atherogenic dietfed C57BL/6J mice in comparison with corresponding lean Wt mice

2.

Test whether JNK1 plays an essential role in obesity-enhanced chemically
hepatocarcinogenesis by feeding DEN-injected mice deficient in JNK1 an
atherogenic diet

3.

Establish whether pharmacological inhibition of JNK signalling with CC-930
abrogates early onset of HCC in DEN-injected foz/foz mice

5.2
5.2.1

Materials and methods
Animal studies
Data presented in Figure 5.1A-C are derived from the same mice employed in

Chapter 3 and 4, and results included in Figure 5.1D are from atherogenic diet-fed
C57BL/6J mice (Xu et al). C57BL/6J mice were injected with DEN (5 mg/kg body
weight) at 12-15 days of age. From 6 wks, they were fed either atherogenic diet (23%
fat, 45% carbohydrate, 19% protein, 0.19% cholesterol [w/w]), or chow (4.8% fat, 59%
carbohydrate, 20% protein, 0% cholesterol [w/w]) (Specialty Feeds, Glen Forrest, WA,
Australia) until 32 wks of age.
Jnk1+/- mice on C57BL/6J background were kindly provided by David NikolicPaterson, from Monash Medical Centre (Melbourne, VIC, Australia), and bred within
the Animal Facility, The Canberra Hospital (Canberra, ACT, Australia). Jnk1-/- mice
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were bred by heterozygous mating of Jnk1+/- mice, with Jnk1+/+ littermates; the latter
were used as genotype (wildtype, Wt) controls. Only male mice were used in this study.
Mice received a single i.p DEN injection (10 mg/kg body weight) at 12-15 days of age.
At 6 wks, they were fed either atherogenic diet or chow ad-libitum until 32 wks. To
investigate the effects of JNK deletion on glucose tolerance, we performed IPGTT (see
Chapter 2, Section 2.3 for detailed methodology) at 2 wks prior to study termination. At
the end of experiments, mice were fasted for 4 hrs to determine fasting blood glucose.
5.2.2

CC-930 in vivo study
Male foz/foz NOD.B10 mice were given a single i.p DEN injection (10 mg/kg

body weight) at 12-15 days of age. From 6 wks of age, they were fed chow and
administered CC-930 (200 mg/kg body weight) or 1% methylcellulose (vehicle) by
once-daily gavage until 24 wks of age. CC-930 is a selective JNK inhibitor developed
by Celgene (San Diego, CA, USA).
We weighed mice weekly to calculate amounts of CC-930 or vehicle for gavage.
We also measured fasting blood glucose concentration (following 4-hr fasting) after 6
and 12 wks of oral gavage. At the same time, serum was collected by superficial
temporal vein (STV) blood collection (performed by Vanessa Barn) for serum analyses.
At the end of experiments, mice were fasted for 4 hours to determine fasting blood
glucose. All experiments were approved by The Australian National University Animal
Experimentation Ethics Committee (protocols A2011/40 and A2014/47).
5.2.3

Serum and liver analyses
Serum analyses were performed as described in Section 2.3.1. Serum ALT,

cholesterol and triglyceride were determined by automated procedures in ACT
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Pathology, The Canberra Hospital. H&E-stained liver sections were analysed blindly by
an expert liver pathologist (MMY). Histological examination was based on the
following criteria: 1) HCC foci are distinct nodular lesions (≥ 3 mm in diameter),
containing groups of hepatocytes with cytological changes suggestive of neoplasia; 2)
dysplastic nodules are groups of dysplastic hepatocytes up to 3 mm in diameter and
rounded; and 3) dysplastic foci are smaller groups of dysplastic hepatocytes that are not
rounded. MMY also assessed hepatic steatosis, necro-inflammation, ballooning, and
overall NAFLD activity score (NAS) on non-tumorous surrounding livers (Kleiner et al,
2005). In addition to NAS, liver sections were diagnosed as showing “definite” or
“borderline” NASH, simple steatosis, or not NAFLD.
For proteins mentioned in the results, expression was determined by Western
immunoblot and immunostaining (detailed protocols described in Chapter 2), using
specific antibodies iterated in Appendix C. Immunoblot data were normalized to HSP90 as loading control and presented relative to saline-injected Wt (for the JNK1 deletion
study), or to vehicle-treated mice (for the CC-930 inhibition study).
5.2.4

Statistical analyses
Two-way ANOVA was performed to test for the effect of genotype (Jnk1-/-

compared with Jnk1+/+, or foz/foz compared with Wt) and treatment (atherogenic diet vs
chow, or DEN vs saline), followed by Bonferroni’s post hoc test. Data from the CC-930
study were analysed by the unpaired Student’s t-test. Chi-square was used to test the
group effects on the proportion of mice with liver nodules. Histologic assessments were
analysed by Mann-Whitney U-test. A P value < 0.05 was considered significant. Data
are presented as mean ± SEM, with group size generally 6-12, as indicated in table and
figure legends.
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In results compiled as tables and figures, the following notations are used to
indicate statistical significance differences: (a) between genotypes (Jnk1-/- vs Wt), (b)
between treatment groups (atherogenic diet vs chow, or DEN vs saline), and (c)
between HCC and non-tumorous surrounding liver.
5.3
5.3.1

Results
Livers and HCCs from foz/foz mice exhibit increased hepatic JNK

activation
In order to investigate whether JNK signalling plays a role in enhancement of
DEN-induced HCC in obese foz/foz mice, we firstly assayed JNK phosphorylation in
livers from the same animals as those presented in Chapters 3 and 4. There was no
difference in the levels of JNK phosphorylation between experimental groups at 3 mths
of age, or between saline-injected foz/foz and Wt mice at 6 mths of age (Figure 5.1A).
However, JNK phosphorylation was increased in surrounding non-tumorous livers from
DEN-injected foz/foz mice compared with corresponding Wt mice (P < 0.05, Figure
5.1A). An increase in JNK activation was also evident in liver nodules from foz/foz
mice (some but not all of these nodules represent HCCs histologically) with values
similar to non-tumorous livers (Figure 5.1A).
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Figure 5.1 JNK is activated in livers from foz/foz mice regardless of DEN injection
(A) Hepatic JNK phosphorylation was similar at 3 mths of age, but was markedly increased in
non-tumorous livers from DEN-injected foz/foz mice (vs Wt) and HCC at 6 mths. (B) Nuclear
accumulation of phosphorylated (p)-c-Jun was greater in livers from foz/foz than Wt mice
(irrespective of DEN treatment) at both 3 and 6 mths. (C) Representative images of p-c-Jun IHC
show negligible p-c-Jun-positive staining in livers from Wt mice, in contrast to robust p-c-Junpositive cells in livers foz/foz mice (irrespective of DEN treatment) at 3 mths. Arrows indicate
p-c-Jun-positive hepatocytes, scale bars = 20 µM, magnification x400. (D) In C57BL/6J mice,
p-c-Jun nuclear expression was also increased after atherogenic (Ath) dietary feeding (vs chowfed, NC), regardless of DEN injection. CTL= control (saline-injected), W= Wt, F=foz/foz,
a

H=HCC. Data are mean ± SEM (n=6-11 mice/group). P < 0.05, vs. treatment-matched
b

genotype control, and P < 0.05, vs. genotype-matched treatment control, by two-way ANOVA
with Bonferroni’s post hoc test.
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Next, we evaluated nuclear expression of phosphorylated (p)-c-Jun as an
indication of JNK activation. At 3 mths, nuclear accumulation of p-c-Jun was
substantially increased (~15-fold) in livers from both DEN- and saline-injected foz/foz
compared with corresponding Wt (P < 0.0001, Figure 5.1B). At 6 mth, p-c-Jun nuclear
expression was similarly increased in DEN-injected non-tumorous livers from foz/foz
compared with Wt mice, as well as in HCCs (P < 0.01, Figure 5.1B). We also used IHC
to confirm the finding of increased expression of phosphorylated c-Jun in livers. While
p-c-Jun-positive hepatocytes were barely evident in livers from lean Wt mice (whether
DEN-injected or not), such cells were abundant in livers from obese foz/foz littermates,
irrespective of DEN injection (Figure 5.1C). Similarly, mice fed atherogenic diet
exhibited increased p-c-Jun nuclear expression compared with chow-fed littermates,
regardless of DEN injection (P < 0.05, Figure 5.1D). Thus, these data indicate that JNK
was activated in both genetic and dietary models of obesity.
5.3.2

Effects of JNK1 deletion on activation of hepatic JNK signalling
To validate the effects of JNK1 deletion, we conducted immunoblot analysis of

pan-JNK and immunostaining of p-c-Jun as an indication of JNK activation. Only DENinjected mice were studied as the focus here is hepatocarcinogenesis. With the pan-JNK
antibody (which detects both JNK1 and JNK2), we did not observe any change in
expression of total 46 and total 54 kDa JNK isoforms with atherogenic dietary intake, as
well as with JNK1 deletion (Figure 5.2A-C). On the other hand, p-c-Jun-positive
hepatocytes were clearly abundant in atherogenic diet-fed mice of either genotype
compared with corresponding chow-fed mice, and loss of JNK1 did not alter this
abundance (Figure 5.2D and E).
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Figure 5.2 Atherogenic diet-fed Jnk1-/- mice exhibit no alteration in hepatic JNK
activation compared with corresponding Wt mice
Hepatic expression of (A) total 46 kDa and (B) total 56 kDa JNK isoforms was unaltered by the
loss of JNK1, whether fed atherogenic diet or chow. (C) Representative Western blots for JNK
and HSP-90 (as loading control). (D) Immunostaining of phosphorylated (p)-c-Jun in liver
sections from Jnk1-/- and Wt mice fed atherogenic (Ath) diet or chow. Arrows indicate p-c-Junpositive hepatocytes, scale bars = 20 µM, magnification x400. (E) Nuclear expression of p-cJun were similar in liver sections from both lines after atherogenic diet feeding. Data are mean ±
SEM (n = 6 mice/group). bP < 0.05, vs. genotype-matched diet control, by two-way ANOVA
with Bonferroni’s post hoc test.
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Effects of JNK1 deletion on metabolic indices in chow- and atherogenic

diet-fed mice
In general, chow-fed Jnk1-/- mice weighed slightly less than diet-matched Wt mice
(P < 0.01, Figure 5.3A). As expected, atherogenic diet-fed Wt mice gained of 40% more
weight than chow-fed mice (P < 0.0001, Figure 5.3A); there was less pronounced
weight gain in Jnk1-/- mice, particularly in saline-injected mice. Visceral fat mass, as
reflected by epididymal fat (epiWAT) to body weight ratio, increased proportional to
weight gain after atherogenic dietary intake in both genotypes, although any increase
was not significant in DEN-injected Wt mice (Figure 5.3B). In parallel with weight
gain, atherogenic dietary feeding increased liver weight in Wt mice, and hepatomegaly
was more pronounced in DEN-injected mice (P < 0.05, Figure 5.3C). JNK1 deletion
completely prevented hepatomegaly in atherogenic dietary-fed mice, regardless of DEN
injection.
JNK1 signalling has been reported to play a role in the development of insulin
resistance and diabetes induced by obesity. Saline-injected chow-fed Jnk1-/- mice
exhibited lower blood glucose levels compared with diet-matched Wt. Conversely,
atherogenic dietary feeding caused mild hyperglycemia in both Jnk1-/- and Wt mice,
although this difference was not significant in DEN-injected Wt mice; JNK1 deletion
had no effect on fasting blood glucose levels (P < 0.05, Figure 5.3D).
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Figure 5.3 Effects of atherogenic dietary intake on body weight, visceral fat mass,
liver weight and fasting blood glucose in saline- and DEN-injected Jnk1-/- and Wt
mice
(A) Chow-fed Jnk1-/- mice were smaller than chow-fed Wt controls regardless of DEN injection.
Atherogenic (Ath) dietary feeding increased body weight in both Jnk1-/- and Wt mice compared
with corresponding chow-fed. (B) Epididymal fat (epiWAT) expansion (as a proportion to body
weight) occurred in both genotypes after atherogenic dietary intake, although the apparent
increase was not significant in DEN-injected Wt mice. (C) Atherogenic dietary feeding caused
hepatomegaly in Wt but not in Jnk1-/-mice, and (D) mild hyperglycemia in both genotypes,
although values remained unaltered in DEN-injected Wt mice following atherogenic dietary
a

feeding. CTL=control, saline-injected. Data are mean ± SEM (n = 8-14 mice/group). P < 0.05,
vs. diet-matched genotype control, and bP < 0.05, vs. genotype-matched diet control, by twoway ANOVA with Bonferroni’s post hoc test.

To investigate the effect of JNK1 deletion on glucose handling in atherogenic
diet-fed mice, we conducted IPGTT. In saline-injected mice, 30 minutes after intraperitoneal glucose injection, blood glucose increased to ~23 mmol/L in atherogenic
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diet-fed Jnk1-/- and Wt mice vs ~16 mmol/L in corresponding chow-fed mice; JNK1
deletion had little (if any) effect on impaired glucose disposal (Figure 5.4A).
Accordingly, atherogenic diet markedly increased the area under the blood glucose
disposal of both genotypes following intra-peritoneal injection of glucose injection (P <
0.05, Figure 5.4B). Interestingly, the glycemic response was higher in DEN-injected
atherogenic diet-fed Jnk1-/- mice than Wt counterparts at 15 and 30 minutes (Figure
5.4C). Despite this difference, the area under the glucose disposal curve was
indistinguishable between the two genotypes (Figure 5.4D).
5.3.4

Effects of JNK1 deletion on liver injury induced by atherogenic dietary

feeding
As mentioned in the introduction, chronic liver injury and continuing hepatocyte
cell death and proliferation may be important mechanisms for enhancement of
hepatocarcinogenesis in foz/foz mice (Chapter 3, Figure 3.9 and 3.10). We therefore
compared serum ALT levels between the two lines of mice and assayed apoptotic
hepatocytes using M30 immunostaining. In saline-injected Wt mice, atherogenic dietary
feeding increased serum ALT ~3 times higher than chow-fed littermates, while such
feeding had a minimal effect on Jnk1-/- mice (Figure 5.5A). Accordingly, serum ALT
values were ~50% lower in Jnk1-/- than Wt mice (P < 0.05). In DEN-injected mice,
serum ALT levels was significantly lower in atherogenic dietary-fed Jnk1-/- vs
corresponding Wt mice (Figure 5.5A). These findings suggest that loss of JNK1
ameliorates liver injury induced by dietary obesity.
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Figure 5.4 Effect of atherogenic dietary feeding on glucose handling in saline- and
DEN-injected Jnk1-/- and Wt mice
(A,B) Atherogenic (Ath) dietary feeding impaired glucose tolerance in saline-injected (CTL)
Jnk1-/- and Wt mice, while in (C,D) DEN-injected mice, glucose intolerance occurred in Jnk1-/but not in corresponding Wt mice. Data are mean ± SEM (n = 6-9 mice/group). bP < 0.05, vs.
genotype-matched diet control, by two-way ANOVA with Bonferroni’s post hoc test.

While M30-positive hepatocytes were markedly increased in livers from
atherogenic diet-fed Wt compared with chow-fed mice, JNK1 deletion substantially
decreased the number (~ 50%) (P < 0.01, Figure 5.5B and C). Despite clear evidence of
operation of hepatocyte apoptosis with atherogenic dietary intake, expression of proapoptotic Bax was unaltered in non-tumorous liver tissue, although it was increased in
HCCs from both Jnk1-/- and Wt mice (Figure 5.5D).
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Figure 5.5 JNK1 deletion reduces liver injury and hepatocellular apoptosis
promoted by atherogenic dietary feeding
(A) Atherogenic (Ath) dietary intake increased serum ALT levels in saline-injected (CTL) Wt
mice, but less so in Jnk1-/- mice. Serum ALT was lower in DEN-injected Jnk1-/- than Wt mice
fed atherogenic diet. (B) Representative M30 immunostaining in liver sections from Jnk1-/- and
Wt mice fed atherogenic diet or chow. Arrows indicate M30-positive hepatocytes. Scale bars =
20 µM, magnification x400. (C) M30-positive hepatocytes were more abundant in liver sections
from atherogenic diet-fed Wt than corresponding Jnk1-/- mice. (D) Hepatic expression of proapoptotic Bax was unaltered by diet or genotype, but was up-regulated in HCCs derived from
a

DEN-injected Jnk1-/- and Wt mice. Data are mean ± SEM (n = 6-9 mice/group). P < 0.05, vs.
c

diet-matched genotype control, bP < 0.05, vs. genotype-matched diet control, and P < 0.05, vs.
non-tumorous surrounding livers, by two-way ANOVA with Bonferroni’s post hoc test.
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Effects of JNK1 deletion on hepatocellular proliferation
JNK (via c-Jun formation of AP-1) is also important for hepatocyte proliferation

(reviewed in Chapter 1, Section 1.4.2.1). To assess hepatocellular proliferative activity,
we performed immunostaining of Ki-67 on liver sections from DEN-injected mice. Like
PCNA studied earlier, Ki67 is a protein associated with cell proliferation. It is expressed
during all active phases of the cell division cycle (G1, S, G2, and M), but it is absent in
resting cells (G0) (Gerlach et al, 1997). Ki-67 is a rabbit polyclonal antibody which
therefore produces less non-specific staining than PCNA for which a mouse monoclonal
antibody (Appendix C). There were few Ki-67-positive hepatocytes in livers of chowfed Wt mice. Atherogenic dietary feeding caused a ~5-fold increase in the number of
Ki-67-stained cells (Figure 5.6A and B). Loss of JNK1 reduced the number of
proliferating hepatocytes to a similar level as in chow-fed mice (P < 0.001, Figure
5.6B). Activated JNK1 promotes hepatocyte proliferation via cyclin D1 expression (Hui
et al, 2008). Despite this change in overall hepatocyte cell cycle activity, hepatic
expression of cyclin D1 was unaltered either by atherogenic dietary feeding or
genotype, although cyclin D1 expression was markedly increased in HCCs vs
surrounding normal livers from Wt mice (Figure 5.6C).
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Figure 5.6 JNK1 is required for hepatocellular proliferation during atherogenic
dietary intake
(A,B) Representative liver sections show increased Ki-67-positive hepatocytes in Wt mice after
atherogenic (Ath) dietary intake vs chow-fed mice, while Jnk1-/- counterparts displayed few Ki67-stained hepatocytes with no increase compared with corresponding chow-fed counterparts.
Arrows indicate Ki-67-positive hepatocytes, scale bars = 20 µM, magnification x400. (C)
Hepatic expression of cyclin D1 was similar in both lines regardless of diet, but was upregulated in HCCs from DEN-injected Wt mice (vs non-malignant livers). Data are mean ±
a

SEM (n = 6-9 mice/group). P < 0.05, vs. diet-matched genotype control, bP < 0.05, vs.
c

genotype-matched diet control, and P < 0.05, vs. non-tumorous surrounding livers, by twoway ANOVA with Bonferroni’s post hoc test.
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JNK1 deficiency attenuates liver nodule development in mice fed an

atherogenic diet
To test whether JNK1 is important in hepatocarcinogenesis promoted by dietary
obesity, we conducted studies in DEN-injected C57BL/6J Jnk1-/- and Wt mice fed an
atherogenic diet from 6 to 32 wks. Liver nodules were macroscopically visible nodules
when they were ≥ 1 mm in diameter (Figure 5.7A). At 32 wks of age, more than 50% of
DEN-injected chow-fed mice developed macroscopic nodules in the livers; the
incidence of such nodules was not different between Jnk1-/- and Wt mice (Figure 5.7 and
Figure 5.8A). Atherogenic dietary intake increased nodule incidence (as a percentage of
DEN-injected mice bearing liver nodules), and loss of JNK1 did not alter the incidence
(Figure 5.8A). However, despite the same number of mice having liver nodules, these
were fewer (P < 0.05, Figure 5.8B) and smaller in Jnk1-/- than Wt mice (P < 0.05, Figure
5.8C). The reason for this may be the effect of JNK1 deletion on hepatocellular
proliferation, as shown earlier, and also noted with JNK1 blockade by CC-930, as will
be demonstrated next.
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Figure 5.7 Loss of JNK1 attenuates liver nodule development in DEN-injected
atherogenic diet-fed C57BL/6J mice at 32 wks of age
(A) Representative livers from DEN-injected Jnk1-/- and Wt mice fed atherogenic (Ath) diet or
chow for 26 wks (to 32 wks of age). Chow-fed mice (either genotype) had few liver nodules at
this time. Atherogenic diet-fed Wt mice developed numerous nodules, but nodules were fewer in
Jnk1-/- mice (see Figure 5.3 for detailed results). Arrows point to some of liver nodules. (B)
Representative H&E-stained liver sections from both lines of mice (scale bars = 20 µM,
magnification x40), showing microscopic nodules in livers from atherogenic diet-fed mice
surrounded by steatotic hepatocytes.
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Figure 5.8 DEN-injected atherogenic diet-fed Jnk1-/- mice develop fewer and
smaller liver nodules than correspondingly treated Wt mice
(A) JNK1 deletion did not alter the proportion of DEN-injected mice which developed liver
nodules (60-85%), irrespective of diet. However, atherogenic (Ath) diet-fed Jnk1-/- mice
displayed; (B) less numerous, and (C) smaller liver nodules (as maximum nodule size)
a

compared with diet-matched Wt controls. Data are mean ± SEM (n = 8-14 mice/group). P <
0.05, vs. diet-matched genotype control, bP < 0.05, vs. genotype-matched diet control, by twoway ANOVA with Bonferroni’s post hoc test. Chi-square was used to test the group effects on
nodule incidence where apparent difference are not significant.

5.3.7

Effects of CC-930 on metabolic indices and liver pathology in DEN-injected

obese mice
Having found evidence that JNK1 could be a key signalling pathway in the
mechanism by which obesity enhances hepatocarcinogenesis, we sought to test whether
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blockade of JNK activity can prevent DEN-induced HCC in foz/foz mice. As described
in Section 5.3.1, DEN-injected foz/foz mice exhibited increased hepatic activation of
JNK signalling, as indicated by nuclear accumulation of p-c-Jun compared with Wt
littermates. If JNK activation plays a role in early-onset DEN-induced HCC in foz/foz
mice, selective blockade of JNK using CC-930 could reduce continuing liver injury and
hepatocellular proliferation, thereby eventually ameliorating hepatocarcinogenesis.
Daily administration of CC-930 reduced weight gain in DEN-injected foz/foz
mice; thus, after 6 wks of CC-930 treatment, body weight was ~28% less than vehicletreated mice (P < 0.01, Figure 5.9A). However, by the end of experiments (18 wks of
CC-930 treatment), this early effect was lost, and there was no significant difference in
body weight between the two groups. Likewise, CC-930 treatment had no effect on
visceral fat (indicated by epididymal fat [epiWAT] to body weight ratio), and did not
alter liver weight (Figure 5.9B and C).
After 6 wks of CC-930 administration to DEN-injected foz/foz mice, blood
glucose levels were lower in foz/foz mice than in vehicle-treated littermates (P < 0.05),
but longer term CC-930 treatment did not alter fasting blood glucose levels (Figure
5.9D). CC-930 treatment did not change levels of serum cholesterol and triglyceride
(Figure 5.9E and F).
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Figure 5.9 Effects of CC-930 on metabolic indices in DEN-injected foz/foz mice
(A) CC-930 treatment initially prevented weight gain of DEN-injected foz/foz mice, but body
weight was similar at the end of study. Administration of CC-930 had no effects on (B) visceral
fat mass, and (C) liver weight (as a percentage of body weight) in DEN-injected foz/foz mice (vs
vehicle). Daily gavage of CC-930 for 6 wks (D) lowered fasting blood glucose levels in foz/foz
mice, after which values were similar. Serum (E) cholesterol and (F) triglyceride levels in
foz/foz mice were unaltered by CC-930 treatment. Data are mean ± SEM (n = 12-13
b

mice/group), P < 0.05, vs. vehicle-treated mice, by unpaired Student’s t-test.

5.3.8

Effects of CC-930 administration on liver injury and hepatocellular

proliferation in DEN-injected foz/foz mice
In vehicle-treated foz/foz mice, serum ALT increased substantially by 24 wks of
age to reach ~600 U/L, vs ~50 U/L at 12 wks of age (Figure 5.10). With CC-930
administration, serum ALT levels were lower at 12 wks of age compared with vehicle
controls (P < 0.05). However, CC-930 failed to reduce ALT levels after 18 wks of
treatment (Figure 5.10A); at this late phase, there seemed to an increasing trend (not

Chapter 5 Roles of JNK signalling in the promotion of hepatocarcinogenesis by obesity

177

significant) in serum ALT levels with CC-930 administration (Figure 5.10B). This
change may have been unduly influenced by serum ALT from two mice that reached
~2000 U/L. The number of M30-positive hepatocytes in DEN-injected foz/foz mice was
unaltered following 18 wks of CC-930 treatment (Figure 5.10C and D). However, daily
gavage of CC-930 for 18 wks reduced the number of Ki-67-positive hepatocytes in
DEN-injected foz/foz mice compared with vehicle-treated controls, suggesting
suppression of hepatocyte proliferation (P < 0.05, Figure 5.10E and F).
In order to investigate whether CC-930 administration affected liver pathology in
foz/foz mice, H&E liver sections were assessed using the methods outlined in Section
5.2.3. CC-930 reduced the steatosis score, but failed to abolish hepatic inflammation
and hepatocyte ballooning in foz/foz mice (Table 5.1). As a result, overall NAS was 1.3
(range 0-5) in CC-930-treated foz/foz vs 3.3 (range 0-6) in vehicle groups. One of 13
CC-930-treated foz/foz mice developed NASH compared with 3 of 12 of vehicle-treated
foz/foz mice (Table 5.1), a non-significant difference in this “mild” model of NAFLD in
which NASH rarely occurs in less than 9 mths.
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Figure 5.10 Effects of CC-930 on hepatocellular injury, apoptosis, and
hepatocellular proliferation in DEN-injected foz/foz mice
(A) After 6 wks of CC-930 treatment, serum ALT was lower in DEN-injected foz/foz mice than
in vehicle-treated counterparts, but (B) values were modestly increased (not significant) at the
end of experiment. (C) Representative M30 immunostaining in liver sections from DENinjected foz/foz mice treated with CC-930 or vehicle for 18 wks, showing that (D) the number of
M30-positive cells was not changed by CC-930 administration. Arrows point to M30-positive
hepatocytes, scale bars = 20 µM, magnification x400. (E) Representative immunostaining of
Ki-67 in liver sections demonstrated that (F) administration of CC-930 for 18 wks reduced the
abundance of Ki-67-stained hepatocytes in DEN-injected foz/foz mice compared with vehicletreated littermates. Arrows point to Ki-67-positive hepatocytes, scale bars = 20 µM,
b

magnification x400. Data are mean ± SEM (n = 12-13 mice/group), P < 0.05, vs. vehicletreated mice, by unpaired Student’s t-test.
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Table 5.1 Effects of daily administration of CC-930 for 18 wks on liver pathology
in DEN-injected foz/foz mice
Group

Vehicle

CC-930

n=12

n=13

Steatosis

2.3 ± 0.2

1.5 ± 0.3b

Inflammation

0.6 ± 0.2

0.3 ± 0.2

Ballooning

0.4 ± 0.1

0.4 ± 0.2

NAS

3.3 ± 0.5

1.6 ± 0.4

NASH 3, borderline 1, SS 7, normal 1

NASH 1, SS 10, normal 2

Designation

NOTE: Data are mean ± SEM. Histological assessment was performed blindly by a liver
pathologist (Associate Professor Matthew Yeh), according to published criteria (Kleiner et al,
2005). Designation as NASH, borderline and SS was not made by NAS, it is a separate
assessment of global liver pathology.
Abbreviations: SS=simple steatosis; NAS=NAFLD activity score; NASH=non-alcoholic
steatohepatitis
b
P < 0.05, vs. vehicle-treated mice, by Mann-Whitney U-test.

5.3.9

Effects of JNK inhibition using CC-930 on hepatocarcinogenesis in DEN-

injected foz/foz mice
To clarify the effects of CC-930 administration (if any) on hepatocarcinogenesis,
we requested histological examination of H&E-stained liver sections by an expert
pathologist (Associate Professor Matthew M Yeh, Department of Pathology, University
of Washington, Seattle, USA, kindly conducted this analyses). There was an apparent
reduction (not significant) in the percentage of mice with HCC foci (see methods for
criteria) from DEN-injected CC-930-treated foz/foz mice compared with corresponding
vehicle-treated mice (Figure 5.11A-C). However, CC-930 administration failed to exert
a significant effect on the number of dysplastic foci and nodules in livers from DENinjected foz/foz mice (Figure 5.11D and E).
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Figure 5.11 Effects of CC-930 on development of macroscopic liver nodules in
DEN-injected foz/foz mice
(A) Representative livers and (B) H&E-stained liver sections from DEN-injected foz/foz mice
treated with CC-930 or 1% methylcellulose (vehicle) for 18 wks. Arrows point to some visible
liver nodules, scale bars = 20 µM, magnification x40. Administration of CC-930 for 18 wks (C)
appeared to reduce the percentage of mice with HCC foci (not significant), but did not alter the
number of (B) dysplastic nodules and (C) foci, in livers from DEN-injected foz/foz mice (see
Section 5.2.3 for criteria). Data are mean ± SEM (n = 12-13 mice/group). The effects of CC-930
treatment were tested by unpaired Student’s t-test.
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5.4

Discussion
Understanding the signalling molecules that are most relevant for the promotion

of hepatocarcinogenesis by obesity is important for chemopreventive treatment against
obesity-related HCC is to be devised. In Chapter 4, we demonstrated that inhibition of
mTORC1, despite a clear evidence of its activation, failed to delay early onset of DENinduced HCC in foz/foz mice (Figure 4.9). We interpreted this result (and similar by
others) as indicating that mTORC1 unlikely to be the relevant signalling pathway for
enhancement of hepatocarcinogenesis in this model. JNK is a stress-inducible signalling
that can be activated by various stimuli, including ROS and metabolic changes (insulin,
lipid molecules). In fact, the results in Chapter 4, including up-regulated NRF2
signalling, increased hepatic GSSG levels, and decreased GSH to GSSG ratio, support
for the operation of oxidative stress in livers from foz/foz vs Wt mice (Figure 4.10). In
the present study, we first established whether JNK (particularly JNK1) is necessary for
obesity-promoted hepatocarcinogenesis using a dietary model of obesity, and then
tested

the

efficacy

of

a

selective

JNK

inhibitor,

CC-930,

in

reducing

hepatocarcinogenesis in genetically obese foz/foz mice.
The first finding from this study is that hepatic JNK phosphorylation and nuclear
accumulation of p-c-Jun are increased in livers from foz/foz compared with Wt mice, as
well as in HCCs. Further, this increase in hepatic JNK activation was recapitulated in
diet-induced obese mice, in which increased nuclear expression of p-c-Jun was found in
non-tumorous livers, and in HCCs from atherogenic diet-fed C57BL/6J mice (vs chowfed). Altogether, these data indicate that JNK signalling is activated during
hepatocarcinogenesis in mice with genetic (previously characterised in Chapter 3), and
dietary obesity (Xu et al). JNK is therefore a candidate player in acceleration of
hepatocarcinogenesis. As reviewed in Chapter 1 (Section 1.4.2.1), JNK1, but not JNK2,
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is required for chemically-induced hepatocarcinogenesis in lean mice (Hui et al, 2008).
We therefore hypothesised that JNK1 could also be essential in obesity-related
acceleration of hepatocarcinogenesis by obesity. Consistent with an earlier study by the
host lab (Xu et al), DEN-injected atherogenic diet-fed mice exhibited enhanced
hepatocarcinogenesis, as indicated by the development of more numerous and larger
liver nodules than chow-fed mice at 8 mths. Conversely, corresponding atherogenic
diet-fed Jnk1-/- mice developed fewer and smaller hepatic nodules, indicating
attenuation of hepatocarcinogenesis by the loss of JNK1. In conjunction with the earlier
data from lean mice (Hui et al, 2008; Sakurai et al, 2006), the present findings suggest
that JNK1 may play a general role in hepatocarcinogenesis. The general mechanism for
this effect could be the role of JNK1 in hepatocellular proliferation, as shown here by
the studies in Jnk1-/- mice and with the inhibitor, CC-930.
In the liver, JNK is expressed by parenchymal cells (hepatocytes) and nonparenchymal cells, such as Kupffer and hepatic stellate cells. Surprisingly, however,
deletion of both JNK1 and JNK2 in hepatocytes (JnkhepD) does not reduce DEN-induced
HCC, in fact, liver nodules from JnkhepD were larger than Wt littermates. However, mice
carrying loss of JNKs in both hepatocytes and non-parenchymal cells are protected
against DEN-induced HCC (Das et al, 2011). This study suggested that JNK in nonparenchymal cells may confer a pro-tumorigenic role, whereas JNK functions in
hepatocytes to reduce tumour development (Das et al, 2011). With respect to obesityrelated HCC, it remains unclear which cell populations that are more relevant site for
JNK signalling in hepatocarcinogenesis. In our study, p-c-Jun-positive staining were
evident only in hepatocytes from foz/foz mice (Figure 5.1C), indicating that JNK
activation in hepatocytes is likely associated with acceleration of hepatocarcinogenesis
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by obesity. However, immunostaining studies using cell-specific markers are required
for greater cellular resolution, so as to clarify this observation.
Experimental studies in mice have revealed that JNK-mediated liver injury that
triggers programmed cell death appears to be essential during DEN-induced
hepatocarcinogenesis (Maeda et al, 2005; Sakurai et al, 2006). Consistent with this
concept, our present study demonstrated that loss of JNK1 decreased liver injury
(reduced serum ALT) in DEN-injected atherogenic diet-fed mice compared with
corresponding Wt littermates. Accordingly, M30-stained hepatocytes were less
abundant in atherogenic diet-fed Jnk1-/- mice (vs diet-matched Wt), indicating reduced
hepatocyte apoptosis. Despite the clear evidence of decreased hepatocellular apoptosis,
pro-apoptotic Bax remained unchanged. Alternatively, it is possible that JNK-mediated
hepatocyte cell death operates via modulation of other proteins involved in apoptosis,
such as mitochondrial anti-apoptosis Bcl-xL, Mcl-1, and Sab, or the ER stress pathway
(Seki et al, 2012).
As highlighted in Chapter 1 (Section 1.2), increased hepatocyte proliferation as a
consequence of continuing cell death is critical for tumour promotion, allowing altered
hepatocytes to enter the cell cycle, thereby transmitting oncogenic mutations to their
progeny (Luedde et al, 2014). Studies using mouse models show that JNK1 is critical
for liver regeneration following partial hepatectomy (Hui et al, 2008), and also for
DEN-induced HCC (Hui et al, 2008; Sakurai et al, 2006). Indeed, loss of JNK1 in the
present experiments markedly reduced hepatocyte proliferation (reduced Ki-67-positive
hepatocytes) in mice fed an atherogenic diet compared with diet-matched Wt mice. This
reduction could be one mechanism contributing to the attenuation of DEN-induced
hepatocarcinogenesis in atherogenic diet-fed Jnk1-/- mice (Figure Figure 5.6A and B).
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Following activation, JNK phosphorylates and stabilises c-Jun, leading to
transcriptional activation via formation of AP-1 (reviewed in Chapter 1, Section
1.4.2.1). During liver regeneration, AP-1 controls hepatocyte proliferation by
upregulating c-Myc expression, which suppresses p21, so allowing hepatocytes to
proliferate (Hui et al, 2008; Stepniak et al, 2006). In adult livers, c-Jun deletion
impaired liver regeneration after partial hepatectomy (Behrens et al, 2002), while mice
lacking c-Jun were less susceptible to chemically-induced HCC (Eferl et al, 2003).
Despite suppression of hepatocyte proliferation, the present study showed that c-Jun
activation remained unaltered by JNK1 deletion in atherogenic diet-fed mice. Hence, at
least in this model of dietary obesity-promoted hepatocarcinogenesis, c-Jun activation
appears to be dispensable for how JNK1 promotes hepatocellular proliferation by JNK1.
As stated in Chapter 1 (Section 1.4.2.1), JNK also phosphorylates other AP-1 proteins,
such as JunB, JunD, and ATF2. It is therefore possible that the effects of JNK on
obesity-related hepatocarcinogenesis are via regulation of these proteins (Bubici &
Papa, 2014; Seki et al, 2012). The failure of JNK deficiency to suppress c-Jun
phosphorylation in hepatocytes may also reflect signalling pathway redundancy (Das et
al, 2011). Thus, p38 pathway, like JNK, can up-regulate c-Jun expression in
hepatocytes. Whether p38 MAPK pathway is activated in Jnk1-/- requires further study,
as it has implications for the effectiveness of JNK inhibition as a treatment for HCC.
Earlier studies also showed that reduced liver tumorigenesis in Jnk1-/- mice
correlated with reduced cyclin D1 and VEGF expression, thereby decreasing
compensatory hepatocyte proliferation (Hui et al, 2008; Sakurai et al, 2006; Schwabe et
al, 2003). In the current study, hepatic cyclin D1 expression was unaltered by JNK1
deletion, either in non-tumorous surrounding livers or in HCCs from atherogenic dietfed mice. In Chapter 3, we showed that increased hepatocyte proliferation in foz/foz (vs
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Wt) mice was associated with up-regulation of cyclin D1, cyclin E, and PCNA (Figure
3.10). Whether cyclin E and PCNA are the relevant cell cycle regulators by which JNK
promotes hepatocarcinogenesis in obesity poses an interesting topic for further
investigation.
JNK1 signalling has been implicated in the pathogenesis of obesity-related insulin
resistance and diabetes. Inhibitory phosphorylation of IRS-1 by JNK1 impairs insulin
signalling (Aguirre et al, 2000), and Jnk1-/- mice are protected from insulin resistance
cause by a HFD feeding (Davis, 2000; Hirosumi et al, 2002; Sabio et al, 2009).
However, in the present study, loss of JNK1 in Jnk1-/- mice did not affect fasting blood
glucose levels following atherogenic dietary feeding. In fact, JNK1 deletion appeared to
impair glucose tolerance in DEN-injected atherogenic diet-fed mice compared to dietmatched Wt mice. The reason for this observation remains unclear, and whether this is
relevant to the role of JNK1 in driving hepatocarcinogenesis in obesity remains a
subject for further research.
JNK activation has also been reported in human HCCs (Hui et al, 2008). In
patients treated with sorafenib, p-c-Jun expression in HCCs was higher in nonresponders than in the responder group (Chen et al, 2016), and p-c-Jun expression was
associated with poor overall survival (Hagiwara et al, 2012). These findings suggest the
importance of JNK signalling for human hepatocarcinogenesis, and the potential
application of JNK inhibitors for HCC treatment. Several in vitro and in vivo studies
have demonstrated the efficacy of JNK inhibitors in suppressing growth of HCC cell
lines or tumour growth in xenograft mouse models (Hui et al, 2008; Mucha et al, 2009;
Nagata et al, 2009; Saxena et al, 2010; Wu et al, 2016). However, most of JNK
inhibitors used in these studies exhibit poor kinase selectivity, and/or do not inhibit the
phosphorylation of well-established substrates of JNK. For example, SP-600125, one of
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the earliest and still most widely used inhibitor, exerts exceptionally low specificity for
JNK. Another JNK inhibitor, AS601245, inhibits c-Jun phosphorylation only at high
concentration (Bain et al, 2007; Gehringer et al, 2015; Zhang et al, 2012).
In this study, we tested whether blockade of JNK signalling with CC-930, a novel,
selective, and orally active JNK inhibitor, is effective at slowing onset of chemically
induced hepatocarcinogenesis in genetically obese foz/foz mice. Our current study
demonstrated that daily administration of CC-930 for 12 wks reduced weight gain in
DEN-injected foz/foz mice compared with vehicle-treated group, but longer
administration had a minimal effect on body weight. Similarly, CC-930 treatment did
not alter fat mass, liver weight, fasting blood glucose, or lipid profiles. Although hepatic
steatosis in foz/foz mice was ameliorated after 18 wks of CC-930 administration, liver
injury and hepatocyte apoptosis remained unaltered, as indicated by no change in serum
ALT levels or number of M30-positive hepatocytes. If anything, there was an apparent
increase in serum ALT with longer CC-930 treatment, and this observation merits
further investigation to characterise the safety and tolerability of this agent. In contrast,
CC-930

decreased

hepatocyte

proliferation,

as

shown

by

decreased

Ki-67

immunostaining. However, it is clear that the suppression of hepatocyte proliferation by
CC-930 was not sufficient to halt hepatocarcinogenesis in foz/foz mice, as discussed
later. We speculate that the observation of continuing apoptosis with CC-930 treatment
may predispose hepatocytes to DNA damage that increases genetic instability. As
described in Chapter 3, acceleration of DEN-induced HCC in foz/foz mice was
associated with up-regulation of DNA damage sensors ATM and ATR compared with
Wt mice. Whether CC-930 has implications for DNA damage is required further study.
Consistent with limited beneficial effects of CC-930 administration on hepatocyte
injury and cell death, the proportion of mice with HCC foci was only modestly
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decreased (not significant) in DEN-injected foz/foz mice compared with vehicle-treated
littermates. CC-930 also did not affect the development of dysplastic foci and nodules,
suggesting that the progression of DEN-induced hepatocarcinogenesis was not
attenuated by CC-930 treatment. To date, preclinical studies using selective JNK
inhibitors have not been conducted in murine models of HCC. While several preclinical
studies have evaluated the potency of selective JNK inhibitors (including CC-930) in
animal models of dermal fibrosis (Reich et al, 2012), and diabetic nephropathy (Lim et
al, 2011), these studies have produced conflicting results. The results from the present
study provide useful data to guide future studies of JNK inhibitors in HCC, particularly
in obesity-associated HCC.
In summary, JNK is activated in livers from mice with genetic or dietary obesity
compared with corresponding control lean mice. In the dietary model of obesity, loss of
JNK1 ameliorated liver injury and operation of hepatocyte apoptosis, and decreased
hepatocyte proliferation, ultimately attenuating DEN-induced liver tumorigenesis.
These findings support our hypothesis that increased liver injury and compensatory
hepatocyte proliferation in obese foz/foz mice could be important contributing
mechanisms for early onset of DEN-induced HCC (Chapter 3). However, blockade of
JNK activation with a selective JNK inhibitors, CC-930, did not reduce liver injury or
hepatocyte cell death, and accordingly failed to prevent the progression of DEN-induced
liver tumorigenesis in foz/foz mice. Owing to an apparent exacerbation of liver injury
with CC-930 administration, further research is required to establish the toxicity and
tolerability of this compound, and whether other JNK inhibitors given for longer periods
could be effective chemopreventive strategies.
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Is diabetes or obesity per se more relevant in accelerating
hepatocarcinogesis in obese mice?

6.1

Introduction
Obesity and diabetes are independent risk factors for HCC (Chapter 1, Section

1.1.2). Insulin resistance and glucose intolerance (leading to diabetes) are common
metabolic complications in obesity and play a central role in fibrosis progression in
NAFLD patients (Angulo et al, 2007; Argo et al, 2009; Farrell et al, 2012). Further,
HOMA index, a measure or insulin resistance, is an independent predictor for both HCC
and liver-related death in patients with HCV-related cirrhosis (Nkontchou et al, 2010;
Salmon et al, 2012). Hyperglycemia increases the risk for developing cancers of the
liver, pancreas, esophagus, and colon, and is associated with increased all-cancer
mortality (Jee et al, 2005; Vigneri et al, 2009). However, some obese subjects do not
develop metabolic complications of obesity, such as insulin resistance, glucose
intolerance, arterial hypertension or dyslipidemia. This condition is known as
“metabolically healthy obesity” (MHO). To date, the clinical implications of MHO on
HCC risk as compared to metabolic obesity (insulin resistance, diabetes) remain unclear
(Bluher & Schwarz, 2014). Given the increasing prevalence of obesity and diabetes
worldwide, it is important to establish the relative contribution of metabolic conditions
vs obesity itself in promoting hepatocarcinogenesis. Such understanding would help to
identify people at risk, and thus may impact on decision about HCC surveillance.
Due to its mitogenic effects, insulin may facilitate the growth and survival of
hepatocytes in chronic liver injury (Chettouh et al, 2015). As discussed earlier (Chapter
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1, Section 1.4.1), Akt/mTORC1, a mediator of insulin action, is a major regulator of
cellular growth, proliferation and survival, and may play a role in hepatocarcinogenesis.
mTOR is aberrantly up-regulated in half of HCC cases (Villanueva et al, 2008).
Experimentally, Tsc1-/- mice exhibited sustained activation of mTORC1 and developed
spontaneous HCC at a later age. However in the previous chapter (Section 4.3.5), we
demonstrated that inhibition of mTORC1 with rapamycin for 3 months failed to reduce
growth of dysplastic hepatocytes in obese mice. This indicates that other signalling
pathways are more likely critical in metabolic obesity-promoted hepatocarcinogenesis.
As highlighted in Chapter 1 (Section 1.4.2.1) and discussed in Chapter 5, in
obesity and diabetes, insulin/IGF-1, lipid accumulation (saturated FFA and FC), ROS
and cytokines can each activate JNK signalling. Targets of JNK include members of the
activating protein 1 (AP-1) transcription factor, including c-Jun, JunB and JunD. JNK1
and c-Jun have both been implicated in hepatocarcinogenesis by associative studies, and
their role has been confirmed by protection against HCC in c-Jun- or JNK1-deficient
mice (Eferl et al, 2003; Hui et al, 2008; Sakurai et al, 2006). In human HCCs, JNK
phosphorylation was higher in tumours than in non-neoplastic tissues (Hui et al, 2008),
suggesting the clinical importance of JNK in human hepatocarcinogenesis. While the
tumour-promoting roles of JNK in hepatocarcinogenesis are not fully understood, they
may include regulation of cell death of altered hepatocytes and compensatory
hepatocellular proliferation, as suggested by the results presented in Chapter 5. JNK1
up-regulates the growth factor c-Myc, which in turn down regulated p21, and this
appears to be critical for the mechanism by which JNK1 promotes hepatocarcinogenesis
(Hui et al, 2008; Seki et al, 2012).
In obesity, increased ROS production may also trigger activation of NRF2, a
transcription factor regulating cellular protection against redox-mediated injury
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(Chapter 1, Section 1.4.2.2). It has been proposed that persistent NRF2 up-regulation
promotes hepatocarcinogenesis (Karin & Dhar, 2016). Further, next generation
sequencing has identified recurrent mutations on NFE2L2 (gene encoding NRF2) and
KEAP1 (NRF2 inhibitor) in human HCCs (Cleary et al, 2013; Schulze et al, 2015).
Nrf2/Keap1 mutations are extremely frequent in the early stages (preneoplastic lesions
and early HCC) of rat hepatocarcinogenesis (Zavattari et al, 2015). These data indicate
the potential importance of the NRF2 pathway for clonal expansion of preneoplastic
hepatocytes to HCC (Zavattari et al, 2015). In Chapter 4, it was shown that NRF2 and
nucleotide synthesis were correspondingly up-regulated in livers from mice with
metabolic obesity (vs lean mice), and we suggested that this change could contribute to
enhanced hepatocarcinogenesis. In the present study, we investigated whether NRF2
activation differs between livers of diabetic and non-diabetic obese mice.
In Chapter 3, we showed that enhanced growth of dysplastic hepatocytes in
diabetic foz/foz mice was associated with increased liver injury (higher ALT) and
prominent hepatocyte apoptosis (M30) (Chapter 3, Figure 3.9). It is also plausible that
this differing extent of liver injury differs between diabetic obesity (“metabolic
obesity”) and non-diabetic obesity (MHO) is important in hepatocarcinogenesis. We
also showed diabetic obese mice exhibit hepatic up-regulation of the DNA damage
sensors, ATM and ATR, reflecting increased DNA damage; despite this, cell cycle
checkpoint kinases (as CHK1/2) were less activated than in lean animals (Chapter 3,
Figure 3.11). This impairment of checkpoint kinases could partly account for decreased
ability of p53 to inhibit proliferation of altered hepatocytes, thereby allowing clonal
expansion of transformed hepatocytes into HCC. Interestingly, a recent study
demonstrated that obesity-related insulin resistance was associated with p53
accumulation and activation in both insulin-sensitive tissues (liver, adipose and muscle)
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and non-insulin target tissues (kidney, intestine) (Homayounfar et al, 2015; Zand et al,
2016). These observations have been interpreted as indicating that p53 senses metabolic
stress in obesity. However, it is unclear whether changes in p53 expression and function
are confined to metabolic obesity, and whether other components of the DNA damage
response differ between metabolic obesity and MHO.
6.1.1

Hypothesis and aims
In the present study, we first compared the development of DEN-induced liver

tumours between foz/foz NOD.B10 and foz/foz BALB/c mice. foz/foz BALB/c mice are
equally obese as other Alms1 mutant lines, but do not develop hyperinsulinemia or
diabetes. If hyperinsulinemia or diabetes is responsible for how obesity accelerates
HCC, we would expect that early onset of HCC in DEN-injected would not occur in
foz/foz BALB/c mice (as it does for NOD.B10 animals). Having confirmed that that this
was the case, we investigated the potential mechanisms for this different susceptibility
to hepatocarcinogenesis by examining metabolic signalling pathways associated with
insulin and metabolic stresses. In addition, we characterised DNA damage responses
between the two strains.
The specific aims of this study were to:
1. Compare liver tumour development in diabetic obese foz/foz NOD.B10 and
obese foz/foz BALB/c mice who do not develop diabetes
2. To compare and contrast metabolic characteristics in these two obese mouse
lines which could provide clues to accelerated hepatocarcinogenesis
3. Establish whether activation of the Akt/mTORC1 pathway differs between
diabetic foz/foz NOD.B10 and non-diabetic foz/foz BALB/c mice
4. Examine metabolic stress-response signalling pathways in these two obese lines
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5. Compare cellular responses to DNA damage between these two Alms1 mutant
lines
6.2
6.2.1

Materials and methods
Animal studies
foz/foz NOD.B10 mice were derived from similar animals employed in Chapter 3

and 4. Using heterozygous (foz/+) founder NOD.B10 mice (Arsov et al, 2006a), the foz
mutation was bred into BALB/c mice over 8 generations to yield foz/+ BALB/c mice.
In turn, these heterozygous animals were used to breed foz/foz BALB/c mice. Group of
mice (n=9-12 at each time point) were injected intraperitoneally with DEN (10 mg/kg
body weight) or saline (control) and sacrificed at 3, 6 or 9 mths of age. Liver nodules
were defined as macroscopically visible nodules sized ≥1 mm. All mice were fed chow
diet (Specialty Feeds, Glen Forrest, WA, Australia). These experiments were approved
by The Australian National University Animal Experimentation Ethics Committee
(protocol A2011/40).
6.2.2

Serum and liver analyses
Serum ALT, cholesterol and triglyceride were determined by automated

procedures in ACT Pathology, The Canberra Hospital. Commercial ELISA assay was
used to measure serum insulin as described in Section 2.9. For proteins mentioned in the
results, expression was determined by Western immunoblot using specific antibodies
iterated in Appendix C. The relative expression of proteins was normalized to HSP-90
(as loading control), and compared to levels of saline-injected Wt BALB/c mice (set at
1).
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Statistical analyses
Data were analysed by two-way ANOVA, followed by Bonferroni’s post hoc test.

Differences in liver tumour incidence between groups were assessed by Chi-square.
Data are presented as mean ± SEM, with group size (n) ³ 9, as indicated in figure
legends and tables. P < 0.05 was considered significant. Statistical analyses were
performed using GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA,
USA) and SPSS statistic version 22 (IBM Corp., Armonk, NY, USA) for Windows. In
results compiled as tables and figures, “d” notation is used to indicate statistical
significant differences between strains (BALB/c vs NOD.B10 mice).
6.3
6.3.1

Results
Liver tumorigenesis is enhanced in diabetic obese compared with non-

diabetic obese mice
At 6 mths, the incidence of liver tumourigenesis was significantly higher in DENinjected foz/foz NOD.B10 than foz/foz BALB/c mice (100% vs 36%, P < 0.05, Table
6.1). Further, liver nodules from foz/foz NOD.B10 were more numerous and larger than
those from BALB/c counterparts, with maximum size of 6 mm in foz/foz NOD.B10 vs 2
mm in foz/foz BALB/c (P < 0.01, Figure 6.1A-C). Further, 2 of 12 foz/foz NOD.B10
mice bearing liver nodules had lung metastases, whereas none were found in obese
foz/foz BALB/c (Table 6.1).
At 9 mths, all DEN-injected Wt NOD.B10 mice developed liver nodules, but only
40% of Wt BALB/c counterparts did; lung metastases developed in both lines (Table
6.1). All DEN-injected obese mice had liver nodules, but these were more numerous
and larger in foz/foz NOD.B10 than in foz/foz BALB/c mice (P < 0.01, Figure 6.1B and
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C). The frequency of lung metastases was similar in both strains of foz/foz mice (Table
6.1).
Table 6.1 Incidence of liver nodules in DEN-injected NOD.B10 vs BALB/c mice
6 mths

9 mths

Genotype
Nodules

Metastases

Nodules

BALB/ NOD.B10 BALB/c
c

Metastases

BALB/c

NOD.B10

NOD.B10 BALB/c NOD.B10

Wt

0/11

0/11

None

None

4/10
(40%)

11/11d
(100%)

1/4
(25%)

1/11
(9.1%)

foz/foz

4/11
(36%)

12/12d
(100%)

None

2/12
(17%)

10/10
(100%)

11/11
(100%)

7/10
(70%)

7/11
(64%)

Liver nodules were macroscopically visible nodules sized ≥1 mm.
Abbreviations: HCC= hepatocellular carcinoma; Wt= wild-type.
d
P < 0.05, vs corresponding BALB/c, by Chi-square test.

Figure 6.1 DEN-injected foz/foz NOD.B10 mice develop more and larger liver
nodules than foz/foz BALB/c counterparts
(A) Representative livers from DEN-injected foz/foz BALB/c and foz/foz NOD.B10 at 6 mths.
Arrows point to some liver nodules. At both 6 and 9 mths, liver nodules were (B) more
numerous and (C) larger (as maximum width) in foz/foz NOD.B10 than those in corresponding
BALB/c mice. Data are mean ± SEM (n = 9-12 mice/group0. dP < 0.05, vs corresponding
BALB/c, by two-way ANOVA with Bonferroni’s post hoc test.
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Metabolic complications of obesity in foz/foz NOD.B10 vs foz/foz BALB/c

mice
Consistent with earlier report from the host laboratory (Farrell et al, 2013a), the
Alms1 mutation in foz/foz mice resulted in excessive weight gain, independent of
background strain. Body weight generally did not differ between the two obese lines,
except saline-injected foz/foz NOD.B10 mice weighed slightly more than corresponding
BALB/c at 3 mths (P < 0.01, Figure 6.2A). White adipose tissue expansion, as indicated
by peri-epidydymal (epiWAT) to body weight ratio, did not differ between the two
strains (Figure 6.2B). While hepatomegaly was evident in foz/foz NOD.B10 mice by 3
mths, liver weight remained unaltered in foz/foz BALB/c mice (vs Wt littermates)
(Figure 6.2C).
Saline-injected foz/foz NOD.B10 mice, but not BALB/c counterparts, exhibited a
3-fold increase in serum insulin compared with corresponding lean Wt mice (P < 0.01,
Figure 6.3A). However, broadly similar changes in serum insulin were observed in
DEN-injected foz/foz NOD.B10 and foz/foz BALB/c mice (P < 0.01). However,
HOMA-IR was increased in foz/foz NOD.B10 compared to Wt littermates (P < 0.05,
Figure 6.3B), it was unaltered in foz/foz BALB/c. This reflects that the development of
insulin resistance occurred in foz/foz NOD.B10, but not in foz/foz BALB/c mice.
Correspondingly, hyperglycemia was conspicuous in obese foz/foz NOD.B10 compared
to lean Wt mice since an early age (P < 0.01, Figure 6.3C). On the other hand, obesity
did not alter fasting blood glucose in BALB/c mice. This indicates the development of
diabetes in obese foz/foz NOD.B10, but not in equally obese foz/foz BALB/c mice.

Chapter 6 Is diabetes or obesity per se more relevant in obesity-accelerated HCC?

196

Figure 6.2 Changes in body and tissue weights with Alms1 mutation in NOD.B10
and BALB/c mice
(A) Both foz/foz NOD.B10 and foz/foz BALB/c were similarly obese (vs Wt). There was no
difference in body weight between these two obese lines, except among saline-injected (control,
CTL) foz/foz NOD.B10 mice and BALB/c counterparts at 3 mths. (B) Epididymal fat (epiWAT)
(as a proportion of body weight) was not different between the two strains of obese mice. (C)
Hepatomegaly occurred in foz/foz NOD.B10 but not in foz/foz BALB/c mice or their
corresponding Wt controls. Data are mean ± SEM (n = 9-12 mice/group). dP < 0.05, vs
corresponding BALB/c, by two-way ANOVA with Bonferroni’s post hoc test.
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Figure 6.3 Obesity causes insulin resistance with hyperinsulinemia and diabetes in
foz/foz NOD.B10 but not in foz/foz BALB/c mice
(A) Serum insulin was markedly increased in saline-injected (control, CTL) foz/foz NOD.B10
(vs Wt) mice but not in BALB/c counterparts. Both foz/foz strains developed hyperinsulinemia
after DEN injection (vs corresponding Wt). (B) HOMA-IR, and (C) fasting blood glucose were
increased in foz/foz NOD.B10 mice but not in foz/foz BALB/c mice. Data are mean ± SEM (n =
9-12 mice/group). dP < 0.05, vs corresponding BALB/c, by two-way ANOVA with Bonferroni’s
post hoc test.

6.3.3

Diabetic obese mice develop more severe liver injury than non-diabetic

counterparts
In previous work, we showed that enhancement of HCC in diabetic obese mice
was associated with increased liver injury, particularly at 3 mths, an early stage in
hepatocarcinogenesis (Chapter 3, Figure 3.9). We therefore investigated whether the
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acceleration of liver tumorigenesis in foz/foz NOD.B10 vs foz/foz BALB/c mice could
be attributed to a difference in extent of liver injury.
Serum ALT was similar in saline-injected mice of both strains (Figure 6.4A).
However, DEN-injected foz/foz NOD.B10 mice exhibited increased serum ALT
compared with foz/foz BALB/c counterparts (P < 0.05, Figure 6.4A). In agreement with
this finding, pro-apoptosis BAX was increased in foz/foz NOD.B10 mice (vs Wt), but
unaltered in BALB/c counterparts (P < 0.001, Figure 6.4B).

Figure 6.4 Liver injury and pro-apoptotic Bax expression are more pronounced in
DEN-injected diabetic obese mice than non-diabetic counterparts
(A) At 6 mths, serum ALT was comparable among saline-injected (control, CTL) mice of both
strains, but this value was increased in DEN-injected foz/foz NOD.B10 compared with BALB/c
counterparts. (B) Pro-apoptotic Bax was increased in foz/foz NOB.B10 but unaltered in foz/foz
BALB/c. B=BALB/c and N=NOD.B10. Data are mean ± SEM (n = 8-12 mice/group). dP <
0.05, vs corresponding BALB/c, by two-way ANOVA with Bonferroni’s post hoc test.
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Hepatocellular proliferation activity is not different between diabetic and

non-diabetic obese mice
In Chapter 3, we noted that persistent liver injury in diabetic obese mice was
associated with increased hepatocellular proliferation, and we proposed that this may
contribute to enhanced growth of dysplastic hepatocytes and acceleration of HCC onset.
We therefore examined the proliferative markers, cyclin D1, cyclin E and PCNA in
livers from both strains at 6 mths. There were no marked differences in expression of
either cyclin D1, cyclin E or PCNA between foz/foz NOD.B10 and foz/foz BALB/c
mice, even after DEN injection (Figure 6.5A-C).

Figure 6.5 Hepatocyte proliferation is not different between NOD.B10 and BALB/c
mice
Hepatic expression of (A) cyclin D1, (B) cyclin E, and (C) PCNA was similar between the two
strains, irrespective of DEN injection. B=BALB/c, N=NOD.B10, and CTL=control, salineinjected. (D) Representative Western Blots for cyclin D1, cyclin E, PCNA, and HSP-90 (as
loading control). B=BALB/c and N=NOD.B10. Data are mean ± SEM (n = 8 mice/group).
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Similar activation of Akt/mTORC1 in diabetic and non-diabetic obese mice
In Chapter 4, we showed that acceleration of HCC in diabetic obese mice was

associated with activation of Akt/mTORC1 pathways (Section 4.3.1-4.3.4), possibly
mediated by hyperinsulinemia that occurred in foz/foz NOD.B10 mice. If
hyperinsulinemia is responsible for obesity-promoted hepatocarcinogenesis, we would
expect to observe difference in Akt/mTORC1 activation between foz/foz NOD.B10 and
foz/foz BALB/c mice. In saline-injected mice, there was no difference in Akt activation
(ratio of p-Akt:Akt) between these two obese lines (Figure 6.6A). However, Akt
activation was markedly increased in DEN-injected foz/foz NOD.B10 compared with
foz/foz BALB/c counterparts (P < 0.05, Figure 6.6A). Despite this change, there were no
differences in mTOR activation (ratio of p-mTOR:mTOR) and S6 phosphorylation
between the two strains (Figure 6.6B and C).
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Figure 6.6 Akt activation is enhanced in DEN-injected foz/foz NOD.B10 compared
with foz/foz BALB/c mice but mTORC1 activation is similar
(A) Hepatic activation of Akt (as ratio of phospho-/total) was increased in DEN-injected foz/foz
NOD.B10 compared with BALB/c counterparts, but (B) mTOR activation (p-mTOR:mTOR
ratio) and S6 phosphorylation were unaltered. (D) Representative Western Blots for Akt, p-Akt,
mTOR, p-mTOR, p-S6 and HSP-90 (as loading control). B=BALB/c and N=NOD.B10. Data
are mean ± SEM (n = 8 mice/group). dP < 0.05, vs corresponding BALB/c, by two-way
ANOVA with Bonferroni’s post hoc test.

6.3.6

Differential up-regulation of oxidative stress-response pathways between

diabetic foz/foz NOD.B10 and non-diabetic foz/foz BALB/c mice
One important finding from studies in the previous chapter was that NRF2
expression, a response to oxidative stress, was markedly increased in livers from
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diabetic obese mice compared to lean mice (Chapter 4, Figure 4.10), as shown by
increased nuclear accumulation of NRF2. Further, up-regulation of Nqo1 in this model
supports increased transactivation function of NRF2. We interpret this as a cellular
response to increased ROS production in diabetic obese mice with fatty liver disease.
We therefore hypothesised that oxidative stress may be a mechanism linking obesity
and diabetes with the NAFLD they cause to accelerated hepatocarcinogenesis.
Nuclear accumulation of NRF2 was increased in livers from foz/foz NOD.B10
mice (irrespective of DEN injection), but unaltered in foz/foz BALB/c counterparts (P <
0.05, Figure 6.7A). Similarly, NQO1 expression was substantially up-regulated in
foz/foz NOD.B10, but remained unchanged in foz/foz BALB/c mice (P < 0.05, Figure
6.7B).
In

support

for

a

potential

role

of

oxidative

stress

in

promoting

hepatocarcinogenesis, we also found that increased JNK activation was associated with
early onset HCC in diabetic obese mice (Chapter 5, Figure 5.1). In Chapter 5, we
demonstrated that deletion of Jnk1 prevented liver tumour development in Ath diet-fed
obese mice (Section 5.3.6). This indicates for a possible role for JNK1 in obesitypromoted hepatocarcinogenesis. In the present study, JNK phosphorylation was
unaltered among saline-injected mice (Figure 6.8A). However, after DEN injection,
foz/foz NOD.B10 mice showed an increase in JNK phosphorylation (vs lean Wt),
whereas this was not altered in BALB/c counterparts (P < 0.05, Figure 6.8A). In line
with increased JNK phosphorylation specific to foz/foz NOD.B10 mice, nuclear
accumulation of p-c-Jun was markedly increased in livers of DEN-injected foz/foz
NOD.B10 mice and unchanged in foz/foz BALB/c mice (P < 0.05, Figure 6.8B).
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Figure 6.7 NRF2 is activated in livers from foz/foz NOD.B10 but not in foz/foz
BALB/c mice
(A) Nuclear accumulation of NRF2 was markedly increased in foz/foz NOD.B10 mice but not in
BALB/c counterparts. (B) Nuclear expression of NQO1 was increased in livers from foz/foz
NOD.B10 but unaltered in foz/foz BALB/c mice. (C) Representative Western Blots for NRF2,
NQO1, TBP (as loading control for NRF2), and HSP-90 (as loading control for NQO-1)).
B=BALB/c and N=NOD.B10. Data are mean ± SEM (n = 8 mice/group). dP < 0.05, vs
corresponding BALB/c, by two-way ANOVA with Bonferroni’s post hoc test.

Previous studies have indicated that JNK1, by up-regulating c-Myc and
downregulating p21, could contribute to hepatocarcinogenesis (Hui et al, 2008; Seki et
al, 2012). Consistent with this rationale, hepatic c-Myc expression increased more than
5-fold in foz/foz NOD.B10 mice, irrespective of DEN treatment (P < 0.01, Figure 6.8C),
and was unaltered in foz/foz BALB/c mice.
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Figure 6.8 foz/foz NOD.B10 but not foz/foz BALB/c mice exhibit increased hepatic
JNK activation, which is associated with up-regulation of c-Myc
(A) Hepatic JNK phosphorylation was comparable among saline-injected mice (control, CTL),
but was notably increased in DEN-injected foz/foz NOD.B10 mice compared with
corresponding BALB/c mice. (B) Nuclear accumulation of p-c-Jun followed a pattern similar to
JNK activation. (C) c-Myc expression was increased in livers of foz/foz NOD.B10 vs foz/foz
BALB/c mice, regardless of DEN injection. (D) Representative Western Blots for JNK1/2, pJNK1/2, c-Myc and HSP-90 (as loading control). B=BALB/c and N=NOD.B10. Data are mean
± SEM (n = 8 mice/group). dP < 0.05, vs corresponding BALB/c, by two-way ANOVA with
Bonferroni’s post hoc test.

6.3.7

DNA damage appears greater in diabetic obese vs non-diabetic obese mice
We showed that early onset HCC in diabetic obese mice was associated with an

apparent increase in DNA damage, at least as reflected by up-regulation of the DNA
damage sensors, ATM and ATR (Chapter 3, Figure 3.11). Despite these changes, livers
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from obese diabetic mice displayed inadequate cell cycle control by CHK1/2 that may
affect the ability of p53 to inhibit proliferation of damaged and altered hepatocytes. This
in turn may contribute to promotion of hepatocarcinogenesis in obese mice.
In the present study, hepatic expression of ATM was increased in saline-injected
foz/foz NOD.B10 compared with foz/foz BALB/c mice (P < 0.0001, Figure 6.9A), but
this difference was no longer evident after DEN-injection. Further, CHK2
phosphorylation was markedly reduced in foz/foz NOD.B10 (regardless of DEN
injection) compared with Wt mice (P < 0.05, Figure 6.9B), but unaltered in similarly
obese BALB/c mice. On the other hand, p53 Ser15 phosphorylation (required to
stabilise p53 levels) was increased in DEN-injected foz/foz NOD.B10 compared with
BALB/c mice. Despite this change, total p53 expression were similar between these two
obese lines (Figure 6.9C and D). Similarly, p21, a downstream effector of p53, and cell
cycle inhibitor p27 were not different between the two strains (Figure 6.9E and F).
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Figure 6.9 Changes in DNA damage sensor ATM and cell cycle regulators in
NOD.B10 vs BALB/c mice
(A) Hepatic ATM expression was increased in saline-injected foz/foz NOD.B10 compared with
foz/foz BALB/c mice; this difference was disappeared after DEN injection. Conversely, (B)
hepatic CHK2 phosphorylation was decreased in foz/foz NOD.B10 mice regardless of DENinjection, but unaltered in BALB/c mice. (C) Total p53 was unaltered, but (D) hepatic p53 ser15
phosphorylation was increased in DEN-injected foz/foz NOD.B10 compared with foz/foz
BALB/c mice. Hepatic expression of (E) p21 and (F) p27 was not different between the two
strains. (G) Representative Western Blots for ATM, p-CHK2, p-p53 ser15, p53, p21, p27, and
HSP-90 (as loading control). B=BALB/c and N=NOD.B10. Data are mean ± SEM (n = 8
mice/group). dP < 0.05, vs corresponding BALB/c, by two-way ANOVA with Bonferroni’s post
hoc test.
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Discussion
Despite a strong association between obesity and HCC development, it is unclear

which metabolic factors are most relevant for the promotion of hepatocarcinogenesis.
Although insulin resistance and diabetes are common in obese subjects, some
individuals remain insulin sensitive. The present studies were aimed to establish
whether metabolic obesity and obesity without metabolic changes differ in their
predisposition to chemically induced hepatocarcinogenesis. Therefore, we compared
DEN-induced hepatocarcinogenesis between Alms1 mutant (foz/foz) NOD.B10 and
BALB/c mice. foz/foz NOD.B10 mice are genetically prone to type 2 diabetes (Arsov et
al, 2006b), whereas BALB/c mice are refractory to obesity-related diabetes
(Montgomery et al, 2013).
The first major finding of this study was that, while all DEN-injected foz/foz
NOD.B10 mice had liver nodules at 6 mths, less than 40% of equally obese DENinjected foz/foz BALB/c developed nodules. Further, DEN-injected foz/foz NOD.B10
exhibited more and larger liver nodules than foz/foz BALB/c counterparts at 6 mths;
similar differences were also observed at 9 mths. This indicates that diabetic obese
foz/foz NOD.B10 develop enhanced hepatocarcinogenesis compared with similarly
obese foz/foz BALB/c without diabetes. To our knowledge, this is the first experimental
evidence to dissect the relative importance of diabetes and obesity in HCC
development. The findings greatly extend human data showing that diabetes increases
risk of HCC independently or synergistically with other well-known risk factors for
HCC, including HBV, HCV and excessive alcohol intake (Section 1.1.2.2 and Chapter
3).
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Of note, at 9 mths, the incidence of liver tumours was also higher in DEN-injected
Wt NOD.B10 mice than corresponding BALB/c mice (100% vs 40%). This finding
indicates that strain-dependent differences in susceptibility to develop liver cancer may
also contribute to enhanced HCC in foz/foz NOD.B10 mice. The propensity of mouse
strains to develop spontaneous or carcinogen-induced hepatocarcinogenesis is wellknown. For example, BALB/c and C57BL/6 are deemed to be relatively resistant,
whereas CBA and C3H inbred mice are considered highly susceptible to N-ethyl-Nnitrosourea (ENU)-induced HCC (Kemp & Drinkwater, 1989; Maronpot, 2009).
BALB/c mice are also relatively protected from the metabolic and liver complications
of diet-induced obesity, such as glucose intolerance, insulin resistance (Montgomery et
al, 2013) and NASH fibrosis (Farrell et al, 2013a; Montgomery et al, 2013). An earlier
report from the host lab compared NASH development in diabetic foz/foz C57BL6/J and
non-diabetic foz/foz BALB/c mice (Farrell et al, 2013a). Atherogenic dietary feeding
caused NASH fibrosis in foz/foz C57BL6/J but not in foz/foz BALB/c mice. Like
NOD.B10, foz/foz C57BL6/J mice develop insulin resistance with hyperinsulinemia
(albeit with less extreme increases) and diabetes, whereas foz/foz BALB/c do not. More
studies are required to establish whether the development of NASH fibrosis could
accelerate hepatocarcinogenesis in obese mice complicated by diabetes.
The results of the present study are also consistent with hyperinsulinemia (arising
from insulin resistance) and hyperglycemia being key to the mechanisms for
accelerating liver tumorigenesis in obese mice. Of note, hyperinsulinemia was also
evident in DEN-injected foz/foz BALB/c (vs Wt) mice, but the HOMA-IR index did not
indicate the presence of insulin resistance, and fasting blood glucose remained normal.
In humans, insulin resistance is a key mechanism in NASH pathogenesis, an important
predictor for disease progression in patients with liver cirrhosis, and an established risk
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factor for HCC among HCV-infected patients (Arase et al, 2013; Hayashi et al, 2016).
A large, multinational prospective investigation from the EPIC study showed that
higher levels of C-peptide, a marker of insulin secretion, were associated with greater
risk of HCC (Aleksandrova et al, 2014). As reviewed in Chapter 1 (Section 1.4.1),
insulin promotes hepatocyte proliferation in vitro by activating the EGFR (Reinehr et al,
2010), upregulating positive cell cycle regulators (Imamura et al, 2005; Yeom et al,
2015), and by inducing G1/S and G2/M transition (Celton-Morizur et al, 2009). Further,
in streptozotozin-diabetic rats with diabetes in which pancreatic islets were transplanted
into the livers, spontaneous HCC occurred, indicating local effect of insulin
(Dombrowski et al, 2006).
It remains less clear whether hyperglycemia, without any concomitant factors,
accelerates hepatocarcinogenesis. Glycated haemoglobin A1c (HbA1c) is the most
widely used marker for monitoring long-term glycemic control in diabetic patients.
There are conflicting data regarding the relationship between HbA1c and HCC. Four
studies reported a positive association between HbA1c levels and HCC incidence
(Dabrowski, 2013; Donadon et al, 2008; Li et al, 2015; Yang et al, 2013), but a
nationwide population-based prospective cohort study from Sweden observed no
association between the HbA1c levels and all-cancer risk in patients with diabetes
(Miao Jonasson et al, 2012). A recent animal study suggested that hyperglycemia did
not

enhanced

hepatocarcinogenesis.

This

study

compared

7,12-

dimethylbenz(a)anthracene (DMBA)-induced HCC between mice with streptozotocininduced hyperglycemia, HFD and normal chow feeding (controls). At 40 wks, multiple
HCCs were observed only in HFD-fed mice, whereas streptozotosin-treated and control
mice did not demonstrate any macroscopic liver nodules. Thus, hyperglycemia may not
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increase hepatocarcinogenesis on its own (Niwa et al, 2015). Hence, hyperinsulinemia
may be a critical factor in the promotion of hepatocarcinogenesis in diabetic obese mice.
Despite a substantial difference in serum insulin levels between the two obese
lines, mTORC1 activation was similar. We observed that Akt was activated in DENinjected foz/foz NOD.B10 compared with foz/foz BALB/c mice, but this did not lead to
mTORC1 activation. mTORC1 is one important mediator of insulin action, and its
aberrant activation can contribute to hepatocarcinogenesis as demonstrated by animal
studies and human data (reviewed in Chapter 1, Section 1.4.1). We have previously
shown that mTORC1 is activated in livers from obese foz/foz NOD.B10 mice during the
early stages of hepatocarcinogenesis (Figure 4.2 and 4.3). This led us to hypothesize
that mTORC1 promotes the growth of dysplastic hepatocytes in diabetic obese mice,
ultimately resulting in enhanced HCC development. However, rapamycin treatment for
3 mths failed to halt the growth of these preneoplastic hepatocytes. Taken with these
earlier data, the findings from the current study once again suggest that mTORC1 may
not be a critical pathway towards enhanced hepatocarcinogenesis in obese diabetic
mice.
In Chapter 4 we showed that NRF2 was activated in fatty livers of obese mice, in
association with oxidative stress and accumulation of the autophagy substrate, p62
(Figure 4.6 and 4.10). Consistent with its protective role against oxidative stress, NRF2regulated oxidative stress response genes (Nqo1, Hmox-1, Gclc and Gclm) were upregulated in livers of obese diabetic mice (Chapter 4, Figure 4.10). In addition,
increased proliferative signals from PI3K/Akt, especially in the early stages of HCC
development, have been proposed as a mechanism of increased NRF2 activation in
diabetic obese mice (Mitsuishi et al, 2012). As discussed in Chapter 4, NRF2 may
promote liver carcinogenesis by supporting the synthesis of nucleotides, which are
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needed during the proliferation of altered hepatocytes and cancer cells. In the present
investigation, NRF2 and one of its main target effectors, NQO1, were up-regulated in
foz/foz NOD.B10 mice but not in foz/foz BALB/c. Overexpression of NQO1 was
reported in human liver tumours more than 20 years ago (Belinsky & Jaiswal, 1993). A
recent study also reported increased NQO1 expression in HBV- and alcohol-related
cirrhosis, end-stage liver disease, and HCC compared with healthy livers (Cheng et al,
2015). We therefore interpret the present result as indicating that diabetes (and fatty
liver caused by it) may be responsible for hepatic activation of NRF2, and this
mechanism may play an important role in promoting HCC development. Whether
insulin triggers NRF2 activation directly or via increasing ROS levels in diabetic mice
remains an interesting topic for future studies. Unfortunately, due to the tight time limits
for the conduct of the experiments, we did not compare hepatic levels GSH and GSSG
between the two strains to gain direct evidence of oxidative stress. Nonetheless, the
potential role of NRF2 in obesity-related HCC contributes to a growing body of data
that support its role as a driver of hepatocarcinogenesis (Karin & Dhar, 2016).
Therefore, an important future direction would be to test whether NRF2 inhibitors can
be applied to chemoprevention against HCC associated with diabetes and NASH.
In line with the suggested increase in oxidative stress, JNK phosphorylation
clearly enhanced in livers from foz/foz NOD.B10 but unaltered in foz/foz BALB/c mice.
Notably, this change was only observed in DEN-injected foz/foz NOD.B10 mice at
onset of HCC (6 mths), but not in saline-injected littermates. As reviewed in Section
1.4.2.1, phosphorylation of JNK leads to its activation, in turn phosphorylates c-Jun,
among others, to increase its transcriptional activity (via AP-1). Indeed, nuclear
accumulation of phosphorylated c-Jun was increased in DEN-injected foz/foz NOD.B10
mice but not in corresponding BALB/c. Thus, JNK could contribute to mediation of
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chemically induced hepatocarcinogenesis, independently of its aberrant activation by
obesity or insulin resistance. This is consistent with previous studies that JNK,
particularly JNK1, is crucial in chemically induced hepatocarcinogenesis in lean mice
(Das et al, 2011; Hui et al, 2008; Sakurai et al, 2008). Others have shown that chow-fed
ob/ob mice do not display JNK activation in the livers but HF-fed Wt and ob/ob mice do
(Hirosumi et al, 2002), indicating that JNK is activated in dietary but not in genetically
obese mice.
As discussed in Section 1.4.2.1, JNK1 up-regulates c-Myc that leads to
suppression of p21, promoting hepatocyte proliferation, which could contribute to
DEN-induced hepatocarcinogenesis (Hui et al, 2008; Sakurai et al, 2006). c-Myc
expression was up-regulated in livers from foz/foz NOD.B10 mice irrespective of DEN
injection, but it was unchanged in livers of BALB/c counterparts. As JNK activation
was evident only after DEN injection, the change in c-Myc expression in saline-injected
diabetic obese mice suggests that c-Myc expression in this model may be regulated by
other stimuli.
Despite the difference in c-Myc expression, proliferative activity was similar in
livers from both strains, at least as indicated by cyclin D1, cyclin E and PCNA.
Alternatively, the changes in proliferation activity may be more clear-cut in early stage
of hepatocarcinogenesis, in which repeated cycle of hepatocyte death-compensatory
proliferation (regeneration) likely occurs.
In Chapter 3 we showed that accelerated hepatocarcinogenesis in diabetic obese
foz/foz mice was associated with increased liver injury, as reflected by higher serum
ALT and hepatocyte apoptosis (Figure 3.9). The presence of hepatocyte death and
subsequent cell death responses, manifesting as hepatocyte ballooning, inflammatory
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infiltrates, and/collagen deposition, also distinguishes NASH from simple steatosis
(Luedde et al, 2014). Therefore, it is possible that the observed strain differences in
obesity-promoted hepatocarcinogenesis could be due to the type and extent of liver
injury. Indeed, the present study showed that serum ALT was increased in diabetic but
not in non-diabetic obese mice, particularly after DEN injection. This was accompanied
by up-regulation of pro-apoptotic Bax, which could indicate operation of apoptosis.
Thus, diabetes may increase hepatocellular injury in obese mice, and this could
contribute to enhanced DNA damage as described below.
As described in Chapter 1 (Section 1.2 and 1.4.6), persistent liver injury, which
triggers high hepatocyte turnover, may predispose to genetic changes that lead to
genomic instability. Thus, DNA damage, as evidence by DNA damage sensor (ATM)
and p53 ser15 phosphorylation, was enhanced in foz/foz NOD.B10 mouse livers
compared with foz/foz BALB/c mice. Paradoxically, CHK2 was less activated in livers
from foz/foz NOD.B10 compared with corresponding BALB/c mice. We interpret these
results as indicating that under metabolic stress induced by obesity and diabetes, lack of
cell cycle checkpoint control may allow damaged hepatocytes to enter the cell cycle,
culminating in genomic instability that may facilitate hepatocarcinogenesis.
In summary, both strains of Alms1 mutant (foz/foz) mice develop equivalent
obesity, but insulin resistance, hyperinsulinemia and hyperglycemia occur in foz/foz
NOD.B10 mice but not in foz/foz BALB/c counterparts (except after DEN injection).
These metabolic differences are likely the main mechanisms underlying the observed
strain-dependent difference in susceptibility to DEN-induced hepatocarcinogenesis,
which was enhanced in foz/foz NOD.B10 mice compared with foz/foz BALB/c
counterparts. However, despite the obvious strain difference in levels of serum insulin
in response to obesity, insulin-mediated mTORC1 activation cannot explain the
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observed difference in hepatocarcinogenesis. Instead, liver injury related to metabolic
obesity and inadequate cell cycle checkpoint control in response to DNA damage may
predispose to genomic instability and eventually HCC. In addition, a novel role of
NRF2-promoted nucleotide synthesis may be important in the acceleration of
hepatocarcinogenesis in obese mice with diabetes. Finally, we believe the results of the
present study have provided several mechanistic insights for future studies to clarify the
mechanistic

connections

between

obesity,

diabetes,

NAFLD

and

HCC.
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Exercise slows growth of dysplastic hepatocytes and delays HCC
development in mice genetically predisposed to obesity and diabetes

7.1

Introduction
In modern civilization, sedentary lifestyle and lack of physical activity both

contribute to pandemic obesity. Thus, epidemiological data have identified physical
inactivity and prolonged leisure time among the key risk factors for the growing
prevalence of overweight and obesity (Martinez-Gonzalez et al, 1999; Mistry &
Puthussery, 2015), although most of these data are from cross-sectional studies. Lack of
physical activity is also a risk factor for type 2 diabetes, either independently, by
decreasing insulin sensitivity (Balkau et al, 2008; Kelley & Goodpaster, 1999), or
synergistically via its interaction with obesity (Hawley, 2004; Qin et al, 2010).
Similarly, a large body of data now supports a role of physical inactivity in the
development NAFLD and its histological progression to NASH and liver fibrosis. These
studies indicate that individuals who do not engage in regular exercise exhibit increased
risk and severity of NAFLD (Bae et al, 2012; Perseghin et al, 2007; Rector & Thyfault,
2011). Exercise in combination with dietary measures (reduced energy intake,
appropriate nutrient balance) is therefore recommended in the management of
overweight/obesity and its associated metabolic disorders, including NAFLD (Chitturi
et al, 2007; Rodriguez et al, 2012; Valencia et al, 2014). Unfortunately, the quality of
evidence in epidemiological studies is limited by the use of self-report measures for
physical activity.
In a cross-sectional analysis performed by the NASH Clinical Research Network
involving 813 adults with biopsy-proven NAFLD, it was demonstrated that cases
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meeting moderate physical activity recommendations (³150 minutes/week) were
associated with a reduced risk of developing NASH. In addition, performing a
minimum of 150 minutes per week of vigorous exercise was associated with a
significantly lower rate of advanced liver fibrosis (Kistler et al, 2011). These results
suggest that increasing intensity and duration of physical activity could prevent the
progression of NAFLD to NASH, and NASH to its fibrotic complication (cirrhosis,
portal hypertension, possibly HCC). Interestingly, some of the beneficial effects of
exercise on fatty liver disease may occur independently of weight loss (Bae et al, 2012;
Johnson et al, 2009; Rinella, 2015; St George et al, 2009). In this respect, exercise has
been shown to improve cardiorespiratory fitness, peripheral, adipose, and hepatic
insulin sensitivity independent of weight reduction (Ismail et al, 2012; Slentz et al,
2011).
A systematic review of randomized controlled trials of interventional studies
concluded that overweight and obese patients who performed regular exercise (³150
minutes aerobic exercise a week) and consumed fewer calories (£500 kcal/d) achieved
more significant weight loss than those engaged in interventions without these
components (Wadden et al, 2014). Similarly, obese subjects with NAFLD who
completed a 12-wks supervised exercise at least 150 minutes/week exhibit more
favourable improvement in metabolic profiles and a significant reduction in hepatic fat
content than those who were less active (Oh et al, 2015; St George et al, 2009).
Of interest to this thesis, accumulating epidemiological data have also indicated
that physical activity is implicated in cancer development. Thus, regular exercise has
been shown to reduce incidence of colon (Pham et al, 2012; Robsahm et al, 2013),
breast (Wu et al, 2013), lung (Buffart et al, 2014; Sun et al, 2012), and endometrial
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(Keum et al, 2014) cancers. Large prospective studies from Taiwan (Wen et al, 2012)
and Korea (Yun et al, 2008) have reported the inverse correlation between levels of
physical activity and HCC risk. A similar finding was reported in the NIH-AARP Diet
and Health Study involving 507,897 participants. These results demonstrated that
individuals engaging in vigorous exercise at least 5 times/week (20 minutes/session)
had a lower risk for liver cancer than those who never or rarely exercised (RR=0.56,
95% CI=0.41-0.78, P-trend <0.001) (Behrens et al, 2013). In the same population,
moderate-to-vigorous physical activity >7hr/week was also associated with a reduced
mortality from liver, colon and lung cancer (Arem et al, 2014).
Despite the aforementioned accumulating evidence that supports a preventive
effect of exercise on obesity complications and progression of NAFLD to cirrhosis and
HCC, it is unclear how regular exercise could reduce the risk of obesity-related HCC.
Thus far, only two studies have addressed the effect of exercise on HCC in animal
models of NAFLD and NASH. Piguet et al. (2015) used hepatocyte-specific Pten-/mice, in which steatohepatitis and HCC develop spontaneously. They found that regular
exercise over 32 wks inhibited the progression of liver tumour development, but did not
affect steatosis and liver injury (Piguet et al, 2015). However, Pten-/- mice develop
insulin hypersensitivity and increased glucose clearance, the opposite of human
NAFLD/NASH in which insulin resistance is near-universal and hyperglycemia is
common. Aguiar e Silva et al, (2012) used a chemically induced liver cancer model and
studied the effects of swim training, which induces stress as well as physical activity.
Such exercise reduced number of preneoplastic lesions in rats fed a low-fat diet, but not
in those fed HFD. The reduction of preneoplastic lesions was associated with decreased
hepatocellular proliferation (Aguiar e Silva et al, 2012).
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There are clues from both human and animal studies as to several potential
mechanisms by which exercise could exert beneficial effects on obesity-related
disorders. These mechanisms could also be relevant to an inhibitory effect of exercise
on hepatocarcinogenesis. Thus, in studies of the host laboratory (Haczeyni et al, 2015),
as well as elsewhere (Berzigotti et al, 2015; Johnson et al, 2009), exercise reduced
adiposity, steatosis, adipose inflammation, and increased muscle and adipose insulin
sensitivity (Berzigotti et al, 2015; Haczeyni et al, 2015; Johnson et al, 2009). Induction
of AMPK activation (Richter & Ruderman, 2009) appears to be central to these effects
of exercise. Activated AMPK inhibits mTORC1, an essential regulator of cellular
growth and survival (Saran et al, 2015), as reviewed in Chapter 1 (Section 1.4.1.2).
mTORC1 activity has also been implicated in metabolic regulation in HCC cells via upregulation of enzymes involved in hepatic de novo lipogenesis (Calvisi et al, 2011).
Oh et al. (2015) recently showed that exercise attenuated steatosis and clinical
features of the metabolic syndrome in obese subjects with fatty liver disease. This was
associated with a reduction of oxidative stress, as measured indirectly in peripheral
blood mononuclear cells (Oh et al, 2015). Interestingly, the investigators proposed that
up-regulation of NRF2 signalling may be the potential mechanism whereby exercise
ameliorates oxidative stress. As already discussed throughout this thesis, NRF2 is a
redox-sensitive transcription factor that regulates cellular responses to oxidant stress.
Oxidative stress may be important in the progression from simple steatosis to NASH
(Gupte et al, 2013; Rinella, 2015). Thus, NRF2 activation may be an attractive approach
to prevent oxidative stress-induced hepatocyte injury, and therefore confer potential
benefits in treatment of NASH. We previously demonstrated that hepatic NRF2
activation was increased in obese foz/foz mice regardless of DEN injection and
proposed such activation could contribute to obesity-enhanced hepatocarcinogenesis
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(Chapter 4, Section 4.3.6). It therefore seemed relevant to clarify whether voluntary
exercise can attenuate obesity-related hepatocarcinogenesis via processes such as
modulating serum insulin levels and NRF2 signalling. This was the general purpose of
these studies.
In Chapter 3, we showed that the critical mechanism for enhanced
hepatocarcinogenesis in obese diabetic mice may be the disconnection between
hepatocellular injury with DNA damage and an unrestrained proliferative response. We
demonstrated that cell cycle checkpoint control exerted by p53 was impaired in fatty
liver; such deficiency could be pivotal to enhanced hepatocarcinogenesis. There are few
data on the effect of exercise on DNA damage responses and cell cycle regulators.
Intriguingly, exercise has been reported to induce p53 activation in human skeletal
muscle (Bartlett et al, 2014), and this emerging function of p53 may be important for its
tumour suppressor activity (Lago et al, 2011). Thus far, no such data exist in liver.
7.2

Hypotheses and aims
In DEN-injected obese diabetic foz/foz mice, we previously showed that aberrant

activation of mTORC1 was associated with accelerated onset of HCC, but inhibiting
mTORC1 signalling with rapamycin failed to reduce growth of dysplastic hepatocytes.
As a result, this approach is unlikely to prevent hepatocarcinogenesis associated with
obesity, diabetes and fatty liver disease. In light of the beneficial effects of increased
physical activity on weight reduction, insulin sensitivity and hepatic lipid accumulation,
exercise may have a protective effect on liver cancer development. In the host
laboratory, Haczeyni et al. recently reported that voluntary exercise was able to slow
weight gain and enhance insulin action in skeletal muscle of obese foz/foz mice
(Haczeyni et al, 2015); this improved adipose differentiation with reduction of adipose
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inflammation. We hypothesized that by combating weight gain and hepatic lipid
accumulation, exercise should prevent the accelerated growth of dysplastic hepatocytes
and eventually inhibit HCC development in mice predisposed to obesity and diabetes.
Further, these beneficial effects could be mediated by suppression of NRF2.
The specific aims of this study were to:
1.

Confirm that voluntary exercise can prevent weight gain and reduce hepatic
steatosis in male mice predisposed to obesity and diabetes (the work by
Haczeyni et al. [2015] was in female mice).

2.

Establish whether exercise affects liver histology in DEN-injected male foz/foz
Wt mice.

3.

Examine whether exercise-mediated improvement of metabolic features
correlates with the growth rate of dysplastic hepatocytes and eventually
hepatocarcinogenesis in obese foz/foz mice.

4.

Examine the role of AMPK and mTORC1 pathways in the attenuation of
hepatocarcinogenesis by exercise in obese foz/foz mice.

5.

Establish whether p53-mediated cell cycle checkpoint contributes to the
mechanism whereby exercise prevents hepatocarcinogenesis in obese foz/foz
mice.

6.

Clarify the role of NRF2 signalling in mediating the inhibitory effects of
exercise on the growth of dysplastic hepatocytes in obese foz/foz mice.
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Male foz/foz and Wt NOD.B10 mice were used in these experiments. All mice
received DEN injection (10 mg/kg body weight) i.p at age 12-15 days. They were then
randomly assigned either to cages provided with a running wheel from 4 wks until 24
wks of age, or housed similarly without a running wheel. In order to study early event
of hepatocarcinogenesis, a separate cohort of DEN-injected foz/foz mice was also set up
and allowed to access voluntary wheel running until 3 mths of age (8 wks of exercise).
To allow for voluntary exercise, mice were housed in pairs provided with in-cage
running wheels (ASIFTB-PC; Able Scientific, Canning Vale, Australia, Figure 7.1).
Each wheel measured 37.7 cm in circumference. Running activity (as measured by
wheel rotations) was monitored continuously by a cycle computer (Bri2; Echowell,
Taiwan). Mice were weighed once a week.
Mice were kept under specific pathogen-free conditions on 12:12 hour light:dark
cycle at 22oC. They were fed standard chow diet and given ad-libitum access to
drinking water. At the end of study, mice were fasted for 4 hours to determine fasting
blood glucose. Serum and tissues were collected at 3 and 6 mths of age. In 8-wkexercise groups, an IPGTT was conducted one week before sacrifice (a detailed
protocol was described in Chapter 2, Section 2.3). All experiments were approved by
The Australian National University Animal Experimentation Ethics Committee
(protocols A2011/40 and A2014/47).
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Figure 7.1 Exercise wheel and monitoring device
A running wheel was provided in cages of foz/foz and Wt mice since age 4 wks until the end of
experiments.

A cycle computer was used to monitor running activity in terms of wheel

rotations (red arrow). A lean Wt mouse is shown running on the wheel.

7.3.2

Serum and liver analyses
Serum ALT, cholesterol and triglyceride were determined by automated

procedures in ACT Pathology, The Canberra Hospital. Neutral lipid fractions were
quantified using HPLC, while free and total fatty acids were assayed by gas
chromatography (performed by Dr. Geoff Haigh, Division of Gastroenterology,
Veterans Affairs Puget Sound Health Care System and University of Washington,
Seattle, WA, USA). H&E-stained liver sections were scored blindly by Associate
Professor Matthew Yeh; a liver pathologist with particular expertise in NAFLD and
HCC. The system devised for human NAFLD/NASH was used (Kleiner et al, 2005).
Professor Yeh also confirmed the diagnoses of HCC. Commercial ELISA assays were
used to measure serum insulin, leptin and adiponectin, as described in Section 2.9
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(Chapter 2). Homeostatic model assessment insulin resistance index (HOMA-IR) was
calculated by multiplying fasting serum insulin by fasting blood glucose, then dividing
by the constant 22.5 (Wallace et al, 2004). Hepatic expression of genes and proteins
was analysed using qRT-PCR, immunoblotting and immunohistochemistry (described
in Chapter 2), using specific antibodies iterated in Appendix C. Immunoblot data were
normalized to HSP-90 as loading control and presented relative to saline-injected Wt
mice (set at 1).
7.3.3

Statistical analyses
Two-way ANOVA was performed to test for the effect of genotype (foz/foz vs Wt)

and treatment (exercise vs sedentary), followed by Bonferroni’s post hoc test. Chisquare was used to test significant differences for HCC incidence between groups. Data
from the 8-wk-cohorts were analysed by the unpaired Student’s Student’s t-test.
Histologic assessments were analysed by Kruskal-Wallis test and group comparisons
with Mann-Whitney U-test. Data are presented as mean ± SEM, with group size (n) ³ 7,
as indicated in figure legends and tables. P < 0.05 was considered significant. Statistical
analyses were performed using GraphPad Prism version 6.00 (GraphPad Software, San
Diego, CA, USA) and SPSS statistic version 22 (IBM Corp., Armonk, NY, USA) for
Windows.
In results compiled as tables and figures, the following notations are used to
indicate statistical significance differences: (a) between genotypes, and (b) between
treatment groups.
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Male foz/foz mice exercise to the same extent as Wt and this reduces
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excessive weight gain
Over 20 weeks of voluntary running, foz/foz mice ran a similar distance as Wt
littermates (Figure 7.2A). Thus, at 9 wks of age, both foz/foz and Wt mice ran up to 40
km per week, and later the distance covered decreased to approximately 20 km per
week. Similarly, foz/foz mice spent as much time running as Wt animals (Figure 7.2B);
at 9 wks, this approximated to 20 hrs per week, and thereafter to about 10 hrs per week
until the end of the running experiment. There were no significant differences in the
initial body weight between groups (Figure 7.2C). Although accelerated weight gain
occurred in all foz/foz mice after 10 wks compared to Wt mice, exercising foz/foz mice
demonstrated a significant reduction of weight gain than their sedentary counterparts (P
< 0.01, Figure 7.2C). Nevertheless, at the end of experiments, exercising foz/foz mice
were still obese compared to Wt counterparts; they weighed >40 g.
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Figure 7.2 Weekly running activity and body weights of foz/foz and Wt mice
There was no consistent difference in weekly (A) distance and (B) time spent for running
between foz/foz and Wt mice during the experimental period (to 24 wks of age). (C) Exercise
slowed weight gain in foz/foz mice, but even exercising animals weighed more than their Wt
a

littermates at the end of experiments. Data are mean ± SEM (n = 9-15 mice/group). P < 0.05,
vs. treatment-matched genotype control; bP < 0.05, vs. genotype-matched treatment control, by
two-way ANOVA with Bonferroni’s post hoc test.

7.4.2

Effects of exercise on metabolic indices in obese foz/foz and lean Wt mice
Consistent with previous reports (Arsov et al, 2006a; Larter et al, 2009),

sedentary foz/foz mice developed obesity, with increased adiposity, hepatomegaly,
serum insulin, cholesterol, triglyceride levels, and reduced serum adiponectin
concentrations compared to Wt counterparts (P < 0.01, Figure 7.3). Exercise did not
alter epididymal fat mass in foz/foz, but significantly reduced this in Wt mice (P < 0.01,
Figure 7.3A). It also significantly reduced hepatomegaly in foz/foz compared to non-
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exercising counterparts (P < 0.01), but had no effect on liver weight in Wt mice (Figure
7.3B).

Figure 7.3 Effects of exercise on tissue weights and metabolic profiles
(A) Epididymal fat (epiWAT) mass (as proportion to body weight) was greater in foz/foz than
Wt littermates, and was not altered by exercise. However, exercise reduced adiposity in Wt
mice. (B) Hepatomegaly in foz/foz mice was attenuated with exercise. (C) Exercise lowered
serum insulin levels, (D) but did not affect hyperglycemia in foz/foz mice. (E) HOMA-IR was
greater in sedentary foz/foz than Wt littermates, and exercise substantially reduced this value. (F)
Exercise decreased serum cholesterol, (G) but did not affect hypertriglyceridemia in foz/foz
mice. (H) Exercise reduced serum leptin in foz/foz mice. (I) Exercise increased serum
adiponectin in foz/foz, but decreased it in Wt mice. Data are mean ± SEM (n = 9-15
a

mice/group). P < 0.05, vs. treatment-matched genotype control; bP < 0.05, vs. genotypematched treatment control, by two-way ANOVA with Bonferroni’s post hoc test.
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Exercise significantly reduced serum insulin concentrations in foz/foz mice (P <
0.05), although values were not completely restored to “normal” levels (those found in
Wt mice) (Figure 7.3D); there was no change in Wt mice. Despite the reduction of
serum insulin, exercise did not alter fasting blood glucose concentrations in foz/foz mice
(Figure 7.3E). In order to determine insulin sensitivity, we calculated the HOMA-IR
(Wallace et al, 2004). The HOMA-IR index was higher in non-exercising foz/foz than
Wt littermates, and exercise substantially reduced this value in foz/foz mice (P < 0.05,
Figure 7.3F). The reduction in serum insulin levels, with its effect on HOMA-IR,
indicates that voluntary exercise improved insulin sensitivity in foz/foz mice.
Exercise also lowered serum cholesterol in foz/foz mice (P < 0.01), but not serum
triglyceride (Figure 7.3F,G). Exercise decreased serum leptin and increased serum
adiponectin in foz/foz mice compared to non-exercising counterparts (P < 0.05, Figure
7.3H,I). Interestingly, exercise reduced serum adiponectin in Wt mice (P < 0.01, Figure
7.3I).
7.4.3

Effects of exercise on liver pathology
At 3 mths of age, steatosis was evident in foz/foz mice (Figure 7.4A). After 8 wks

of exercise, there was a marked reduction of hepatic droplets. This reduction was further
confirmed by decreased levels of hepatic triglyceride and cholesterol esters by exercise
(P < 0.05, Figure 7.4B,C).
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Figure 7.4 Eight weeks of voluntary exercise reduces hepatic lipid accumulation in
DEN-injected foz/foz mice
(A) Representative H&E-stained liver sections from sedentary and exercising foz/foz mice.
Scale bars = 200 µM, magnification x100. Exercise reduced hepatic (B) triglyceride and (C)
cholesterol esters (CE) concentrations in foz/foz mice. Data are mean ± SEM (n = 9-11
mice/group). bP < 0.05, vs. genotype-matched treatment control, by unpaired Student’s t test.

To examine whether exercise altered the liver pathology associated with severer
forms of fatty liver disease, H&E stained liver sections from 20-wk-exercise cohorts
were assessed blindly by Associate Professor Matthew Yeh. As shown in Table 7.1,
exercise significantly reduced steatosis in foz/foz mice compared to non-exercising
littermates (P < 0.05, Table 7.1), liver inflammation was not altered by exercise, but
there was very little liver inflammation in foz/foz mice in these experiments, as
previously reported for chow-fed foz/foz mice (Farrell et al, 2013a; Van Rooyen et al,
2011). Livers of sedentary foz/foz mice exhibited increased hepatocellular ballooning
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which was not seen in Wt littermates (P < 0.05, Table 7.1), there was an apparent slight
reduction (not significant) in ballooning after 20 wks of voluntary running. Steatosis,
inflammatory and ballooning scores combined comprise the NAFLD activity score
(NAS). In non-exercising mice, NAS was higher in foz/foz than Wt mice (P < 0.05,
Table 7.1); exercise significantly reduced this score in foz/foz mice (P < 0.05, Table
7.1), although it did not completely restore it to zero (as in Wt). Consistent with
previous reports (Arsov et al, 2006a; Larter et al, 2009; Van Rooyen et al, 2011), chowfed foz/foz mice generally developed simple steatosis, with only one of eleven mice
showing NASH. Among mice in the exercise protocol, three of thirteen foz/foz mice
showed normal liver histology and none developed NASH (Table 7.1).
Table 7.1 Effects of exercise on liver histology in foz/foz and Wt mice
Genotype

Sedentary

Exercise

Wt

foz/foz

Wt

foz/foz

(n=13)

(n=11)

(n=13)

(n=13)

Steatosis

0.1 ± 0.1

2.8 ± 0.1a

0.0 ± 0.0

1.1 ± 0.2a,b

Inflammation

0.0 ± 0.0

0.2 ± 0.1

0.0 ± 0.0

0.2 ± 0.2

Ballooning

0.0 ± 0.0

0.8 ± 0.3a

0.0 ± 0.0

0.5 ± 0.1a

NAS

0.1 ± 0.1

3.8 ± 0.3a

0.0 ± 0.0

1.8 ± 0.3a,b

SS:10/11a;
NASH:1/11

Normal:13/13

Normal:3/13;
SS: 10/13a

Designation

Normal:12/13;
SS:1/13

NOTE: Data are mean ± SEM. Histological analyses were performed blindly by an
experienced liver histopathologist (Associate Professor Matthew Yeh), according to published
criteria (Kleiner et al, 2005). Designation as NASH, borderline and SS was not made by NAS, it
is a separate assessment of global liver pathology by an expert liver pathologist.
Abbreviations: SS=simple steatosis; NAS=NAFLD activity score; NASH=non-alcoholic
steatohepatitis; Wt=wild-type.
a
P < 0.05, vs. treatment-matched genotype control, by Kruskal-Wallis test and group
comparisons with Mann-Whitney U-test.
b
P < 0.05, vs. genotype-matched treatment control, by Kruskal-Wallis test and group
comparisons with Mann-Whitney U-test.
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Exercise inhibits growth of dysplastic hepatocytes in foz/foz mice
In order to establish the effects of exercise on early stages of hepatocarcinogenesis

in foz/foz mice, we assigned DEN-injected foz/foz mice to voluntary exercise or
sedentary behaviour for 8 wks (until 3 mths of age). Previously, we demonstrated that
obesity enhanced growth of GST-pi-positive dysplastic hepatocytes in 3-mths-old
foz/foz mice (Chapter 3 Section 3.3.4), a change that accelerates hepatocarcinogenesis.
The most critical key new finding of the present study is that 8 wks of voluntary
exercise reduced the number of dysplastic hepatocytes in foz/foz mice compared to
sedentary littermates (P < 0.05, Figure 7.5A,B).

Figure 7.5 Eight weeks of exercise inhibits growth of dysplastic hepatocytes in
foz/foz mice
(A) Representative GST-pi immunostaining in liver sections from foz/foz mice at 3 mths of age.
Arrows point to GST-pi-positive hepatocytes, scale bars = 100 µM, magnification x400. (B)
Eight wks of exercise reduced the number of GST-pi-positive cells compared to sedentary
counterparts. Data are mean ± SEM (n = 9-11 mice/group). bP < 0.05, vs. genotype-matched
treatment control, by unpaired Student’s t test.
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Exercise attenuates HCC development in obese diabetic mice
We next examined whether the inhibition of growth of dysplastic hepatocytes by

exercise translated into the attenuation of HCC development. In accordance with
previous finding (Chapter 3), sedentary obese foz/foz mice exhibited early onset DENinduced HCC at 6 mths compared to lean Wt counterparts (64% vs. 0, P < 0.05, Table
7.2, Figure 7.6A); lung metastases were found in 28% of HCC-bearing foz/foz mice.
Exercise substantially reduced HCC incidence in obese foz/foz mice, with only 15% of
exercising mice developing HCC compared to 64% of sedentary mice (P < 0.05, Table
7.2,), and exercising foz/foz mice developed no metastases. Only one DEN-injected Wt
mice developed HCC and that was a mouse that had been exercising (Table 7.2).
Table 7.2 Effect of exercise on HCC incidence in foz/foz and Wt mice

Sedentary

HCC
Metastases

Exercise

Wt
(n=13)
0

foz/foz
(n=11)
7 (64%)a

Wt
(n=13)
1 (8%)

foz/foz
(n=13)
2 (15%)b

-

2 (28%)

-

0

Note: HCC was diagnosed blindly by an experienced liver histopathologist (Assoc. Prof
Matthew Yeh). Abbreviations: HCC= hepatocellular carcinoma; Wt= wild-type.
a
P < 0.05, vs. treatment-matched genotype control, by Chi-square test.
b
P < 0.05, vs. genotype-matched treatment control, by Chi-square test.

The preventive effect of exercise on hepatocarcinogenesis in foz/foz mice was
further supported by a significant reduction in the proportion of mice developing liver
nodules (these include macroscopically discernible dysplastic nodules and HCCs); only
38% of exercising foz/foz mice had liver nodules compared to 83% of sedentary
counterparts (P < 0.05, Figure 7.6B). Exercise also reduced the proportion of Wt mice
bearing liver nodules (33% vs. 69%, P < 0.05, Figure 7.6B). In addition, exercise
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substantially decreased both number and maximum width of liver nodules in foz/foz
mice compared to those in sedentary counterparts. Histological assessment of livers
(performed blindly by Matthew Yeh) showed that exercise reduced the number of
tumours that were HCCs and dysplastic nodules in foz/foz mice compared to those in
sedentary counterparts (P < 0.05, Figure 7.6E,F). Taken together, these data indicate
that exercise attenuates hepatocarcinogenesis in foz/foz and possibly also in Wt mice.

Figure 7.6 Exercise prevents development of dysplastic nodules and HCCs in
foz/foz mice
(A) Representative livers from sedentary and exercising foz/foz and Wt mice. (B) Exercise
markedly reduced the proportion of both foz/foz and Wt mice developing any types of liver
nodules. Exercising foz/foz mice also exhibited a significant reduction in (C) both the number
and (D) size (as maximum width) of liver nodules. There were more (E) HCC foci as well as (F)
dysplastic nodules in sedentary foz/foz vs. Wt mice, and the number of both types of lesion was
a

reduced by exercise in foz/foz mice. Data are mean ± SEM (n = 9-15 mice/group). P < 0.05, vs.
treatment-matched genotype control; bP < 0.05, vs. genotype-matched treatment control, by
two-way ANOVA with Bonferroni’s post hoc test, except nodule incidence by Chi-square test.
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Effects of exercise on liver injury, apoptosis and proliferation
We previously reported that enhanced growth of dysplastic hepatocytes in foz/foz

mice was a likely response to increased liver injury, cell death and hepatocellular
proliferation (Chapter 3, Section 3.3.4). Therefore, we sought to establish whether
reduced growth of dysplastic hepatocytes by exercise in foz/foz mice could be
attributable to less liver injury and hepatocyte cell death. Serum ALT levels were
numericaly less in foz/foz mice after 8 wks of exercise, and there was an apparent
reduction in number of apoptotic (M30-positive) hepatocytes, but neither trend was
statistically significant (Figure 7.7A-C). Consistent with possibly less apoptosis, hepatic
expression of Bcl-xL, the anti-apoptosis protein regulated by p53, was increased by
exercise in foz/foz mice (P < 0.0001, Figure 7.7D). However, expression of the proapoptotic protein, Bax, was unchanged (Figure 7.7E). Together, these data are
consistent with the proposal that hepatocyte cell death may be attenuated by exercise in
obese foz/foz mice.
Next, we examined whether exercise impacted on hepatocellular proliferation in
foz/foz mice, by assaying cyclin D1, cyclin E and PCNA. After 8 wks of exercise,
hepatic expression of cyclin D1 was unaltered and neither was total cyclin E (Figure
7.8A,B). However, compared to sedentary littermates, the low molecular weight
(LMW) isoform of cyclin E was lost in exercising foz/foz mice (P < 0.001, Figure
7.8C,D). Pok et al. (2015) has recently shown that LMW cyclin E may play an
important role in the higher susceptibility of DEN-induced hepatocarcinogenesis in
male vs. female rodents (Pok et al, 2015). Collectively, these findings indicate that the
effects of exercise on fatty liver could include enhanced protection against apoptosis
(Bcl-xL increased), and decreased hepatocyte proliferation via suppression of LMW
cyclin E in male foz/foz mice.
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Figure 7.7 Eight weeks of exercise may reduce liver injury and hepatocyte cell
death in foz/foz mice
(A) An apparent improvement in serum ALT after 8 wks of exercise was not significant. (B)
M30 IHC of representative liver sections demonstrated that (C) exercise produced an apparent
(not significant) decrease in number of M30-positive cells. Arrows indicate positive staining,
scale bars = 100 µM, magnification x400. While (D) pro-apoptotic Bax was unchanged, (D)
anti-apoptotic Bcl-xL was enhanced by exercise. Data are mean ± SEM (n = 9-11 mice/group).
b

P < 0.05, vs. genotype-matched treatment control, by unpaired Student’s t test.

We also examined apoptosis and proliferative markers after 20 wks of voluntary
exercise (Figure 7.9). There was no longer a significant increase in Bcl-xL expression
and pro-apoptotic Bax remained unaltered (Figure 7.9A,B). Hepatic expression of
cyclin D1 was not different between genotypes and also not altered by exercise (Figure
7.9C). As noted earlier (Chapter 3 Section 3.3.4), immunostaining of PCNA on liver
sections demonstrated increased number of hepatocytes in cell cycle in sedentary foz/foz
compared to Wt mice; exercise significantly decreased the number of PCNA-positive
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hepatocytes in foz/foz mice compared to sedentary counterparts (P < 0.05, Figure
7.9D,E).

Figure 7.8 Effects of 8 weeks of exercise on hepatocellular proliferative markers in
foz/foz mice
Hepatic expression of (A) cyclin D1 and (B) total cyclin E was not altered by 8 wks of exercise
in foz/foz mice, but the expression of low molecular weight (LMW) isoform of cyclin E (Arrow)
was diminished. (D) Representative Western blots for cyclin D1, cyclin E and HSP-90 (as
loading control). Data are mean ± SEM (n = 9-11 mice/group). bP < 0.05, vs. genotype-matched
treatment control, by unpaired Student’s t test.
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Figure 7.9 A 20 weeks of exercise decreased hepatocyte expression of PCNA in
foz/foz mice, but did not alter cyclin D1, Bax and Bcl-xL expression
Hepatic expression of (A) Bax and (B) Bcl-xL was similar across all groups. (C) Cyclin D1
expression was not altered by exercise. (D) There was an increased number of PCNA-positive
cells (arrows) in sedentary foz/foz vs. Wt mice, and exercise substantially decreased these cells
in foz/foz mice. Scale bars = 100 µM, magnification x400. (E) Quantification of PCNA-positive
cells (Image J software) with results normalized to number of hepatocyte nuclei. Data are mean
a

± SEM (n = 8-11 mice/group). P < 0.05, vs. treatment-matched genotype control; bP < 0.05, vs.
genotype-matched treatment control, by two-way ANOVA with Bonferroni’s post hoc test.
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The apparent severity of DNA damage remains unaltered, but voluntary
exercise up-regulates cell cycle regulators in obese mice
In earlier work (Chapter 3, Section 3.3.5), we showed that DNA damage, as

indicated by up-regulation of the DNA damage sensors, ATM and ATR, was associated
with enhanced DEN-induced HCC in obese foz/foz mice. In these mice, loss of cell
cycle checkpoint governance by CHK2/p53 may further contribute to the growth and
proliferation of altered hepatocytes. To establish whether restitution of normal DNA
damage

responses

could

explain

the

beneficial

effects

of

exercise

on

hepatocarcinogenesis, we examined hepatic expression of ATM and ATR after 20 wks
of voluntary exercise. As expected, ATM and ATR were up-regulated in livers from
sedentary foz/foz mice compared to Wt animals (P < 0.01), but exercise had no effect on
the expression of these DNA damage sensors (Figure 7.10A,B).
Consistent with previous data (Chapter 3, Section 3.3.5), lower expression of
phospho-CHK2 was observed in livers of sedentary foz/foz compared to Wt mice (P <
0.05, Figure 7.10C); exercise abolished this difference, attributable to a non-significant
increase in CHK2 phosphorylation in exercising foz/foz mice. While the hepatic
expression of total p53 was similar between genotypes and not altered by exercise
(Figure 7.10D), exercise increased p53 Ser15 phosphorylation in livers from both
foz/foz and Wt mice (P < 0.05, Figure 7.10E). Phosphorylation of p53 at Ser15 is
essential for the transactivation function of p53 as a tumour suppressor (Maclaine &
Hupp, 2009). This phosphorylation disrupts the interaction with Mdm2, a ubiquitin
kinase that targets p53 for ubiquitin-dependent proteosomal degradation, thereby
stabilizing p53 expression. This suggests that exercise increases hepatic p53 activation.
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Figure 7.10 Effects of 20 weeks of exercise on hepatic expression of DNA damage
sensors and cell cycle regulators in DEN-injected foz/foz and Wt animals
(A) ATM and (B) ATR were up-regulated in livers from foz/foz compared to Wt mice, and were
not altered by exercise. (C) CHK2 phosphorylation was lower in livers from foz/foz vs Wt mice,
but this difference was lost in exercising mice. (D) p53 was similar between genotypes and not
affected by exercise. (E) While exercise increased p53 Ser15 phosphorylation in livers of foz/foz
and Wt mice, (F) p21 expression was unchanged. (G) Exercise increased p27 expression in both
foz/foz and Wt mice. (H) Representative Western blots for ATM, ATR, phospho-CHK2, p53,
phospho-p53, p21, p27 and HSP-90 (as loading control). Data are mean ± SEM (n = 8-11
mice/group). aP < 0.05, vs. treatment-matched genotype control, bP < 0.05, vs. genotypematched treatment control, by two-way ANOVA with Bonferroni’s post hoc test.
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To determine the functional relevance of this activation, we examined the
expression of p53 downstream targets. While p21 expression was similar across all
groups (Figure 7.10F), exercise increased p27 expression in both foz/foz and Wt mice (P
< 0.05, Figure 7.10G). It should be noted that we also found similar changes in DNA
damage responses after 8 wks of exercise (data not shown). Taken together, these data
are consistent with the proposal that exercise increases cell cycle regulators exerted via
the CHK2/p53/p27 axis in both foz/foz and Wt mice.
7.4.8

Exercise does not alter AMPK and Akt/mTORC1 signalling, but reduces
JNK activation in foz/foz mice
In Chapter 4 (Section 4.3), we showed that the enhancement of DEN-induced

HCC in obese foz/foz mice was associated with increased hepatic Akt/mTORC1
activation compared to lean Wt mice, the changes in signalling being particularly
evident at 3 mths of age. Exercise is known to activate AMPK, which suppresses
mTORC1 activation, and this is a proposed mechanism for mediating the preventive and
therapeutic effects of exercise on metabolic disorders (Ruderman et al, 2013). Activated
AMPK then phosphorylates raptor at Ser792, among others, which is an inhibitor of
mTORC1 activation (Gwinn et al, 2008). After 20 wks of voluntary exercise, there were
no changes in AMPK or raptor phosphorylation between foz/foz and Wt mice, and
exercise failed to activate either protein (Figure 7.11).
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Figure 7.11 Exercise does not alter the activation of AMPK and raptor in both
foz/foz and Wt mice
(A) AMPK and (B) raptor activation (as ratio of phospho-/total) were not altered by genotype
and exercise. (C) Representative Western blots for total AMPK, phospho-AMPK, total raptor,
phospho-raptor and HSP-90 (as loading control). Data are mean ± SEM (n = 8-11 mice/group).

Akt activation (ratio of p-Akt:pan Akt) was similar in foz/foz and Wt mice, and
was not affected by exercise (Figure 7.12A). Consistent with no change in AMPK
activation, the activation of mTOR and its downstream effector, p70S6K1, were not
altered by exercise (Figure 7.12B,C). On the other hand, exercise significantly reduced
the phosphorylation of S6, a well-known substrate of mTORC1, in foz/foz mice
compared to sedentary counterparts (P < 0.05, Figure 7.12D). We also examined
AMPK, raptor and mTOR signalling after short-term exercise (8 wks) and similarly did
not find any significant changes on these proteins (data not shown).

Chapter 7 Exercise slows growth of dysplastic hepatocytes and delays HCC development

241

Figure 7.12 Effects of 20 weeks of exercise on Akt and mTORC1 cascades in foz/foz
and Wt mice
(A) Akt, and (B) mTOR activation (as ratio of phospho-/total), and (C) p70S6K1
phosphorylation were not altered by genotype and exercise, but (D) exercise reduced S6
phosphorylation in foz/foz mice compared to sedentary counterparts. Data are mean ± SEM (n =
8-11 mice/group). bP < 0.05, vs. genotype-matched treatment control, by two-way ANOVA
with Bonferroni’s post hoc test.

Because increased JNK signalling occurs in livers from obese foz/foz mice
irrespective of DEN injection (results will be described in Chapter 7), we next examined
the effects of exercise on this signalling pathway after 8 wks. The phosphorylation of
JNK (as phospho-/total JNK ratio) was unchanged (Figure 7.13), but this ratio does not
always indicate JNK activation, which is better reflected by phosphorylation of its
downstream effectors, including c-Jun. In fact, while the p-c-Jun-positive hepatocytes

Chapter 7 Exercise slows growth of dysplastic hepatocytes and delays HCC development

242

were abundant in sedentary foz/foz mice, exercise substantially reduced the number of
p-c-Jun-positive cells in foz/foz mice (P < 0.05, Figure 7.13C,D). This indicates that
exercise attenuates hepatic JNK activation in foz/foz mice.

Figure 7.13 Eight weeks of exercise reduces c-Jun phosphorylation in livers of
foz/foz mice
Hepatic activation of (A) 46 and (B) 54 kDa JNK in livers from foz/foz mice was not altered by
exercise. (C) Representative p-c-Jun immunostaining in liver sections from exercising and nonexercising foz/foz mice. Arrows indicate p-c-Jun-positive hepatocytes, scale bars = 100 µM,
magnification x400. (D) Data quantitated with Image J software were normalized to number of
hepatocyte nuclei. Data are mean ± SEM (n = 9-11 mice/group). bP < 0.05, vs. genotypematched treatment control, by unpaired Student’s t test.

7.4.9

Exercise decreases activation of NRF2 signalling in foz/foz mice
We showed in Chapter 4 (Section 4.3.6) that NRF2-induced purine synthesis is

linked to the enhanced proliferative response in livers from obese foz/foz mice
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irrespective of DEN injection; this could contribute to enhanced growth of dysplastic
hepatocytes. NRF2 activation is negatively regulated by Keap1 (Ganan-Gomez et al,
2013). Upon releasing Keap1, NRF2 translocates to the nucleus to activate its target
genes. We therefore assayed activation of NRF2 signalling by measuring nuclear
expression of NRF2. Exercise significantly decreased nuclear NRF2 accumulation
compared to non-exercising mice (P < 0.05, Figure 7.14A), though an apparent
reduction of Keap1 expression after exercise was not significant (Figure 7.14B). The
reduction in nuclear NRF2 expression indicates that exercise reduced hepatic NRF2
activation in DEN-injected foz/foz mice. Indeed, exercise down-regulated all NRF2
target genes, including Nqo1, Hmox-1, Gclc, Tkt, Pgd and Idh compared to livers from
sedentary foz/foz mice (P < 0.05, Figure 7.14C-H).
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Figure 7.14 Eight weeks of exercise decreases hepatic NRF2 signalling in foz/foz
mice
Eight weeks of exercise reduced (A) hepatic nuclear NRF2 accumulation in foz/foz mice
compared to sedentary controls, (B) while an apparent reduction in Keap1 expression was not
significant. As a result, NRF2 target genes, (C) Nqo1, (D) Hmox-1, (E) Gclc, (F) Tkt, (G) Pgd,
and Idh1 were all downregulated in livers from foz/foz mice. Data are mean ± SEM (n = 9-11
mice/group). bP < 0.05, vs. genotype-matched treatment control, by unpaired Student’s t test.

7.5

Discussion
Growing epidemiological data indicate that regular exercise is an important

component of lifestyle intervention for management of overweight and obesity. The
data imply that adherence to regular physical activity recommendations (³150 min/wk)
reduces steatosis, serum ALT, visceral fat mass, and improves insulin sensitivity in
obese humans (Jakicic & Davis, 2011; Slentz et al, 2011; Valencia et al, 2014).
However, in NASH patients, higher intensity or longer duration of exercise may be
required to achieve additional health benefits, such as fibrosis regression and NASH
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resolution (Kistler et al, 2011; Oh et al, 2015; Vilar-Gomez et al, 2015). Given the
evidence that the metabolic complications of obesity are strongly associated with
enhanced hepatocarcinogenesis in foz/foz mice, we postulated that by improving insulin
sensitivity and reducing weight gain, exercise should ameliorate these metabolic
disorders, and so attenuate obesity-related hepatocarcinogenesis.
The major finding of the present work was that 20-wk of moderate-intensity
voluntary exercise attenuated HCC development in metabolically obese foz/foz mice.
This was clearly shown by a reduction in the HCC incidence at 6 mths. Liver nodules
from exercising foz/foz mice were also significantly fewer and smaller than those from
non-exercising counterparts. In addition, exercise reduced the number of the preneoplastic lesions, including HCC foci and dysplastic nodules, in foz/foz mice compared
to non-exercising foz/foz littermates. Even 8 wks of exercise was sufficient to reduce the
growth of GST-pi-positive dysplastic hepatocytes in DEN-injected foz/foz mice. This
reduction suggests that the protective effects of exercise on HCC development occurred
at an early stage of hepatocarcinogenesis. Since carcinogen injection was given before
exercise started (12-15 days of age), exercise cannot alter initiation of HCC, but it must
influence the early stages of tumour promotion (growth of altered clones of
hepatocytes).
As projected, attenuation of hepatocarcinogenesis by exercise in foz/foz mice was
associated with favourable changes in metabolic parameters, including amelioration of
steatosis, decreased serum leptin, increased serum adiponectin, and improved insulin
sensitivity (serum insulin and HOMA-IR). It did not improve glycemia control.
Interestingly,

wheel

running

also

appeared

to

exert

effects

pertinent

to

hepatocarcinogenesis in lean Wt mice, in that there was a significant reduction in the
proportion of mice bearing liver nodules (Figure 7.6B), compared to sedentary
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littermates. Such protective effect occurred despite the negligible effect of exercise on
metabolic indices, a finding consistent with human studies suggesting that the beneficial
effects of exercise may extend beyond weight reduction (Oh et al, 2014; Rinella, 2015).
Although this was not the first study to demonstrate the preventive effect of
exercise in obesity or fatty liver-related hepatocarcinogenesis, the present data provide
important new insights because of the strength of study design. First, we employed a
mouse model whose metabolic profile is far more relevant to human obesity than Pten-/or HFD-fed rodents, by exhibiting features such as insulin resistance with resultant
hyperinsulinemia, hyperglycemia, dyslipidemia and dysregulated of adipokine
secretion. Other models reported few or none of these characteristics. Feeding
atherogenic diet to foz/foz mice promotes the transition from simple steatosis to NASH,
the more severe form of NAFLD (Arsov et al, 2006a; Larter et al, 2009). A recent study
by Piguet et al. showed that treadmill training reduced liver tumour development in
hepatocyte-specific PTEN-deficient mice (Piguet et al, 2015). In contrast to our study,
treadmill exercise did not affect the metabolic and physiologic parameters of Pten-/mice, such as no changes hepatic fat content or liver histology. This is likely due to the
fact that Pten-/- mice are profoundly insulin hypersensitive and exhibit increased glucose
clearance, rather than the opposite changes found in obese humans and foz/foz mice. In
addition, the use of forced treadmill potentially induces stress for the animals in
addition to physical activity.
In the present study, we supplemented cages housing young male mice with wheel
running to provide voluntary exercise, instead of forced exercise, such as treadmill or
swim training used by others (Aguiar e Silva et al, 2012). Cook et al. have compared
the effects of forced treadmill versus voluntary wheel running on the clinical and
histopathology of experimental colitis (Cook et al, 2013). They reported that moderate
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intensity treadmill exacerbated the expression of pro-inflammatory genes, including Il1b and Il-6, in the distal colon compared to sedentary animals. This effect was
associated with increased incidence of diarrhea and heightened mortality in treadmilltrained mice. On the other hand, voluntary wheel running mitigated the inflammatory
responses in colon and attenuated clinical features of colitis without mortality. These
data reinforce the plausible concept that voluntary rather than forced exercise is a more
appropriate exercise protocol for animal studies and pertinent to human lifestyle
intervention.
Male foz/foz mice exercised to the same extent to Wt littermates, running
approximately 20 km/wk and spending 10 hrs/wk. Research from the host laboratory
has shown very similar findings for female mice (Haczeyni et al, 2015), so this is not a
gender-specific effect. Voluntary exercise improved metabolic complications of obesity
and was sufficient to slow rapid weight gain in genetically obese foz/foz mice, though at
the end of experiments they were still obese (>40 g). Exercising foz/foz mice exhibited
increased insulin sensitivity, as indicated by reduced serum insulin levels and HOMAIR, although fasting blood glucose concentrations remained unaltered. It should be
noted that these experiments did not employ atherogenic dietary feeding, which
accelerates onset of diabetes in foz/foz mice (Arsov et al, 2006a; Larter et al, 2009; Van
Rooyen et al, 2011).
Despite no change in visceral adiposity (peri-epididymal white adipose tissue
[WAT] mass), serum leptin levels were decreased, while circulating adiponectin was
increased by exercise in foz/foz mice. Leptin and adiponectin play roles in the
development of insulin resistance, diabetes (Rabe et al, 2008), and the progression from
simple steatosis to NASH (Polyzos et al, 2011a; Polyzos et al, 2011b). Higher levels of
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serum adiponectin have been associated with better metabolic features, including lower
HOMA-IR and dyslipidemia in obese and non-obese subjects (Ahl et al, 2015). Thus,
restoration of adiponectin secretion could contribute to the improvement of insulin
sensitivity in exercising foz/foz mice. On the other hand, there are conflicting data about
the role of adiponectin in hepatocarcinogenesis. Adiponectin treatment inhibited
proliferation and induced apoptosis of HCC cells (Saxena et al, 2010; Sharma et al,
2010), and supressed liver tumour growth in nude mouse models (Saxena et al, 2010).
However, HCC patients have significantly higher adiponectin levels compared to
healthy control (Aleksandrova et al, 2014; Chen et al, 2012; Liu et al, 2009). Although
exercise increased adiponectin levels in foz/foz mice, this did not increase hepatic
AMPK activation; AMPK has been shown to mediate the inhibitory effects of
adiponectin on HCC cells (Saxena et al, 2010). Thus, the increased adiponectin levels in
exercising foz/foz mice may be due to the observed weight loss rather than being a
causal association.
The present work involved a mouse model with simple steatosis (only one out of
eleven sedentary foz/foz mice developed NASH). The level of physical activity in this
study has been proven to be protective against fatty liver-related hepatocarcinogenesis,
but whether this would also protect against NASH-related HCC requires further studies.
However, the same exercise protocol prevented development of NASH in atherogenic
diet-fed female foz/foz mice (Haczeyni et al, 2015). That study demonstrated that
moderate intensity exercise improved the severity of NASH, including reduced
steatosis, hepatocyte ballooning, liver inflammation and fibrosis. These effects were
associated with enhanced insulin signalling in muscle, but not in liver or adipose, and
with suppression of adipose inflammation.
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Current data from human and animal studies have also demonstrated the
beneficial effects of regular exercise on the development of several cancers, including
lung (Higgins et al, 2014; Yun et al, 2008), breast (Goh et al, 2013; Wu et al, 2013),
endometrial (Keum et al, 2014), colorectal (Pham et al, 2012), and liver cancers
(Behrens et al, 2013; Yun et al, 2008). While the benefits of exercise are indisputable,
the molecular mechanisms by which it prevents liver cancer development are poorly
understood. One potential mechanism is reduction of hepatic fat accumulation. This was
associated with an apparent decrease in liver injury (ALT levels, hepatocyte ballooning
and apoptosis). Accordingly, exercise improved NAS score in foz/foz compared to nonexercising mice. Consistent with these findings, regular exercise has been reported to
attenuate steatosis and liver injury (serum ALT) in obese subjects with fatty liver (Oh et
al, 2015; Oh et al, 2014; Promrat et al, 2010; Sreenivasa Baba et al, 2006), and in
rodent models of dietary obesity (Aoi et al, 2011; Kawanishi et al, 2012; Rector et al,
2011). In addition, several lines of evidence indicate that the efficacy of exercise on
NAFLD may occur independently of weight loss (Bae et al, 2012; Johnson et al, 2009;
St George et al, 2009), or improvement of steatosis (Piguet et al, 2015; Yamaguchi et
al, 2007). This may explain the protective effect of liver tumour development
(principally dysplastic nodules) in lean Wt mice, despite the lack of changes in
metabolic indices. Further studies controlling body weight are required to establish
whether exercise alone without weight loss, or effects on steatosis can prevent HCC
development.
Lipid accumulation in hepatocytes causes injury, a concept known as liver
lipotoxicity, one outcome of which is apoptosis. Liver lipotoxicity is now suggested to
be the central pathogenic in metabolic syndrome-related NASH (Cusi, 2012; Farrell et
al, 2013b). Persistent liver injury is common during the preneoplastic stage of
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hepatocarcinogenesis, and triggers compensatory hepatocellular proliferation. This
facilitates the development of monoclonal populations of altered hepatocytes to form
dysplastic cells. These cells subsequently form foci and nodules which eventually
develop into HCC (Greenbaum, 2004; Thorgeirsson & Grisham, 2002). As described in
Chapter 3 (Section 3.3.4), increased liver injury and hepatocellular proliferation occur at
the early stages of hepatocarcinogensis in obese foz/foz mice. In the present work,
regular exercise reduced hepatocyte apoptosis (M30 IHC) and hepatic expression of
PCNA and LMW cyclin E in male foz/foz mice. The host laboratory has previously
shown that LMW cyclin E plays an important role in testosterone-mediated increased
hepatocyte cell cycle activity in HCC, and is a potential mechanism for gender
differences in HCC development (Pok et al, 2015). More detailed studies are needed to
establish whether this isoform of cyclin E is functionally relevant for obesity-related
hepatocarcinogenesis in male mice, and what other changes might occur in female mice
which do not express LMW cyclin E (Pok et al, 2015).
Exercise increases energy expenditure needed for muscle contraction and thereby
increases the cellular concentration of AMP relative to ATP. In turn, this activates
AMPK, a major sensor of energy balance (Richter & Ruderman, 2009). Although most
studies have been focused on exercise-induced AMPK activation in skeletal muscle,
both short term- and long term-exercise have been reported to induce a significant
increase in AMPK phosphorylation in liver, at least in rodent (Camacho et al, 2006;
Takekoshi et al, 2006). One downstream target of AMPK is raptor, whose
phosphorylation inhibits mTORC1 (Gwinn et al, 2008). mTOR plays a critical role in
cellular growth and proliferation and has been proposed to be a tumour-initiating
pathway in hepatocarcinogenesis, with aberrant activation found in up to 50% of human
HCCs (Bhat et al, 2013; Villanueva et al, 2008). In Chapter 4 (Section 4.3.3), we

Chapter 7 Exercise slows growth of dysplastic hepatocytes and delays HCC development

251

reported that AMPK was less activated in livers from obese mice, and this difference
could contribute to aberrant activation of mTORC1. Therefore, one approach to inhibit
mTOR is AMPK activation. In the present study, exercise did not affect the activation
status of AMPK or mTOR. However, exercise reduced phosphorylation of S6, a
ribosomal protein that is critical to initiate translation. This effect could partly
contribute to inhibition of the growth of dysplastic hepatocytes by exercise during the
early stage (3 mths) in foz/foz mice. It is possible that increased activation of AMPK in
liver occurred shortly after exercise, as shown by others (Piguet et al, 2015), and such
changes may have been missed in the present work because AMPK phosphorylation has
returned to baseline levels by the time tissue was harvested. Alternatively, physical
activity with vigorous but not moderate intensity may be required to increase AMP-toATP ratio and thereby modulate AMPK (Chen et al, 2003; Richter & Ruderman, 2009).
Further studies are required to distinguish between these two explanations.
On the other hand, JNK seems to be important in enhanced hepatocarcinogenesis
in foz/foz mice. JNK signalling plays an important role in response to diet-induced
obesity and generation of insulin resistance (Hirosumi et al, 2002). JNK activation is
evident in both human (Ferreira et al, 2011; Puri et al, 2008) and mouse livers (Van
Rooyen et al, 2011) with NASH. Enhanced JNK activity has also been reported in
human HCC (Chang et al, 2009b; Hui et al, 2008), as well as in livers and tumours from
HFD-fed mice (Park et al, 2010). In Chapter 7, we will describe how phosphorylated cJun accumulates in livers from obese foz/foz mice irrespective of DEN injection at 3
mths. Similarly, p-c-Jun positive cells were abundantly expressed in both non-tumour
livers from foz/foz compared to Wt mice and HCCs (Chapter 5, Figure 5.1). In the
present work, 8 wks of exercise reduced JNK activation, measured as nuclear p-c-Jun
accumulation. There are several explanations for this reduction. JNK can be activated
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by diverse stimuli, including ROS, cytokines (tumour necrosis factor-a and interleukin1b), FFA and FC. Thus, exercise-mediated reduction of hepatic lipid accumulation and
oxidant stress production (evident by decreased NRF2 signalling) may suppress hepatic
JNK activation in foz/foz mice. Because JNK also regulates cell proliferation, this
reduction may contribute to decreased hepatocellular proliferation in exercising foz/foz
mice.
A novel finding from the present work was that exercise restored DNA damage
responses in livers from obese mice at an early stage of hepatocarcinogenesis. This
effect persisted during the later stages, and conceivably contributed to attenuation of
HCC development in foz/foz mice. Although the expression of DNA damage sensors,
ATM and ATR, was unaltered, exercise increased CHK2 activation, in particular after 8
wks of exercise, in livers from foz/foz mice. This was accompanied by increased p53
activation (p53 Ser15 phosphorylation). Ser15 phosphorylation has been shown to be
critical for p53-transactivation functions (Loughery et al, 2014). Following p53
activation, cellular responses include DNA repair, cell-cycle arrest and apoptosis
(Murray-Zmijewski et al, 2008), as well as regulation of metabolism (Bartlett et al,
2014; Matoba et al, 2006; Vig et al, 2015). It seemed that p53-induced cell-cycle arrest
was the predominant biological change occurred in exercising foz/foz mice, as indicated
by decreased hepatocyte proliferation (LMW cyclin E and PCNA). In contrast, exerciseinduced up-regulation of p53 in a xenograft model of lung adenocarcinoma increased
apoptosis in tumour cells (Higgins et al, 2014). Taken together, these data reflect the
heterogeneity of physiological outcomes of p53 activation, which may vary according
to stress signals and the cellular microenvironment (Murray-Zmijewski et al, 2008).
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Exercise also up-regulated p27 in livers from foz/foz mice. p27 is a member of the
kinase inhibitor protein (KIP) family and has a strong inhibitory activity towards
CDK2-cyclin E complexes (Slingerland & Pagano, 2000). Decreased p27 expression
has been implicated in lymphomas and carcinomas of the breast, colon, stomach, lung,
bladder, prostate, ovary and esophagus (Lloyd et al, 1999; Slingerland & Pagano,
2000). Low p27 expression has also been reported in human HCCs (Qi et al, 2015b;
Wang et al, 2014), including NASH-related HCC (Matsuda et al, 2013). p27 expression
may also serve as a prognostic marker for HCC; thus total p27 is inversely correlated
with histological grade, and levels of serum AFP in HCCs, and HCC patients with low
expression of p27 have the lowest overall survival (Wang et al, 2014). Loss of p27
enhances HCC development in experimental hepatocarcinogenesis (Sun et al, 2008; Sun
et al, 2007), while loss of one or both alleles of p27 accelerates tumour development
and cancer mortality in p53-/- mice (Philipp-Staheli et al, 2004). These data highlight a
central role of p27 as tumour suppressor and illustrate its cooperation with p53. Thus, in
the present work, the increased p53 activation and p27 expression could be the major
pathway by which exercise decreases hepatocyte proliferation in DEN-injected foz/foz
mice.
Regular exercise may also reduce risk of liver cancer by reducing cellular
oxidative stress, either via production of ROS or induction of antioxidant systems.
Colorectal cancer patients who engaged in even short-term exercise of moderate
intensity exhibited decreased levels of markers of oxidative DNA damage (Allgayer et
al, 2008). Furthermore, a Japanese study of 169 obese subjects with NAFLD also
showed that moderate to vigorous intensity exercise increased antioxidant capacity and
reduced circulating markers of oxidative stress (Oh et al, 2015). Interestingly, this study
found that exercise up-regulated Nqo1, a prototypical NRF2 target gene. In Chapter 4
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(Section 4.3.6), we demonstrated that up-regulation of NRF2 signalling was among the
molecular events found in early stages of hepatocarcinogenesis in obese foz/foz mice, as
indicated by increased nuclear accumulation of NRF2 and expression of its target genes.
Such increased NRF2 signalling has been suggested to promote tumour cell
proliferation via metabolic reprogramming towards purine nucleotide synthesis (Hayes
& Ashford, 2012; Mitsuishi et al, 2012). Indeed, mutations in Nrf2 and Keap1 genes are
present in preneoplastic lesions of experimental HCC and human HCCs, suggesting a
critical role of NRF2 in the clonal expansion of altered hepatocytes to HCC (Petrelli et
al, 2014; Zavattari et al, 2015). In the present works, voluntary exercise decreased
nuclear accumulation of NRF2 in livers from foz/foz mice, in parallel with downregulation of NRF2 target gene; these include genes encoding protein involved in
nucleotide synthesis (Tkt, Pgd, Idh1). By restricting nucleotide synthesis, this effect of
exercise could further contribute to the suppression of hepatocyte proliferation in
carcinogen-injected foz/foz mice.
In summary, the present work has shown that exercise prevents the accelerated
growth of dysplastic hepatocytes during the early stage of DEN-induced HCC that
occurs with diabetes and obesity, ultimately reducing liver tumour burden and
development of HCC in foz/foz mice. The attenuation of hepatocarcinoegenesis by
exercise was associated with the amelioration of hepatic lipid accumulation and
improvement of NAFLD activity score. Despite improved insulin sensitivity in
exercising foz/foz mice, there was no change in AMPK or Akt/mTORC1 activation.
Instead, beneficial effects on fatty liver disease, p53 response to DNA injury and NRF2induced nutrient shuttling are likely to play important roles. The potential importance of
JNK signalling in response to injury is also raised by the present data, and has been
elaborated in Chapter 5. Whether moderate-vigorous exercise can protect diabetic
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humans with NAFLD from developing HCC, and whether such an effect can be pinpointed to potentially “drugable” target molecules, are worthy for further studies. Such
agents would be valuable in chemoprevention of HCC.
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General discussion and future directions

HCC is the second leading cause of mortality from any type of cancer (Ferlay et al,
2012), and the fastest growing fatal cancer in Australia (MacLachlan & Cowie, 2012).
Obesity is an independent risk factor, and this may be mediated by the development of
NAFLD and its progression to NASH. Despite the accumulating evidence concerning
increased HCC risk in people with obesity reviewed in this thesis, the key molecular
mechanisms that drive such promotion of hepatocarcinogenesis have remained
inconclusive. Given the global pandemic of obesity and the rising importance of
NAFLD and NASH as risk factors for HCC, it seems reasonable to propose that a better
understanding of the pathogenesis of obesity-associated HCC would allow preventive or
therapeutic strategies to be developed (Margini & Dufour, 2015).
The overall aim of the research described within this thesis was to elucidate the
molecular mechanisms by which obesity promotes HCC development, with a particular
focus on the roles of metabolic and stress-inducible signalling pathways known to be
relevant for hepatocarcinogenesis, and consideration of injurious factors relevant to
associated fatty liver disease. The mTOR pathway was afforded initial consideration
because it is a key signal-transduction pathway for insulin that regulates cell growth,
survival, proliferation and metabolism (Chapter 4). Special attention was also given to
the JNK signalling pathway and the therapeutic potential of JNK inhibition as a
molecular target for chemoprevention for HCC (Chapter 5). Further, the cellular
response to DNA damage was explored to investigate how increased liver injury in the
context of NASH could allow uncontrolled hepatocellular proliferation during DENinduced hepatocarcinogenesis (Chapter 3). The relative contribution of metabolic
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conditions (insulin resistance and diabetes), which are usually but not always associated
with obesity, vs obesity itself in promoting hepatocarcinogenesis was determined in
Chapter 6 using two novel mouse lines. Finally (in chapter 7), we obtained the most
encouraging results from a series of studies that tested the efficacy of voluntary exercise
to combat acceleration of chemically induced hepatocarcinogenesis in mice predisposed
to genetic obesity and diabetes.
In this chapter, the candidate provides an overview summary and a general
discussion of the key findings of the thesis and how they extend and add to existing
knowledge. This will also serve as a platform to articulate outstanding questions, and to
discuss ways in which further investigations could resolve these issues.
8.1

Accelerated DEN-induced HCC in obese diabetic foz/foz mice cannot be
attributed to NF-κB or IL-6/STAT3 activation
Animal models in which key features of human obesity occur are important for

studying the pathogenesis of metabolic complications of obesity. Animal studies are
also necessary for preclinical testing of preventive or therapeutic agents before
embarking on expensive clinical trials (Asgharpour et al, 2016). In this thesis, most of
the experiments employed foz/foz mice, a model of hyperphagic obesity caused by a
spontaneous mutation on Alms1 (Arsov et al, 2006b). These mice share characteristic of
human

obesity

and

its

co-morbidities,

including

insulin

resistance

with

hyperinsulinemia, diabetes, dyslipidemia, and adipokine imbalance. Thus, the foz/foz
mice could serve as a tool to study the pathogenic mechanisms by which obesity
promotes hepatocarcinogenesis, as well as testing preventive and therapeutic approaches
against obesity-related HCC.
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As mentioned in Chapter 3, spontaneous HCC development has been observed in
foz/foz mice between 12-18 mths of age, but this would be a logistically inconvenient
model, as well as less reproducible (Larter, Teoh, Farrell-unpublished data). We
therefore adopted the widely used and highly reproducible liver carcinogenesis model,
using low-dose DEN injection at age 12-15 days. The results indicated that obese foz/foz
mice develop early onset of HCC at 6 mths, whereas lean Wt littermates do not develop
HCC until 9 mths of age (Section 3.3.1). Others have used genetic (leptin or leptin
receptor defective) and dietary models to show that obesity enhances DEN-induced
hepatocarcinogenesis (Dowman et al, 2014; Hill-Baskin et al, 2009; Park et al, 2010).
In the present work, the earlier onset and more aggressive nature of DEN-induced HCC
with obesity and diabetes were supported by the high rate of pulmonary metastases at 9
mths, 60% in obese vs. 10% in lean mice. Such accelerated onset of HCC was also
associated with hyperinsulinemia, diabetes, hyperleptinemia, hypoadiponectinemia and
fatty liver, all relevant to the metabolic complications of human obesity.
Another important finding here was that enhanced growth of GST-pi-positive dysplastic
hepatocytes preceded development of HCC in DEN-injected foz/foz mice (Figure 3.8).
Similar precancerous lesions are present in patients with cirrhosis and/or chronically
injured liver (Plentz et al, 2007). They indicate the first change in the multistep process
of hepatocarcinogenesis both in humans (Farazi & DePinho, 2006; Hytiroglou et al,
2007; Kim & Park, 2014), and in DEN-injected mice (Bakiri & Wagner, 2013;
Bannasch et al, 1982; Pok et al, 2013; Wang et al, 2009). In foz/foz mice, obesity
appears to promote dysplastic change even in the absence of carcinogen, and with DEN,
the number of dysplastic cells greatly exceeded that of lean mice. Further enhanced
growth of dysplastic hepatocytes in foz/foz mice was associated with more severe liver
injury (increased serum ALT) and apoptosis, as well as increased hepatocellular
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proliferation. Compensatory hepatocellular proliferation is an expected response to
persistent hepatocyte cell death and contributes mechanistically to hepatocarcinogenesis
in animal models (Dutta et al, 1998; Maeda et al, 2005; Vucur et al, 2013). It is also
present in hepatitis C-cirrhosis before onset of human HCC (Dutta et al, 1998),
supporting the potential translational relevance of these experimental findings in foz/foz
mice.
Park et al., (2011) produced evidence that enhanced IL-6 production (secondary to
TNF-α signalling) could be correlated with HCC development in obese mice (Park et al,
2010). However, as highlighted in Chapter 3, not all obese models exhibit local or
circulating increases in pro-inflammatory cytokines (Fantuzzi & Faggioni, 2000; Griffin
et al, 2009). Further, although abrogation of IL-6 signalling (by knockout of the IL-6
receptor α [IL-6Rα) prevents DEN-induced HCC in lean mice, Il-6rα-/- mice fed a highfat developed liver tumours to the same extent as Wt (Gruber et al, 2013). In the present
study, we found little evidence to support a key role of inflammation in obesity-related
hepatocarcinogenesis; IL-6 was not changed, STAT3 was not activated, and hepatic
TNF-α signalling was unlikely involved as NF-κB (a key downstream signalling
pathway) was not activated. Thus, while IL-6 signalling plays a role in DEN-induced
HCC in lean mice, it is more likely that obesity promotes hepatocarcinogenesis by a
different mechanism.
8.2

Sensing of DNA damage occurs in foz/foz mice but cell-cycle checkpoint
control is inadequate to halt proliferation of damaged hepatocytes
DNA damage-induced genomic instability, as is found with CIN, is a common

feature of human HCCs (Farazi & DePinho, 2006) As reviewed in Chapter 1 and 3,
cellular responses to DNA damage can cause CIN, which in turn contributes to the

Chapter 8 General discussion and future directions

260

multistep process of murine hepatocarcinogenesis (Pok et al, 2013). At present, little is
known about the role of cellular DNA damage responses in livers of obese animals, and
how this drives HCC development (Sun & Karin, 2011).
In the present work, we showed that DNA damage sensors (ATM and ATR) were
up-regulated in livers from foz/foz compared with Wt mice, even without DEN
administration (Figure 3.11). We interpret this finding as indicating that DNA damage
is enhanced in livers from foz/foz mice compared with Wt. However, it was equally
clear that such up-regulation failed to activate CHK1 or CHK2. CHK2 plays a key role
in both transcriptional activation and protein stablization of p53. Thus, impaired CHK2
phosphorylation could at least partly explain our observation that total p53 expression is
low in livers of obese mice. Further, consistent with defective transcriptional activation
by p53 (Takai et al, 2002), p21, a critical cell cycle inhibitor which was up-regulated
during the early stage of hepatocarcinogenesis, was decreased in HCC compared to nontumorous liver. These findings are consistent with the proposal that defective cell cycle
checkpoint control exerted by p53 may be lost in obesity, and such loss could contribute
to enhanced hepatocarcinogenesis. More studies are needed to evaluate DNA damage
using a range of DNA damage markers, such as γ-H2AX and p53 binding protein 1
(53BP1) for DSBs, and 8-hydroxydeoxyguanosine (8-OHdG) for oxidative DNA
damage. These data could help to identify potential causes of DNA damage, and defects
in DNA repair mechanisms. In the meantime, the “missing links” between up-regulated
DNA damage sensors, ATM and ATR, and loss of cell checkpoint kinase control by
CHK1/2 and p53 remain to be elucidated. There are several plausible mechanisms
underlying these abnormalities, including defective ATM phosphorylation, p53 and
CHK2 inactivating mutations (Hussain et al, 2007).
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Role of mTORC1 in obesity-promoted hepatocarcinogenesis
Consistent with hyperinsulinemia and increased bioavailability of IGF-1, Akt and

nutrient-sensing mTORC1 were activated early in fatty livers from obese and diabetic
mice (Chapter 4, Section 4.3.1). Further, such mTORC1 clearly activated S6 and eIF4B,
key cell growth regulators that could promote the growth of altered hepatocytes (Figure
4.3.2). Thus, we initially interpreted these findings as indicating that mTORC1
activation could contribute to enhanced growth of dysplastic hepatocytes at the early
stage of DEN-induced hepatocarcinogenesis in insulin-resistant (hyperinsulinemic)
foz/foz mice.
If mTORC1 activation is responsible for accelerated growth of dysplastic hepatocytes in
DEN-injected foz/foz (vs Wt) mice, mTOR inhibition by rapamycin should prevent the
development of these dysplastic cells. However, as demonstrated in Chapter 4 (Section
4.3.5), rapamycin administration for 3 mths failed to reduce the number of GST-pipositive hepatocytes in DEN-injected foz/foz mice compared to untreated counterparts
(Figure 4.9A). This unexpected finding leads us to conclude that mTORC1 may not be
the critical signalling pathway by which obesity promotes hepatocarinogenesis. As
discussed in Chapter 4, one major issue with chronic inhibition of mTORC1 by
rapamycin is an apparent increased liver injury (higher serum ALT) in DEN-injected
foz/foz mice, consistent with an early report by Umemura and his colleagues (Umemura
et al, 2014). Thus, our findings extend the notion that long-term rapamycin treatment
may not be effective for prevention of obesity-related HCC.
AMPK, a key sensor of cellular energy, is activated during caloric restriction or
high energy demand, both of which deplete cellular ATP and increase the AMP/ATP
ratio. Conversely, AMPK activity is inhibited in obesity owing to calorie excess
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(Ruderman et al, 2013). Indeed, we found decreased AMPK phosphorylation in livers
from obese foz/foz vs lean Wt mice at an early age and irrespective of DEN injection
(Chapter 4, Figure 4.5). Because AMPK can also inhibit mTORC1 activity through
direct phosphorylation of TSC2 and raptor (Ma & Blenis, 2009), reduced AMPK
activation could therefore contribute to sustained activation of mTORC1 signalling.
Hence, activating AMPK by increasing physical activity or pharmacological
intervention (e.g., with metformin) is an attractive treatment strategy for obesity-related
HCC.
8.4

JNK1 is important for obesity-driven chemically hepatocarcinogenesis
Having found that mTORC1 is unlikely to be critical in the acceleration of DEN-

induced HCC in foz/foz mice but the extent of liver injury seems to be more important,
we sought to investigate whether stress-inducible signalling pathways contribute to the
mechanism by which obesity accelerates hepatocarcinogenesis. HCC develops in the
background of chronic liver damage and inflammation due to chronic viral hepatitis,
alcoholic, NAFLD/NASH and their complication of cirrhosis, all of which activate
stress-associated kinases, such as JNKs. JNK plays an important role in NASH
pathogenesis (Ferreira et al, 2011; Puri et al, 2008). JNK1 is of particular interest
because this signalling is reportedly involved in the development of DEN-induced HCC
in lean mice (Hui et al, 2008; Sakurai et al, 2006). Further, JNK signalling is activated
in human HCCs (Chang et al, 2009b; Hui et al, 2008; Yuen et al, 2001), and the
expression of p-c-Jun predicts the HCC treatment response in patients treated with
sorafenib (Chen et al, 2016). Taken together, these data are consistent with the
possibility that JNK could be an important oncogenic signalling in the mechanism by
which obesity accelerates hepatocarcinogenesis in foz/foz mice. Similar to chow-fed
foz/foz mice, in earlier work we demonstrated Wt C57BL/6J mice fed an atherogenic
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diet also developed enhanced DEN-induced HCC compared with lean chow-fed
littermates. Because Jnk1-/-.Alms1 mice had not been generated at that time (they are
now available for future studies), we employed this model of dietary obesity in mice
with or without gene disruption of JNK1 to test the in vivo oncogenic role of JNK1 in
obesity-enhanced hepatocarcinogenesis. Hepatic JNK signalling was activated in livers
and HCCs from these mice, as well as those with genetic (foz/foz) obesity compared
with corresponding lean controls lean mice.
Two proposed mechanisms by which JNK1 could exert its pro-tumorigenic role during
hepatocarcinogenesis were reviewed in Chapter 1, Section 1.4.2.1. In this study we
showed that JNK deletion was associated with less liver injury (decreased serum ALT)
and resultant hepatocyte apoptosis (M30-positive hepatocytes) in DEN-injected mice
fed an atherogenic dietary compared with diet-matched Wt (Figure 5.5). Despite this,
hepatic expression of pro-apoptotic Bax was unaltered by JNK1 deletion, thus the
mechanism by which loss of JNK1 mitigates hepatocyte apoptosis remains to be
elucidated. Our study also showed that loss of JNK1 reduced hepatocyte proliferation
(indicated by Ki67 immunostaining) in DEN-injected atherogenic diet-fed mice (Figure
5.6). Hui and colleagues reported that p21 was responsible for attenuated proliferation
in Jnk1-/- mice; its ablation completely rescued these mice from impaired proliferation
(Hui et al, 2008). Sakurai et al found that increased p21 levels were also associated with
reduced cyclin D1 expression in Jnk1-/- mice. However, despite a clear evidence of
reduced hepatocyte proliferation in the present study, hepatic cyclin D1 was unaffected
by JNK1 deletion (Figure 5.6). In Chapter 3, we found that up-regulation of cyclin E
(irrespective of DEN injection) occurs early in livers from foz/foz compared Wt mice,
and this could contribute to enhanced growth of dysplastic hepatocytes. Thus, further
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analyses of cyclin E and other cell cycle regulators are required to gain insights into
how JNK1 accelerates hepatocyte proliferation.
In agreement with reduced hepatocyte death and proliferation, DEN-injected Jnk1-/mice fed an atherogenic dietary developed fewer and smaller liver tumours than dietmatched Wt mice. This findings directly implicate JNK1 as essential for facilitating the
enhancement of hepatocarcinogenesis by obesity. Thus, together with earlier findings in
lean mice, the results from the present study suggest that JNK1 exerts a general protumorigenic effect on hepatocarcinogenesis. Whether JNK inhibition could be an
effective treatment strategy for HCC is discussed later.
In the present study, the expression of nuclear p-c-Jun was unchanged in livers from
atherogenic diet-fed Jnk1-/- mice compared with Wt. Thus, JNK1 probably exerts its
oncogenic function on hepatocyte proliferation independent of c-Jun. Our finding is
consistent with earlier studies in chemically liver carcinogenesis in lean mice (Eferl et
al, 2003; Sakurai et al, 2006), and c-Jun phosphorylation also appears to be dispensable
for liver regeneration (Behrens et al, 2002). As discussed in Chapter 5, it is possible that
JNK1-mediated hepatocyte proliferation in obesity-promoted hepatocarcinogenesis is
via regulation of other AP-1 proteins, such as JunB, Jun D, and ATF2 (Bubici & Papa,
2014; Seki et al, 2012). It may also be pertinent that p38, another stress-activated
protein kinase, can up-regulate c-Jun expression in hepatocytes (Das et al, 2011). Since
JNK appears central to the pathogenesis of obesity-related complications, including
NASH, further detailed characterisation of the functions of JNK, interaction with other
stress

signalling

pathways,

and

its

hepatocarcinogenesis is worthy of further study.

targets

during

obesity-accelerated
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The results from the JNK1 deletion study prompted us to test the chemopreventive
effects of JNK1 blockade on obesity-accelerated HCC. As described in Chapter 5,
several preclinical studies had suggested that JNK inhibition could provide therapeutic
effects against HCC (Mucha et al, 2009; Nagata et al, 2009; Saxena et al, 2010; Wu et
al, 2016). CC-930 is a selective and orally active JNK inhibitor, and unlike early JNK
inhibitors (SP600125, AS601245), it has fewer off-target effects (Koch et al, 2015). In
this, the first preclinical study to evaluate the anti-tumorigenic effects of CC-930 against
obese-related HCC, CC-930 did failed to reduce liver injury and hepatocyte apoptosis;
there actually was a numerical increase in serum ALT (not significant) following CC930 administration. CC-930 treatment for 18 weeks did reduce hepatocyte proliferation
in DEN-injected foz/foz mice compared with untreated foz/foz littermates. However,
despite such reduction, CC-930 administration did not significantly alter the proportion
of DEN-injected foz/foz mice with HCC foci, albeit an interesting trend for reduction
was noted. Further, histological examination showed that the number of dysplastic foci
and nodules was unchanged by CC-930 treatment. Taken together, these results indicate
that CC-930 failed to prevent the progression of hepatocarcinogenesis in DEN-injected
foz/foz mice. It is possible that apparent liver toxicity with this JNK inhibitor might have
hampered an anti-tumour, such as inhibition of hepatocyte proliferation. Thus, further
study of more potent and specific JNK1 inhibitors (some interesting compounds have
been made available to us from Celgene) against obesity-related HCC is worthwhile.
8.5

The role of NRF2 pathway in obesity-enhanced hepatocarcinogenesis

As reviewed in Chapter 1 (Section 1.4.2.2), NRF2 is a master regulator of cellular
responses against oxidant stress. Under normal homeostatic conditions, NRF2 is
restricted in cytoplasm through binding to its inhibitor, KEAP1. The binding of highly
reactive molecules, such as ROS or electrophiles, to KEAP1 causes a conformational
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change that releases NRF2 to translocate to nucleus, thereby increasing its
transcriptional activity. Owing to its protective role against oxidative stress, NRF2 was
initially thought to play a role in cancer prevention (Moon & Giaccia, 2015). However,
recent reports suggest that NRF2 may promote the development of liver and several
other cancers (Chapter 1, Section 1.4.2.2). For example, loss-of-function mutations in
KEAP1 or gain-of-function mutations of NRF2 that lead to constitutive NRF2 activation
have been detected in 14% of HCC cases (Shibata & Aburatani, 2014; Totoki et al,
2014). Further, nuclear accumulation of NRF2 and up-regulation of NRF2 target genes
have been reported in tumours from HCC patients compared with non-tumorous livers
(Inami et al, 2011; Shimizu et al, 2014). Of interest, compared to healthy livers, upregulation of NRF2 signalling was evident in livers from patients with NASH, an
established risk factor for HCC (Hardwick et al, 2010; Takahashi et al, 2014).
In Chapter 4, we described how obese foz/foz mice, irrespective of DEN injection,
exhibit increased hepatic nuclear accumulation of NRF2 compared with lean Wt mice
(Figure 4.10), particularly during the early stages of obesity (3 mths). This led to upregulation of antioxidant responsive genes (Nqo1, Hmox-1, Gclc and Gclm), implying
increased cellular response against oxidant stress in obese foz/foz vs lean Wt mice, as
shown by increased hepatic GSSG levels. We interpreted these changes as indicating of
redox imbalance in obese mice. In Chapter 6, we demonstrated that DEN-induced HCC
was enhanced to a greater extent in diabetic obese foz/foz NOD.B10 mice than in
similarly obese foz/foz BALB/c mice without diabetes (Section 6.3.1). Interestingly,
NRF2 and its main downstream target, NQO1, were up-regulated in livers of foz/foz
NOD.B10 mice but not in foz/foz BALB/c counterparts (Figure 6.7). Altogether, these
data are consistent with a role for NRF2 in the acceleration of hepatocarcinogenesis
observed in obese mice complicated by diabetes and resultant fatty liver disease.
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As reviewed in Chapter 1 (section 1.4.1.1), PTEN is a tumour suppressor that plays a
role in insulin signalling pathway by negatively regulating PI3K/Akt pathway. Mice
with a hepatocyte-specific deletion of Pten develop liver steatosis and spontaneous
HCC associated with increased intracellular ROS (Horie et al, 2004). Therefore, it
would be attractive to investigate the role of PTEN in accelerated HCC in obese foz/foz
mice.
Much remains unknown as to how NRF2 promotes cancer development. NRF2
activation could shift glucose and glutamine metabolism towards anabolic pathways so
as to support purine nucleotide synthesis (Mitsuishi et al, 2012). In Chapter 4 we
showed that hepatic expression of genes encoding enzymes involved in nucleotide
synthesis, including Taldo1, Tkt, Pgd and Idh1, were all up-regulated in obese foz/foz
compared with lean Wt mice. Thus, increased NRF2 activation could support
proliferation of altered hepatocytes during the early stages of hepatocarcinogenesis,
facilitating enhanced growth of dysplastic hepatocytes and ultimately accelerated onset
of HCC in obese diabetic mice. Whether this NRF2 activation is critical or a bystander
effect secondary to deregulation of other intracellular signalling pathways during
obesity-promoted hepatocarcinogenesis merits further study.
8.6

Hyperinsulinemia and diabetes are likely responsible for how metabolic
obesity accelerates hepatocarcinogenesis

Despite a strong association between obesity and HCC development, it is unclear which
metabolic factors are most relevant for the promotion of hepatocarcinogenesis. Insulin
resistance and diabetes are common among obese subjects, but some remain insulin
sensitive. While obesity and diabetes are independent risk factors for HCC (Chapter 1,
Section), the relative contribution of metabolic conditions vs obesity itself in promoting
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hepatocarcinogenesis had not yet been investigated at the time of these studies. To
address this, we compared DEN-induced hepatocarcinogenesis between Alms1 mutant
(foz/foz) NOD.B10 and BALB/c mice (Chapter 6). Both lines of mice are obese but,
unlike foz/foz NOD.B10 mice which are genetically prone to type 2 diabetes (most
likely by the islet cell defect that predisposes NOD mice to type 1 diabetes), foz/foz
BALB/c mice remain insulin sensitive and do not develop hyperglycemia (Section
6.3.2).
The major finding from Chapter 6 that DEN-induced hepatocarcinogenesis was
enhanced in diabetic obese foz/foz NOD.B10 compared with similarly obese foz/foz
BALB/c without diabetes (Table 6.1 and Figure 6.1) is the first experimental evidence
that dissects the relative importance of diabetes and obesity in hepatocarcinogenesis.
The results are also consistent with hyperinsulinemia and hyperglycemia being the key
pathogenic mechanisms for accelerating hepatocarcinogenesis in mice with metabolic
obesity. Despite the obvious strain difference in levels of serum insulin in response to
obesity, insulin-mediated mTORC1 activation is unlikely to be the key signalling
pathway underlying the substantial difference for developing chemically HCC, because
mTOR phosphorylation and its downstream target, S6 kinase, were similar between the
two lines of obese mice. Thus, these data are consistent with the conclusion discussed
earlier (from the rapamycin study) that mTORC1 activation is not sufficient for
hepatocarcinogenesis in obese mice. Instead, we showed that hepatic JNK activation
occurred in diabetic obese foz/foz NOD.B10 but not in non-diabetic obese foz/foz
BALB/c mice. This finding reinforces support for an important role of JNK signalling in
metabolic obesity-driven hepatocarcinogenesis. In addition, the observed strain
differences in obesity-promoted hepatocarcinogenesis could correspond to the increased
severity of hepatocellular injury (or NASH) associated with diabetes.
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Combating obesity-promoted HCC: the role of exercise

Physical activity is implicated in cancer development and clinical studies have
generated encouraging evidence that regular exercise reduces incidence of HCC, as well
as colon, lung, and endometrial cancers (see Chapter 7). As mentioned in Chapter 7, two
earlier studies that addressed putative protective mechanisms of exercise against HCC
either used a mouse model with exaggerated insulin sensitivity (Piguet et al, 2015), as
opposed to human NAFLD/NASH in which insulin resistance is near-universal and
severe, or applied stressful physical activity, such as swim training (Aguiar e Silva et
al, 2012), or treadmill running (Piguet et al, 2015). While lifestyle measures that couple
increased physical activity with weight reduction reverse NASH (Oh et al, 2015; St
George et al, 2009; Vilar-Gomez et al, 2015). It is unclear whether exercise reduces the
risk of obesity-related HCC.
To test the beneficial effects of exercise on obesity-associated HCC, we provided DENinjected foz/foz and Wt NOD.B10 mice with a running wheel from 4 wks until 24 wks of
age; controls were housed similarly without a running wheel. We demonstrated that both
foz/foz and Wt mice provided with in-cage exercise wheel ran ~ 6 km, and spent ~ 3 hrs
exercising each day, slowing but not abrogating weight gain by the end of experiments
(Figure 7.2). Exercise reduced the number of dysplastic hepatocytes at 3 mths and
prevented HCC onset at 6 mths (Figure 7.5). Interestingly, the protective effects of
exercise appeared to occur also in lean Wt mice, as demonstrated by a significant
reduction in the proportion of mice bearing liver nodules (albeit numbers were small)
(Figure 7.6B). Further studies are required to investigate whether moderate-vigorous
exercise can protect diabetic individuals with NAFLD from developing HCC, and
whether even non-obese mice are protected (this would require a longer duration of
experiments).
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We found that despite improved insulin sensitivity in exercising foz/foz mice,
there was no change in Akt/mTORC1 or AMPK activation. Instead, exercise markedly
reduced steatosis, abrogated JNK activation, and normalised NRF2-induced nutrient
shuttling in foz/foz mice compared with sedentary counterparts. Another novel finding
from the present study was that regular exercise restored DNA damage responses in
livers from DEN-injected obese foz/foz mice at an early stage of hepatocarcinogenesis.
Beyond the value of exercise, the results from Chapter 7 have identified two
intracellular signalling pathways potentially associated HCC development that are
mitigated by exercise, JNK and NRF2. Both these signalling pathways involve
potentially “drugable” molecules; further studies are required to test whether specific
small molecule inhibitors would confer chemoprevention against HCC.
8.8

Outstanding questions and prospective studies
As in any systematic program of research, the present results not only clarify a

number of issues, they also raise new or highlight unresolved questions pertinent to the
field and its translation into improved healthcare. Among these, the following would
merit further research.
8.8.1

Could a pan-PI3K or dual mTORC1 and mTORC2 inhibitor provide

effective chemoprevention against HCC where rapamycin failed?
Sorafenib, a multikinase inhibitor, is the only systemic therapy for advanced HCC
(Llovet et al, 2008) and is of modest efficacy with a high rate of dose-limiting adverse
effects. There is a huge unmet need to develop novel chemotherapeutic drugs for this
fatal cancer (Llovet et al, 2015). Since mTOR pathway is up-regulated in up to 50% of
human HCCs (Villanueva et al, 2008), there has been growing interest to investigate the
potential efficacy of mTOR inhibitors to treat HCC. Rapamycin (sirolimus), a classic
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mTOR inhibitor, was firstly used as an immunosuppressant for post kidney
transplantation therapy more than a decade ago. Since then, rapamycin and rapalogs,
including everolimus and temsirolimus, have been approved for the treatment of several
cancers, such as renal cell carcinoma, mantle cell lymphoma, pancreatic
neuroendocrine, astrocytoma, and breast cancer. Unfortunately, none of these agents
have demonstrated survival benefits in patients with HCC (Llovet et al, 2015; Matter et
al, 2014). A recent phase II clinical trial reported that everolimus failed to confer any
survival benefits in HCC patients who disease had progressed despite treatment with
sorafenib (Zhu et al, 2014). Interestingly, everolimus use to treat HCC was also reported
to increased hepatocellular injury (Yamanaka et al, 2013; Zhu et al, 2011).
In addition to potential liver toxicity, several possible explanations might account for
the limited efficacy of rapalogs (Matter et al, 2014). First, abrogation of the negative
feedback loop by mTORC1 inhibition, which in turn activates PI3K-Akt, MAPK and
RAS signalling, thereby promoting growth of cancer cells (Carracedo et al, 2008).
Second, mTORC1 blocking by rapalogs mainly inhibits S6K, while another substrate,
4E-BP1, is only partially inhibited (Choo et al, 2008). Finally, rapalogs do not inhibit
mTORC2, which is often activated as part of PI3K-mTORC2-Akt signalling axis
(Matter et al, 2014). Hence, it would be of therapeutic importance to study whether
targeting PI3K-Akt-mTOR pathway at multiple levels may provide a more effective
anti-tumour effect than selective inhibition of only one component of the pathway.
BEZ235 functions as an ATP-competitive inhibitor, it therefore inhibits both mTORC1
and mTORC2. Further, BKM120, an orally active pan-PI3K inhibitor, is estimated to
prevent not only feedback activation but also the activation of several kinases and
transcription factors besides mTOR that promotes survival and cell growth of cancer
cells (Engelman et al, 2008; Kirstein et al, 2013; Serra et al, 2008). In vitro and in vivo
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(xenograft mouse models) studies have demonstrated that the second generation of
mTOR inhibitors exhibited stronger proliferative effects than everolimus or sirolimus.
With these encouraging results, it would be of interest to investigate whether BEZ225
and BKM120 administration (both agents available in our laboratory) are able to delay
growth of dysplastic hepatocytes in DEN-injected foz/foz mice, and ultimately prevent
early onset of HCC.
8.8.2

Does metformin in vivo treatment exert chemopreventive effect against

chemically hepatocarcinogenesis in obese diabetic foz/foz mice?
Metformin, a widely used anti-diabetic drug, is associated with a 50% reduction in
risk of developing HCC (Singh et al, 2013). Animal studies have also demonstrated
anti-tumour effects of metformin against HCC (Bhalla et al, 2012; Nakamura et al,
2012). Whether metformin administration to DEN-injected foz/foz mice can prevent
early onset of HCC is worth for further investigation. We anticipate metformin will
activate AMPK that in turn suppresses mTORC1 activation with concomitant
restoration of autophagy and reduced accumulation of p62 and NRF2. If NRF2 is a key
mediator of the acceleration of hepatocarcinogenesis by obesity, metformin treatment in
obese diabetic mice, by restoring NRF2 activity, should suppress early development of
HCC.
8.8.3

Does NRF2 blockade prevent early onset of HCC in mice with metabolic

obesity?
As mentioned above, the enhancement of DEN-induced hepatocarcinogenesis in
foz/foz mice is associated with NRF2 activation with induction of NRF2 target genes
that enhances nucleotide synthesis (Figure 4.10). Exercise dampens NRF2 activation
(Figure7.14), in association with reduction of dysplastic hepatocytes at 3 mths. Another
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explanation for increased activation of NRF2 pathway in foz/foz mice is p62-mediated
degradation of the KEAP1 (Figure 4.6A), releasing NRF2 to translocate to nucleus
where it increases NRF2 transcriptional activity (Bae et al, 2013; Inami et al, 2011;
Komatsu et al, 2010). To test whether NFR2 is essential mediator of the promotion of
hepatocarcinogenesis in foz/foz mice, there are several studies that can be conducted: 1)
investigate the functional role of NRF2 in primary hepatocytes from murine HCCs by
depleting endogenous NRF2 using small interfering RNA (siRNA), or inducing stable
expression of NRF2 in primary normal hepatocytes. Our laboratory has optimised
culture of primary HCC cells derived from DEN-injected mice (obese and lean mice)
without immortalization strategies; 2) compare the development of liver tumours DENinjected Nrf2-/-.Alms1 mutant mice.
8.9

Concluding remarks
This thesis describes a number of important new findings in the field of obesity-

enhanced hepatocarcinogenesis:
1.

DEN-injected obese foz/foz mice develop early onset of HCC at 6 mths, whereas
lean Wt littermates do not develop HCC until 9 mths of age.

2.

Early development of HCC in foz/foz mice is associated with hyperinsulinemia,
diabetes, hyperleptinemia, hypoadiponectinemia and fatty liver, all relevant to the
metabolic complications of human obesity.

3.

Enhanced growth of dysplastic hepatocytes precedes development of HCC in DENinjected foz/foz mice, in association with increased liver injury, hepatocyte
apoptosis and compensatory hepatocellular proliferation.
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Livers of foz/foz mice exhibit up-regulation of the DNA damage sensors, ATM and
ATR, but with inadequate cell cycle checkpoint controls (CHK1, CHK2, p53, p21).

5.

The present study found little evidence to support a key role of inflammation in
obesity-related hepatocarcinogenesis; IL-6 was not changed, STAT3 was not
activated, and hepatic TNF-a signalling was unlikely involved as NF-κB was also
not activated.

6.

Akt and mTORC1 were highly activated in livers from foz/foz vs. Wt mice,
particularly at an early age (3 mths), allowing the possibility that mTORC1
activation may facilitate growth of altered hepatocytes.

7.

However, rapamycin administered for 3 mths failed to reduce the number of GSTpi-positive hepatocytes in DEN-injected foz/foz mice compared to untreated mice,
suggesting that mTORC1 may not be the critical signalling pathway by which
obesity promotes hepatocarinogenesis.

8.

Hepatic JNK signalling is activated both in mice with genetic or dietary obesity and
in accompanying HCCs, and JNK1 activation is essential for the enhancement of
hepatocarcinogenesis by obesity, possibly by promoting hepatocyte death and
compensatory proliferation.

9.

Despite this, CC-930 administration for 18 wks did not prevent early development
of HCC in DEN-injected foz/foz mice.

10. Hepatic nuclear accumulation of NRF2 occurs in foz/foz compared Wt mice,
regardless of DEN injection, leading to up-regulation of antioxidant responsive
genes (Nqo1, Hmox-1, Gclc and Gclm), and genes encoding enzymes for nucleotide
synthesis (Taldo1, Tkt, Pgd and Idh1). Sustained up-regulation of NRF2 could
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promote nucleotide synthesis so as to fuel proliferation of dysplastic or malignant
hepatocytes.
11. DEN-induced HCC is enhanced in diabetic obese foz/foz NOD.B10 compared with
similarly obese foz/foz BALB/c without diabetes.
12. This strain difference was associated with increased liver injury with concomitant
JNK and NRF2 activation in diabetic obese foz/foz NOD.B10 vs equally obese
foz/foz BALB/c without diabetes.
13. Voluntary exercise prevented the accelerated growth of dysplastic hepatocytes
during DEN-induced hepatocarcinogenesis, eventually reducing HCC incidence (at
6 mths) in foz/foz mice. This beneficial effect is independent of Akt /mTOR or
AMPK activation.
14. Conversely, exercise reduced steatosis, abrogated JNK activation, and normalised
NRF2-induced nutrient shuttling in foz/foz mice compared with sedentary
counterparts.
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Appendix A. Reagents, kits and buffers
Name

Catalogue

Supplier

Number

General reagents
2-vinylpyridine

Sigma Chemical (St Louis,

132292-100ML

MO, USA)
30% Acrylamide/bis solution,

Bio-Rad

Laboratories

29:1

(Hercules, CA, USA)

4-(2-hydroxyethyl)-1-

Sigma Chemical (St Louis,

piperazineethanesulfonic acid

MO, USA)

161-0156
H3375-250G

(HEPES)
Agarose

Scientifix (Melbourne, VIC,

9010E

Australia)
Ammonium persulphate

Sigma Chemical (St Louis,

(APS)

MO, USA)

Bovine serum albumin (BSA)

Sigma Chemical (St Louis,

A9164-100G
A7030-100G

MO, USA)
Bromophenol blue sodium

Sigma Chemical (St Louis,

salt

MO, USA)

Calcium chloride (CaCl2)

Sigma Chemical (St Louis,

B 5525
C5670-100G

MO, USA)
Chloroform

Sigma Chemical (St Louis,

C2432-500ML

MO, USA)
Diethyl pyrocarbonate

Sigma Chemical (St Louis,

(DEPC)

MO, USA)

Diethylnitrosamine (DEN)

Sigma Chemical (St Louis,

D5758-5ML
N0756-100ML

MO, USA)
Dithiothreitol (DTT)

Sigma Chemical (St Louis,

15508-013

MO, USA)
Ethanol

Millipore

(Billerica,

MA,

699274

USA)
Ethylene glycol-bis-(2-

Sigma Chemical (St Louis,

amnothyl)-N,N,N’,N’-

MO, USA)

E3889-25G

tetraacetic acid (EGTA)
Formalin

HD

Scientific

Supplies

CP L NBF10X5B
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(Wetherill

Park,

NSW,

Australia)
Gill’s haematoxylin

ProSciTech (Kirwan, QLD,

AG2-500

Australia)
Glacial acetic acid

Sigma Chemical (St Louis,

537020

MO, USA)
Glycerol

Sigma Chemical (St Louis,

G-7893

MO, USA)
Glycine

Astral

Scientific

(Gymea,

0167-5KG

NSW, USA)
Hydrogen peroxide

Sigma Chemical (St Louis,

516813

MO, USA)
IHC SelectÒ HRP/DAB

Millipore

(Billerica,

MA,

DAB-500

Laboratories

172-5311

USA)
iProofTM high-fidelity master

Bio-Rad

mix

(Hercules, CA, USA)

iQ™ SYBR® Green

Bio-Rad

Supermix

(Hercules, CA, USA)

Isopropanolol

Sigma Chemical (St Louis,

Laboratories

1708885
I9516-500ML

MO, USA)
Ketamine

Troy

Laboratories

Ilium Ketamil

(Smithfield, NSW, Australia)
Magnesium chloride (MgCl2)

Sigma Chemical (St Louis,

M9272-500G

MO, USA)
Magnesium sulphate (MgSO4)

Sigma Chemical (St Louis,

M2643-500G

MO, USA)
Methanol

Millipore

(Billerica,

MA,

902413

Sigma Chemical (St Louis,

M0262

USA)
Methyl cellulose

MO, USA)
Monopotassium phosphate

Sigma Chemical (St Louis,

(KH2PO4)

MO, USA)

N-Nitrosodiethylamine

Sigma Chemical (St Louis,

/Diethylnitrosamine (DEN)

MO, USA)

NovaRED peroxidase

Vector

substrate kit

(Burlingame, CA, USA)

Laboratories

P9791-500G
N0756-10ML
SK-4800
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Promega

(Madison,

WI,

C1101

USA)
Permount mounting medium

ProSciTech (Kirwan, QLD,

IA0195

Australia)
Phosphatase inhibitor cocktail

Sigma Chemical (St Louis,

P5726-5ML

2

MO, USA)

Phosphate buffered saline

Amresco (Solon, OH, USA)

E404-200TABS

Sigma Chemical (St Louis,

P7170-1L

(PBS)
Ponceau S solution

MO, USA)
Potassium chloride (KCl)

Sigma Chemical (St Louis,

P9541-500G

MO, USA)
Precision Plus Protein™ All

Bio-Rad

Laboratories

Blue Standards

(Hercules, CA, USA)

Protease inhibitor cocktail

Sigma Chemical (St Louis,

1610393
P8340

MO, USA)
Proteinase K

Roche

Applied

Science

3115828001

(Castle Hill, NSW, Australia)
Random primer

Promega

(Madison,

WI,

C1181

USA)
Sodium acetate trihydrate

Sigma Chemical (St Louis,

S8625-500G

MO, USA)
Sodium chloride (NaCl)

Amresco (Solon, OH, USA)

0241-5KG

Sodium citrate tribasic

Sigma Chemical (St Louis,

S4641-1KG

dihydrate

MO, USA)

Sodium dodecyl sulphate

Sigma Chemical (St Louis,

(SDS)

MO, USA)

Sodium fluoride (NaF)

Sigma Chemical (St Louis,

L3771-1KG
S7920-100G

MO, USA)
Sodium hydroxide (NaOH)

Sigma Chemical (St Louis,

S8045-500G

MO, USA)
Sodium orthovanadate

Sigma Chemical (St Louis,

(Na3VO4)

MO, USA)

SuperscriptÒIII reverse

Invitrogen Life Technologies

trancriptase

(Carlsbad, CA, USA)

SuperSignal west femto

Pierce (Rockford, IL, USA)

S6508-10G
18080-044

34095
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maximum sensitivity substrate
SuperSignal west pico

Pierce (Rockford, IL, USA)

34078

Tetramethylethylenediamine

GE

17-1312-01

(TEMED)

NSW, Australia)

Tri reagentÒ

Sigma Chemical (St Louis,

chemiluminescent substrate
Healthcare

(Sydney,

T9424-200ML

MO, USA)
Triethanolamine

Sigma Chemical (St Louis,

T1377-100ML

MO, USA)
Tris-HCl

Amresco (Solon, OH, USA)

0234-5KG

Triton X-100

Sigma Chemical (St Louis,

T9284

MO, USA)
Tween-20

Sigma Chemical (St Louis,

P5927-500ML

MO, USA)P5927-500ML
Xylazine

Troy

Laboratories

Ilium Xylazil-20

(Smithfield, NSW, Australia)
Kits
Dc protein assay kit

Bio-Rad

Laboratories

500-0116

(Hercules, CA, USA)
Glutathione assay kit

Cayman (Ann Arbor, MI,

703002_480

USA)
Mouse Adiponectin/Acrp30

R&D Systems (Minneapolis,

Quantikine ELISA Kit

MN, USA)

Mouse IGFBP-3 Quantikine

R&D Systems (Minneapolis,

ELISA Kit

MN, USA)

Mouse/Rat IGF-I Quantikine

R&D Systems (Minneapolis,

ELISA Kit

MN, USA)

Mouse/Rat Leptin Quantikine

R&D Systems (Minneapolis,

ELISA kit

MN, USA)

NE-PER Nuclear and

Pierce

Cytoplasmic Extraction

(Waltham, MA, USA)

Thermo

Scientific

MRP300
MGB300
MG100
MOB00
78835

Reagents
Rat/mouse insulin ELISA kit

Millipore

(Billerica,

MA,

MPEZRMI13K

Perkin Elmer (Waltham, MA,

NEL105001EA

USA)
Western Lightning® Plus-

Appendix A. Reagents, kits and buffers

ECL, Enhanced
Chemiluminescence Substrate

348
USA)

349

Appendix B. Primers used for semi-quantitative real-time PCR

Appendix B. Primers used for semi-quantitative real-time PCR

Target gene

Accession number

Sense

Anti-sense

Amplicon
size (bp)

Adipor2

NM_197985.3

ATGTCATCTCAGAAGGGTTC

GATGAGAGTGAAACCAGATG

159

B2M

NM_009735.3

TCCAGAAAACCCCTCAAATTCA

AGTATGTTCGGCTTCCCATTCTC

67

Ccr2

NM_009915.2

TACCTCAGTTCATCCACGGCATAC

CAAGGCTCACCATCATCGTAGTCA

115

Gclc

NM_010295.2

ACTGGCAGACAATGAGGTTTAAGC

ACCACGAATACCACATAGGCAGAG

123

Gclm

NM_008129.4

ACTGCTCTCTGAGGCAAGTTTCC

CCACAGCGGCACCCAATCC

82

Hmox1

Nm_010442.2

CATGAAGAACTTTCAGAAGGG

TAGATATGGTACAAGGAAGCC

75

Idh1

NM_001111320.1

ACAGAGCAAAGCTTGATAAC

GTCAGAACGTTGTACATTGG

146

IL-1b

NM_008361.3

GAAATGCCACCTTTTGACAGTG

TGGATGCTCTCATCAGGACAG

115

Mcp1/Ccl2

NM_011333.3

GTGGGGCGTTAACTGCAT

CAGGTCCCTGTCATGCTTCT

91

Nfe2l2

NM_010902.3

ACATGGAGCAAGTTTGGCAGGA

TGTGGCTTCTGGGCTGGGA

110

Nqo1

NM_008706.5

CCTTTCCAGAATAAGAAGACC

AATGCTTGTAAACCAGTTGAG

166

Ob-r

NM_010704.2

CTGAGATACAGTACAGCATTG

TGATATTGACATGGATCACG

168

Pgd

NM_001081274.1

CATTGGAGAAGCTGTCTTTG

GAATGACTTCTTACTGCCTTC

118

RPL13a

NM_009438.5

CCTGCTGCTCTCAAGGTTGT

GGCTGTCACTGCCTGGTACT

102

Taldo1

NM_011528.4

GTGTATCCACAGAAGTTGATG

CTTTGTAAAGCTCGATGAGG

87

Tkt

NM_009388.6

CTGCAGAGAGTCTAAAGAAAG

CTATGCCACCTTCGTAGTAG

153

Tnf-α

NM_013693.3

AGACCCTCACACTCAGATCATCTTC

CCACTTGGTGGTTTGCTACC

78
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1. Western Blot antibodies
Primary
Antibody

Company

Catalogue
Number

Blocking

Antibody
Dilution
(Diluent)

Akt
AMPK

Cell
Signaling
Cell
signaling

4685

5% skim

2532

5% skim

ATM

Genetex

GTX70103

1% skim

ATR

Genetex

GTX70109

1% skim

Bax

Santa Cruz

sc-493

5% skim

2764

5% skim

sc-163

5% skim

2906

5% skim

Bcl-xL
Cdk2
Cdk4

Cell
Signaling
Santa Cruz
Cell
Signaling

Chk1

Santa Cruz

sc-56288

5% skim

Chk2

Santa Cruz

sc-5278

2% skim

5605

5% skim

c-Myc

Cell
Signaling

Cyclin D1

Santa Cruz

sc-450

2% skim

Cyclin E

Santa Cruz

sc-481

2% skim

Cell

9742

5% skim

eiF4E

Secondary
Antibody Dilution
(Diluent)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-mouse

(1% BSA)

(1% BSA)

1:500

1:10000 anti-mouse

(5% BSA)

(5% skim)

1:200

1:10000 anti-rabbit

(5% skim)

(5% skim)

1:1000

1:10000 anti-rabbit

(5% skim)

(1% skim)

1:200

1:10000 anti-rabbit

(3% BSA)

(0.5% skim)

1:2000

1:10.000 anti-

(5% skim)

mouse (5% skim)

1:300

1:10.000 anti-

(5% skim)

mouse (5% skim)

1:300

1:10000 anti-mouse

(2% skim)

(5% skim)

1:500

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:100

1:10000 anti-mouse

(2% skim)

(2% skim)

1:100

1:10000 anti-rabbit

(5% skim)

(0.5% skim)

1:1000

1:10000 anti-rabbit
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Signaling
Hsp90
JNK
Keap1
LC3B
mTOR
NF-κB
p65

R&D
Cell
Signaling
Proteintech
Cell
Signaling
Cell
Signaling
Cell
Signaling

AF3775

5% skim

9258

5% skim

620027-1-Ig

5% skim

2775

5% skim

4517

5% skim

4764

5% skim

NQO1

Abcam

ab34173

3% skim

NRF2

Santa cruz

sc-722

3% skim

p21

Abcam

ab7960

5% BSA

p27

Abcam

ab3928

5% skim

OP03

5% skim

p53

p62

PCNA
phophoPRAS40
(Thr246)
phophoRaptor
(Ser792)
phophoTSC2

Calbioche
m
Progen

Santa Cruz
Cell
Signaling
Cell
Signaling
Cell
Signaling

GP62-C

sc-56

2997

5% skim

1% skim

5% skim

2083

5% skim

3617

1% skim

(5% BSA)

(5% skim)

1:1000

1:10000 anti-goat

(2% skim)

(2% skim)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:500

1:10000 anti-mouse

(5% BSA)

(5% skim)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-mouse

(5% BSA)

(5% skim)

1:500

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-rabbit

(0.5% skim)

(5% skim)

1:100

1:10000 anti-rabbit

(2% skim)

(5% skim)

1:200

1:10000 anti-rabbit

(5% BSA)

(5% BSA)

1:500

1:10000 anti-mouse

(1% skim)

(2% skim)

1:100

1:5000 anti-mouse

(0.5% skim)

(0.5% skim)

1:1000
(0.5% skim)

1:10000 antiguinea pig
(0.5% skim)

1:200

1:10000 anti-mouse

(1% skim)

(5% skim)

1:1000
(5% BSA)
1:1000
(5% BSA)

1:10000 anti-rabbit
(5% skim)
1:10000 anti-rabbit
(5% skim)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

352

Appendix C. Antibodies

(Thr1462)
phosho-cJun
(Ser73)
phospho4E-BP1
(Thr37/46)
phosphoAkt
(ser473)
phosphoAMPK
(Thr172)
phosphoChk2
(Thr68)
phosphoeiF4B
(Ser422)

Cell
Signaling
Cell
Signaling
Cell
Signaling
Cell
Signaling
Cell
Signaling
Cell
Signaling

3270

5% skim

2855

5% skim

4058

5% skim

2535

5% skim

2661

5% skim

3591

5% skim

4668

5% skim

5536

5% skim

1:500

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000
(5% BSA)

1:10000 anti-rabbit
(5% skim)

1:300

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:1000

1:10000 anti-rabbit

(5% skim)

(5% skim)

1:500
(5% BSA)

1:10000 anti-rabbit
(5% skim)

phosphoJNK
(Thr183/

Cell
Signaling

1:500

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:500

1:10000 anti-rabbit

(5% BSA)

(5% Skim)

Tyr185)
phosphomTOR
(Ser2448)
phosphop53
(Ser20)
phosphop53
(Ser15)

Cell
Signaling
Cell
Signaling
Cell
Signaling

9287

5% skim

9284

5% skim

9234

3% skim

1:500 (5%
BSA)
1:500
(5% BSA)

1:5000 anti-rabbit
(5% skim)
1:5000 anti-rabbit
(5% skim)

phosphop70S6

Cell

kinase

Signaling

(Thr389)

1:500

1:10000 anti-rabbit

(5% BSA)

(5% skim)
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phospho-

1:10000 anti-rabbit

S6 RP
(Ser235/2

Cell

4858

5% skim

2215

5% skim

Abcam

ab18680

5% skim

Abcam

ab818

3% skim

Signaling

1:1000

(5% skim)

(5% BSA)

36)
phosphoS6 RP
(Ser240/

Cell
Signaling

1:1000

1:10000 anti-rabbit

(5% BSA)

(5% skim)

1:500

1:10000 anti-rabbit

(5% skim)

(5% skim)

1:2000

1:10000 anti-mouse

(0.5% BSA)

(5% skim)

244)
phosphoJNK1
(Thr183+
Tyr185)
TATA
box
binding
protein

2. Immunohistochemistry antibodies

Antibody
M30

Company

Catalogue
Number

Primary
Antibody
Dilution

Secondary
Antibody Dilution

Roche

12140322001

1:100

1:500 anti-mouse

PCNA

Santa Cruz

sc-56

1:500

1:500 anti-mouse

Ki-67

Abcam

ab-15580

1:500

1:500 anti-rabbit

-

1:7500

1:500 anti-rabbit

Cell Signaling

3270

1:200

1:500 anti-rabbit

Cell Signaling

4858

1:100

1:500 anti-rabbit

cytoDEATH

Kindly given
GST-pi

by Prof. Phil
Board

phospho-c-Jun
(Ser73)
phospho-S6
(Ser235/236)
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