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Abstract

Hepatitis is a major cause of morbidity and mortality worldwide. Repeated cycles of
cellular injury, regeneration and repair lead to hepatic fibrosis and eventually cirrhosis,
which predispose to the development of hepatocellular carcinoma (HCC). Interferon

gamma (IFNy) has been identified as a critical mediator of hepatocellular injury in

hepatitis and models of inflammatory liver disease. This thesis describes the

establishment of a primary cell culture system to investigate IFNy- induced hepatocyte

apoptosis. We hypothesised that the hepatocyte response to IFN signalling is context-

dependent, influenced by both external stimuli, such as growth factors, and the internal
state of the cell. This was tested using a dual approach; firstly to assess the importance
of known genes, IRF-1, p53 and p21 on apoptosis in this system and the contribution of
known apoptotic inducers, such as CD95 and c-myc, to IFNy signalling. Secondly, to

assess the feasibility of a functional gene trap assay in primary cells to identify unknown
effectors of IFNy- induced apoptosis. The results show that IFNy induces primary

hepatocyte apoptosis in the context of serum- deprivation, an effect requiring IRF-1 but
not p53. A deficiency of p21 potentiated apoptosis. Rather than generating a single

outcome, the cellular response to IFNy is modulated by external factors. IFNy- induced

apoptosis was inhibited by specific cytokines, while IFNy potentiated primary

hepatocyte apoptosis induced by death receptor signalling and DNA damage, in an IRF-

1- dependent manner. Further, thyroid hormone potentiated IFNy- induced apoptosis via
MAPK- mediated phosphorylation of STAT1 at serine 727. This occurred via an extra-

nuclear, that is non- genomic, signalling pathway. For the first time in primary

hepatocytes it is demonstrated that IFNy- mediated apoptotic signalling required the cell
surface interaction of CD95 and its ligand and that IFNy induces soluble CD95 ligand

release from hepatocyte monolayers. The characteristics of IFNy- mediated apoptosis
identified in this research led to a hypothesis that c-myc contributes to IFNy- induced

apoptosis. Utilising antisense technology, in a candidate gene approach, it was
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demonstrated that c-myc phosphorothioate antisense fragments suppressed hepatocyte

apoptosis induced by IFNy. In summary this thesis identifies known genes and apoptotic

pathways that contribute to IFNy- mediated cell death. The hepatocellular response to

IFNy signalling can be modulated by extracellular growth factors, cytokines and
hormones and by the interruption of CD95 interaction with its ligand. It is demonstrated
for the first time that c-myc contributes to IFNy signalling. Further biological

investigations may facilitate manipulations of these pathways in human disease,

influencing hepatocellular survival and thus outcome in inflammatory liver disease.
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1.0 Introduction

1.1 The Liver

The liver is composed of five predominant cell types; hepatocytes, endothelial cells,

biliary epithelial cells, resident tissue macrophages or Kupffer cells and stellate cells.
The microarchitecture of the liver is relatively simple. Cords of hepatocytes are

orientated radially around the central hepatic venule to form hexagonal units termed
lobules. Between the hepatocytes are epithelial- lined sinusoids connecting afferent
blood flow from the tributaries of portal vein and hepatic artery, in the portal triad, to the
venous outflow of the lobule, the central venule. Within the space of Disse, between the
vascular endothelium and hepatocytes, resident tissue macrophages, termed Kupfer cells
and fat containing hepatic stellate (Ito) cells are found. Bile canaliculi are formed
between hepatocytes and coalesce to eventually drain into interlobular bile ducts in the

portal triad. Recent evidence suggests that a population of lymphocytes may also be
resident within the liver, predominantly around portal tracts [1]. Within the anatomical

lobule, a functional hepatocyte unit has been described, termed the acinus. Interportal
tracts form its base with the central venule at the apex. Three zones are described, zone 1

being nearest to the afferent blood supply and zone 3 surrounding the venule. The
relevance of the functional unit is confirmed by the variation in hepatocyte gene

expression, metabolic function and susceptibility to certain toxic stimuli between these
zones [2],

The liver is susceptible to a variety of mechanistically diverse insults in vivo.

Hepatocellular damage may manifest with intracellular changes, such as foamy

degeneration or fat accumulation (steatosis) or with hepatocyte apoptosis and necrosis.
While the liver has a large regenerative capacity, in the presence of inflammatory
mediated disruption of the extracellular matrix, restoration of tissue mass may occur at

the expense of the hepatic microarchitecture described above. Deposition of collagen by
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stellate cells in response to liver injury results in the formation of fibrous bands. This
further disrupts the liver histology and results in nodule regenerating hepatocytes,
termed cirrhosis, which is a known risk factor for tumour development.

1.1.1 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the eighth most common malignancy worldwide [3],
with around 500,000 new cases diagnosed each year [4], [5], The annual incidence is

geographically variable and is predominantly linked to the prevalence of hepatitis B
infection [5]. The diagnosis of HCC is delayed in the majority of patients due to the

paucity of symptoms. Few patients present with tumours that are amenable to surgery

and the mean time from diagnosis to death is 6 - 10 months [4, 5].

Epidemiological studies have identified many risk factors for HCC. Of these chronic
infection with hepatitis B virus (HBV) and the hepatitis C virus (HCV) are associated
with 80% of HCC cases worldwide, while in developed countries alcoholic cirrhosis is
the most common risk factor. Multiple risk factors in an individual can result in a

synergistic increase in the risk of HCC development, specifically HBV and aflatoxin [6],
HCV and alcohol abuse [7] and HCV and ionizing radiation [8],

Specific mechanisms contributing to hepatocarcinogenesis have been identified for

many of these risk factors. Integration of the HBV DNA into the hepatocyte genome

may result in deletions, translocations or chromosomal rearrangements. High levels of

integration are seen in chromosomes 11 and 17. The HBx gene product activates viral
and cellular genes controlling cell cycle and apoptosis. HCV is an RNA virus thus no

genomic integration occurs. Cleavage products of a viral polyprotein have been shown
to interact with cellular proteins. Aflatoxin exposure from contaminated food stuffs is

specifically associated with a G:C to T:A mutation of codon 249 of the cellular gene

p53.
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Regardless of the aetiology, chronic hepatic inflammation- chronic hepatitis-

predisposes to HCC formation. The precise mechanism is unknown. In the normal liver
the vast majority of hepatocytes are cell cycle arrested and levels of apoptosis are low.

During chronic hepatitis parenchymal injury may occur as a direct result of the

underlying aetiology or secondary to the inflammatory response. Hepatocytes that die by
necrosis or apoptosis are replaced by regeneration of nearby hepatocytes. Persistent

cycles of cellular damage and repair increase the cycles of DNA synthesis and thus the
chances of somatic mutation. Further, the dysregulated cytokine expression within the

chronically inflamed liver may generate genotoxic moieties that directly damage DNA,
or provide a selective environment for cells harbouring a selective growth or survival

advantage. This mechanism may facilitate the progression of malignant transformation.
Chronic cycles of inflammatory damage and repair also disrupt the cytoarchitecture of
the liver with regenerating hepatocytes form nodules within a repairing matrix
framework. Eventually, the regenerating matrix may form fibrous scarring, termed
cirrhosis. Disruption of the normal cellular framework and cell- matrix interaction may

further impair the control of cell growth [9],

There is a strong association between HCC development and chronic hepatitis and

cirrhosis, with 80% of HCCs developing on a background of cirrhosis[9]. Whether
cirrhosis is a necessary "precancerous" lesion, or whether chronic inflammation drives
the development of cirrhosis and HCC independently is unclear.

1.1.2 Molecular Genetic Events in Hepatocarcinogenesis

Neoplastic transformation requires the accumulation of genetic mutations disrupting the
normal cellular control of growth and apoptotic pathways [10], [11]. HCC development
is also associated with the progressive accumulation of genetic lesion, such as oncogene

activation or tumour suppressor gene inactivation, and altered gene expression.

However, identification of a simple step-wise accumulation of lesions correlating with
tumour progression has proved elusive. Several oncogenic pathways have been
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implicated in the malignant transformation of liver cells, and the molecular

heterogeneity of HCC development is suggested by the identification of distinct genetic
alterations from different HCC foci within the same patient. This suggests that the
molecular pathogenesis of HCC is complex and that aberrant regulation of multiple
molecular pathways can yield the required changes in cellular phenotype to facilitate
tumour progression. Despite these complexities, several genes and pathways have been

implicated as important regulators of hepatocyte homeostasis by virtue of their mutation
in HCC.

p53 loss of function occurs as a result of allelic deletions at 17p 13, missense mutations
in one of four conserved DNA binding domains or functional inactivation of the gene

product. p53 mutations have been detected in 28% of HCCs worldwide and LOH at

17p 13 occurs in 25-60% of HCCs [12]. Aflatoxin exposure is specifically associated
with a mutation at base 249 of the p53 gene. Hepatocellular carcinoma development in
HBV positive cells is associated with a higher rate of p53 mutations [13]. This is in
contrast to HCV associated tumours in which viral proteins are thought to repress p53

transcription [14] or functionally inactive the gene product [4].

MAPK upregulation has been detected in HCC using differential gene expression [15],

[16]. Further, HCV core proteins in vitro can constitutively activate MAPK[17],

suggesting that MAPK mediated survival or mitogenic signals may be an important
mediator of tumour progression. Insulin-like Growth Factor -II (IGF-II) is a

hepatocellular growth factor. The IGF-II receptor (IGF-IIR) activates proapoptotic TGF-

P signaling and degradation of IGF-II. Inactivation of the IGF-IIR would therefore
confer resistance to TGF-P induced apoptosis and maintenance of promitotic IGF-II

levels. LOH at the locus for the gene encoding the IGF-II receptor has been detected in
HCC and of those tumours 25% harboured mutations in the remaining allele[18],
however these reports are inconsistent 19],
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Amplifications of cMYC at 8q24.1 and deregulated c-myc expression are frequently
detected in HCC[20] and are thought to be late genetic alterations and are associated
with a poor prognosis in HCC [21, 22]. HCV core protein has been shown to induce c-

Myc expression. Other cell cycle related proteins have been associated with HCC.

Transcription of the CDK inhibitor, p21 WAFI/CIPI ;s inhibited by HCV core protein and

by HBV X antigen [23], However, increased p21 protein levels have been detected in
HCC samples in the presence of reduced mRNA levels, suggesting increased
stabilisation or decreased turnover of the gene product [24], Retinoblastoma protein is a

key mediator of antiproliferative stimuli. In HCC, LOH at the Rb locus 13ql4 has been
found in 35-43% of tumours[25] and downregulation of Rb expression in 30-50% of

cases[26].

As will be discussed, the death receptors CD95 and TNFa can induce hepatocyte

apoptosis in vitro and in vivo. Such apoptosis is inhibited by HCV core protein in some

cell lines [27, 28] although the significant of this function in vivo has been questioned

[29]. Levels of CD40 expression, which is known to protect cells against Fas and TNF
mediated apoptosis, have been found in 60% of HCCs[30], This suggests a role for these

primitive death pathways in clearing potentially tumourigenic cells.

In addition to known genes, allelotype studies have identified chromosomal loci

frequently mutated or demonstrating loss of heterozygosity (LOH) in HCC [31, 32],
This suggests the presence of as yet unidentified genes involved in

hepatocarcinogenesis.

The identification of genes commonly mutated in hepatocellular carcinoma allows a

glimpse at the cumulative carcinogenic process. Interpretation of these data is rendered
difficult because the significance of these mutations and temporal requirement of
aberrant expression is unclear. As previously discussed, evidence suggests that HCC

may develop as a result of derangement of diverse cellular pathways, indicating that any

individual gene aberration is not required for tumour formation. However, the
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identification of potentially significant genes or pathways in HCC development may

facilitate targeted investigation of the response of the hepatocyte to inflammatory injury
and the importance of these candidates. A greater understanding of the molecular

response of the hepatocyte to inflammatory injury forms the basis of elucidating key
molecular genetic steps of hepatocarcinogenesis.

1.1.3 Inflammatory Liver Injury

Inflammatory liver disease dominates the clinical practice of hepatology. This is because
a variety of aetiological agents can induce hepatocyte damage and generate an

inflammatory response and also many inflammatory liver conditions are chronic,

requiring prolonged medical management. Hepatitis can be classified as acute or

chronic. Of all aetiologies, infection is the predominant cause of chronic hepatitis and

hepatitis viruses the most common agents. In Western countries, alcohol is the leading
cause of liver disease although hepatic steatosis and cirrhosis are more prevalent than
alcoholic hepatitis. The underlying aetiology, in association with host and genetic

factors, largely determines the clinical course and prognosis in chronic hepatitis. In the

setting of chronic liver inflammation, repeated cycles of cell death, regeneration and

repair can predispose to cirrhosis and the development of hepatocellular carcinoma.

Drug- induced liver injury, particularly paracetamol, is a leading cause of acute liver
failure in the UK. Acute liver failure can be subclassified as hyperacute, acute or

subacute on the basis of speed of clinical onset [33], Patients with hyperacute liver
failure demonstrate the most favourable outcome, with progressively poorer prognosis in
acute and subacute liver failure respectively [33, 34], Predictive scores are used to

identify high- risk patients with a poorer prognosis at an early stage [35],

Outwith orthotopic transplantation, the treatment of acute liver failure is largely

supportive. Research continues into induced hypothermia [36], haemofiltration [37] and
bioartificial liver support [38], but perhaps the most promising area of molecular
research focuses on modulating liver cell apoptosis. The ability to significantly influence
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cell fate in the setting of widespread liver cell death may favourably impact on clinical
outcome in this small subset of patients. Further, breaking the cycle of injury and repair

may alter the long- term complications of cirrhosis and tumour formation.

1.1.4 The Hepatic Cytokine Network

Cytokines are intercellular small protein mediators regulating processes as diverse as

tissue development, cellular injury, inflammation and cell regeneration and repair. In
each process a complex multicellular interaction involving a network of cytokine

autocrine, paracrine and endocrine pathways effect the biological response. The
multifaceted nature of these networks present challenges to study of the underlying

pathophysiological mechanisms in vitro. Cytokines can be classified according to their
structure or function into five groups; interleukins, growth factors, interferons, tumour

necrosis factors and chemokines [39]. These classes are not mutually exclusive. The
liver is central to the systemic cytokine- mediated response to infection or inflammation,
such as the acute phase response [40] or the systemic inflammatory response syndrome

(SIRS) [41]. The liver is both a generator of, and a target for, cytokines. Cytokines

regulate hepatic physiological processes such as metabolism pathways including

gluconeogenesis, liver development and cell growth but are also central to the initiation
and maintenance of liver disease including inflammation and cancer [39, 42-44], While
some humoro- cellular responses are associated with specific mechanisms of liver

injury; such as the central role of neutrophils in ischaemia- reperfusion injury, certain
cellular and cytokine pathways are common to liver injury in vitro, in vivo and in
clinical disease.

Kupffer cells (KC) are central mediators of cytokine networks in the liver that can be
activated by multiple stimuli including lipopolysaccaride (LPS) binding to CD14, free
radicals in reperfusion injury and cytokines. Activated Kupffer cells produce early

response proinflammatory cytokines, such as TNFa and IL-ip, which via an autocrine

22



and paracrine pathway activate macrophages and leads to the further generation of

cytokines including IFNy. TNFa and IL-lp induce the expression of endothelial
adhesion molecules, such as ICAM-1, facilitating the site- specific recruitment of

macrophages. Interaction of monocytes with ICAM-1 and the action of TNFa, IL-la

and IL-lp can all stimulate the release of neutrophils chemoattractants [45, 46], further

potentiating the inflammatory cell influx. Negative regulators of inflammation can be

induced by proinflammatory cytokines such as TNFa and IL-ip preventing unopposed

regulation of the immune response. TNFa and IFNy are directly hepatotoxic in vitro,

inducing both apoptosis and necrosis, and thus potentiating the generation of the

inflammatory response. Animal models of liver disease and clinical studies support the

role of TNFa and IFNy as central mediators of injury. IFNy transgenic mice develop
chronic hepatitis mediated in part by TNFa [47] and concanavalin A induced murine

hepatic inflammation is attenuated by pretreatment with anti- TNFa or anti- IFNy

antibodies [48], Elevated circulating levels of both TNFa and IFNy have been associated

with alcoholic and liver disease and increased IFNy expression is implicated in

transplant rejection.

In summary, the cellular and structural composition of the liver contributes to the

pathophysiology of liver disease. The complex networks of cellular and cytokine

responses that mediate hepatocellular physiological and pathological processes in vivo
must be considered when attempting to extrapolate the findings of in vitro studies to

human disease.

1.2 Interferon

IFNy is encoded by a 6kb gene with four exons and three introns on chromosome 12 and

10, in humans and mice respectively. Transcription of this gene gives rise to a 1.2kb
mRNA molecule that is translated into a 166 or 134 amino acid peptide in humans or

mice. The carboxy terminus of the molecule is susceptible to enzymatic modification
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and the polypeptide is differentially glycosylated at two N- linked glycosylation sites

giving rise to charge and migration heterogeneity of the mature molecule. IFNy

glycosylation influences circulating half- life of the polypeptide rather than functional

activity. IFNy is biologically active as a non-covalently bound homodimer [49] and thus

is susceptible to mild variations in temperature and pH. In vivo, IFNy is predominantly

synthesised and secreted by CD4+ TH1 and CD8+ T- cells following MHCI antigen

presentation and by NK cells in response to activation by TNFa, IL 12 [50], microbial

products and autostimulation [51].

1.2.1 IFNy Receptor Signaling

The IFNy receptor is variably expressed on all nucleated cells [52] and consists of two

subunits, a and [3, which associate with the Janus kinases Jakl and Jak2 respectively

(Figure 1). Binding of the homodimeric ligand, IFNy, induces dimerisation of the a

subunits and subsequent recognition and binding of two p subunits forming an active

receptor complex. Transphosphorylation and activation of the associated JAKs results in

the tyrosine 440 phosphorylation of the a subunits. STATla binds to this activated a

subunit and is activated by phosphorylation at tyrosine 701, then dissociates forming
active homodimers-also known as gamma interferon activation factor (GAF).
Traditional theory then describes 'translocation' of the transcription factor to the nucleus
and subsequent binding to promoter regions of immediate-early IFNy-inducible genes

containing gamma interferon activation site (GAS). However, recent evidence shows
that in a resting cell nuclear- cytoplasmic cycling of STAT1 occurs via nuclear pore

complexes (reviewed [53]). It is the inhibition of the nuclear efflux during IFNy
stimulation that results in nuclear accumulation of STAT1. MAPK- directed serine 727-

phosphorylation enhances transcriptional activity of STAT1, but inhibits STAT3 activity

[54], The GAF directs the transcription of both primary IFNy response genes and of a

number of transcription factors, such as interferon regulatory factors (IRFs), that further
mediate the cellular response.
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Figure 1: IFNy Signalling. Ligand binding induces the dimerisation of IFNyR a subunits and

associated JAK1. JAK2 bound to IFNyR p subunits associated with the receptor complex and
results in the phosphorylation of IFNy a subunits. STAHa binds the activated receptor complex,
is activated by phosphorylation at tyrosine 701, and forms active homodimers, the gamma

activating factor (GAF). Nuclear accumulation of GAF directs the transcription of genes

containing the gamma activating sequence (GAS), and via IRF-1 genes containing the interferon
stimulated response element.
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STATs are a family of transcription factors, with six identified members, each with
critical roles in co-coordinating normal cellular processes such as cell division,
differentiation and apoptosis in normal tissue development and homeostasis. Of specific
relevance to IFNy signaling are STAT1 and 3. The biological role of STAT 3 is unclear

although it has a critical function in embryonic development since STAT3- null embryos
die in utero, and it is required for the hepatic- generated acute phase response (reviewed

[55]). Many biological responses to STAT3 activity, such as cell cycle activation and
inhibition of apoptosis, are in direct contrast to those of STAT1. While MAPK- directed
serine 727- phosphorylation enhances transcriptional activity of STAT1 it inhibits
STAT3 activity [54], Thus the balance of STAT1 and STAT3 activity may provide a

mechanism to regulate the cellular outcome in response to cytokine signaling.

Deregulation of STAT signaling has been implicated in disease and tumourigenesis

(reviewed [56]). Regulation of STAT- mediated signaling occurs at multiple levels

(reviewed [57]). IFNy signalling results in dimerisation of STAT ip, a truncated form of

STAT la that lacks transcriptional activity. STATip can act in a dominant negative

manner by occupying DNA binding sites[58] (reviewed [56]). STAT la transcriptional

activity can be enhanced by subsequent phosphorylation at serine 727, while nuclear

tyrosine phosphatases, such as TC45, mediate the inactivation of STAT1 and

STAT3[59]. Nuclear trafficking is also likely to be an important regulatory process in
addition to the function of the recently identified proteins that inhibit activated STATs

(PIAS) [60]. Cytoplasmic dephosphorylation and SOCS- directed ubiquitin- mediated

degradation provides further levels of STAT1 regulation[61]. Thus, regulation of STATs

provides a cellular mechanism to integrate multiple signaling pathways in order to effect
an appropriate cellular response. STAT-1- null mice are unresponsive to IFNy

identifying this molecule as the principle positive regulator of IFNy signaling,

functioning via the induction of a second family of transcription factors, the IRFs.
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IRFs are induced by both type I and type II interferons and by viruses. These

transcription factors facilitate signal integration and direction of gene transcription in

response to the cell context, cell type and concomitant cellular signals. The majority of

family members are considered to act generally as inducers or repressors of gene

transcription. Some IRFs are expressed predominantly in lymphoid cells directing tissue

specific responses. Others such as IRF-1, are induced by a range of stimuli including

cytokines such as TNF, IL-1, IL-6 and LIF, mediated by STAT1 and NFkB (reviewed

[62]), and y- irradiation- providing a potential mechanism for signal integration. IRF-1,

initially identified as an inducer of the IFN{3 gene, is now know to function in diverse
cellular processes such as development of the antiviral state, cell cycle arrest and tumour

suppression. Subsequent research identified multiple members of the IRF family. A

summary of the ten IRFs identified to date is given in table 1. IRF-1, the principle

positive regulator of IFNy secondary response genes, is upregulated by GAF binding to a

GAS sequence in the gene promoter. IRF-1, like all family members, is able to bind to

interferon stimulated response elements (ISREs) in the promoter regions of IFNy

responsive genes, and to IFN consensus sequences (ICS) in the MHC-I promoter region
and positive regulatory domains (PRD) in the IFN|3 gene. ISREs are the dominant

sequences directing the transcription of IFNy- induced genes.

IRF-2 is the predominant repressor of IFNy- mediated gene transcription and acts to

antagonise the actions of IRF-1. Therefore the relative levels of IRF-1 and IRF-2 are

likely to be important determinants of the cellular response. While both IRF-1 and IRF-2
mRNA levels are expressed at low levels within normal cells, the half life of the IRF-1

protein is much shorter, thus IRF-2 is normally more abundant in the cell [63]. Many
IRF family members are known to demonstrate differing induction or repressor profiles
and thus relative levels of each may determine the pattern of gene induction and thus the
cellular response. Further, some such as IRF-2 and IRF-8 classically considered
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repressors of transcription might under some circumstances enhance gene expression
[64, 65],
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AKA

Principle Tissues

EffectonISRE
Features

References

IRF-l

Multiple

Induction

Mediatescellcyclearrest.Tumoursuppressor

[66-68]

IRF-2

Multiple

Repression

AntagonisesIRF-lfunction.Roleintumourigenesis.

[62,69]

1RF-3

Multiple

Induction

InducedbyviralinfectionandDNAdamage.Mutationassociatedwithtransformation.
[70-72]

IRF-4

Lymphoid

Repression

Evidenceforroleinlymphocytetransformationandapoptosis

[73-75]

IRF-5

Lymphoid

Induction

SynergiseswithviralspecificinductionIFNAgenes

[76,77]

IRF-6

Unknown

Unknown

Unknownfunctioninmammals.Xenopushomologuereportedroleembryologicaldevelopmentof somites.

[78]

IRF-7

Lymphoid

Repression

4splicevariants.DirectsspecifictranscriptionofIFNAandBgenes.
[79,80]

IRF-8

ICSBP

Immune

Repression

FormsheterocomplexeswithIRF-landIRF-2.

[81-85]

IRF-9

ISGF3y/p48

Multiple

Induction

ComplexeswithSTAT1and2,formingISGF3.

[86,87]

IRF-10

Haemopoetic

Induction& Repression

Inducedbyoncogenev-rel.UpregulatestwoIFNytargetgenes
[88]

*ISGF3=InterferonStimulatedGeneFactor3 Table1:ASummaryofInterferonRegulatoryFactors.
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The dual activity of transcriptional repression and induction of IRF family members is

dependent upon interactions with other IRFs or transcription factors [85] via an IRF
association domain (IAD). The IAD is conserved in IRFs 3,4,5,8 and 9. Of these, only
IRF 9 , also known as p48, is expressed predominantly outside of the lymphoid system.

In addition to forming the transcriptionally active heterotrimer ISGF3 with STAT1 and

STAT2 in response to IFNa or p, p48 is also able to complex with the IFNy signaling

complex GAF. GAF directs transcription of primary response genes via its interaction
with the GAS element. Binding of p48 to the GAF homodimer changes specificity of
DNA binding from GAS to ISRE elements [89]. While this demonstrates further
intricate regulation of interferon- induced gene expression, it also demonstrates the

potential for molecular co-operation of type I and type II IFN signaling

In summary, the complex proximal IFNy signaling pathways facilitate integration of
concomitant cytokine and growth factor signaling, ensuring a contextually appropriate

phenotypic response. Via Jak/ STAT and IRF activation IFNy can induce in excess of
200 genes[90] encoding proteins with functions varying from antigen expression to

apoptosis, cell adhesion to cell cycle[91], from oxygen radical production to

oncogenesis. With such a repertoire of effectors is it perhaps unsurprising that IFNy is

implicated in many disease processes.

1.2.2 Biology and Function of IFNy

IFNy is integral to the host defence against viral infection, is a key regulator of
inflammation. Inhibition of cell cycle prevents viral replication and apoptosis facilitates
the clearing of viralIy infected cells. Increasing evidence suggests that IFNy- mediated
cell cycle suppression and apoptosis induction may function in tumour suppression.

IFNy is known to induce a large number of genes [92] in many different cell types and is
involved in many, sometimes conflicting, cellular processes such as apoptotic and
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protective pathways, proliferative and cytostatic pathways in different cell lineages or

within the same cell. The ultimate biological outcome is likely to depend upon

coincident factors and the cell context. This is likely to explain some of the conflicting
data in the literature. For completeness, Table 2 summarises some of the many

immunomodulatory effects of IFNy while the remainder of this section will focus on the

role of IFNy in liver disease and consideration of molecular aspects of cell cycle control,

apoptosis and tumourigenesis.

IFNy plays a central role in the induction of an inflammatory response in the liver. IFNy

is not expressed in normal liver but is greatly induced in acute inflammation[93], IFNyR
is weakly expressed on endothelial cells and not hepatocytes in normal liver, while

variable induction of IFNy expression occurs in acute and chronic hepatitis irrespective

of aetiology[94], IFNy is a critical mediator of hepatocellular injury in animal models of
liver disease. Concanavalin A (Con A) induced hepatitis is associated with increased

plasma levels of IFNy and TNFa while pre-treatment with an anti- IFNy monoclonal

antibody attenuates liver injury [48], Intraperitoneal administration of paracetamol

(750mg/kg) induces centrilobular hepatic necrosis, an increase in serum transaminase
levels and 45% mortality in a murine model. IFNy -/- mice demonstrated significantly

less hepatocellular damage and no mortality[95], IFNy has been associated with

rejecting liver allografts in humans and animal models. Elevated serum IFNy and TNFa
levels were detected in patients with massive haemorrhagic necrosis following

orthotopic liver transplantation (OLT) compared to severe rejection alone[96]. In rodent

models, IFNy expression is specific to rejecting allografts and is associated with an

infiltration of host lymphocytes[97, 98], In vitro, IFNy induced cell cycle arrest and

apoptosis in the primary hepatocyte [99-101]. Therefore, IFNy is associated with human
liver disease and a mediator of hepatocellular injury in vivo and in vitro.
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Function Details References

Antigen Presentation Upregulation MHC class I, (32 microglobulin and class II expression. [90, 102, 103]

Macrophage Activation IFNy was previously known as macrophage activating factor. [104]
Activation is STAT 1- dependent [105, 106]
Enhances generation of reactive oxygen intermediates [107]
Induces iNOS, thus NO production [108]
Increases FcR expression increasing specific antibody dependent cellular ['09]
cytotoxicity reactions.

Importance in clearing intracellular microbes. ["0]
Increases TNFa production by macrophages [111. 112]

Directs Cell- Mediated Inhibits proliferation Th2 but not ThI cells thereby directing cell-mediated ["3]
Response immune response

Isotype switching of B cells ["

Antiviral Response

Cell Recruitment Induction of endothelial adhesion molecule expression [' '^1
May not directly affect leukocyte migration [" 6]

Table 2: A Summary of the Immunomodulatory Actions of IFNy
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1.2.3 The Cell Cycle: An overview

Cell division is characterised by a coordinated series of morphological and biochemical

changes. The principal regulators of the cell cycle are the cyclin dependent kinases,

CDKs, which are regulated by associated cyclins (reviewed [117]). Levels of these

complexes oscillate during the cell cycle and, in Xenopus oocytes, are independent of
the nucleus. Molecular targets of the cyclin/ CDK complexes mediate specific events

that are essential for nuclear and cellular division, such as dissolution of the nuclear

membrane (reviewed [118]). Sophisticated and stringent controls are required if
coordinated and controlled cell proliferation is to occur.

The basic effector molecules, the cyclin/ CDKs, are subject to a range of delicate control

mechanismsfl 19]. A non- cycling cell, in GO, must transcriptionally activate a host of

genes required for the initiation of DNA synthesis. Association of the cyclins and CDKs

provides a regulatory mechanism. Ectopically expressed cyclin D and CDK4, for

example, do not assemble into active complexes in the absence of serum stimulation

[120, 121]. Once formed, the cyclin/ CDK complex can be further regulated by

phosphorylation. The multisubunit enzyme cdc2- activating kinase, CAK,

phosphorylates threonine 161 to enhance enzymatic activity. Ubiquitin- mediated

degradation of cyclins facilitates a further level of regulation. The active cyclin/ CDK

complexes, in a classical negative feedback loop, enhance this degradation. The activity
of cyclin/ CDK complexes activates subsequent cyclins. For example, inhibition of

cyclin D and E activity is associated with a lack of cyclin A induction [122],

Thus, the balance of transcription determines the levels of cyclins and ubiquitin-
mediated degradation. The activity of the cyclin/ CDK complexes, regulated via a

balance of kinases and phosphatases, determines the activity of subsequent complexes.
These control mechanisms allow not only coordinated progression through the cell
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cycle, but also integration of molecular cues from the intra- and extracellular

environment, primarily at checkpoints.

Progression through the G1 checkpoint is determined by the activity of the D- type

cyclins and cyclin E that associate with CDKs 4 and 6 or 2 respectively. D- type cyclins

(Dl, D2 and D3) are synthesised in response to mitogen stimulation and are rapidly

degraded following stimulus withdrawal, suggesting a role as transducers of the

mitogenic signal. While cyclin D protein levels do not oscillate greatly throughout the
cell cycle, the kinase activity rises to a peak near the Gl/ S transition. Inhibition of

cyclin D function prior to, but not after, the Gl/ S boundary inhibits S- phase entry,

suggesting the timing of critical function. Cyclin E is expressed periodically and reaches
a maximal kinase activity at Gl/S whereupon it is degraded, and the associated CDK2
subunit complexes with Cyclin A to facilitate S- phase entry. While cyclin mRNA levels
fluctuate throughout the cell cycle, transcript stability remains constant, implicating
mRNA processing as the responsible mechanism [123]. The retinoblastoma (Rb) and
related pocket proteins are targets of cyclin/ CDK complexes. Hypophosphorylated Rb
binds transcription factors such as E2F- DPI. Cyclin D- mediated Rb phosphorylation
inhibits Rb binding of transcription factors, thus promoting gene expression.

CDK inhibitors (CDKIs) were first identified in budding yeast and provide a further

regulatory mechanism in cell cycle control. Multiple CDKIs have been identified in
mammalian cells. pl6'nk4a was identified as a CDK4 inhibitor[ 124] and pl5'nk4b and

P27kipl were shown to mediate TGFP- induced Gl arrest in keratinocytes and mink lung

epithelial cells respectively[125, 126]. P57kip2 was subsequently identified as an inhibitor
of Gl and S phase cyclins[127, 128], Three research groups working to identify p53-
induced genes, CDK- interacting proteins and inhibitors of DNA synthesis, identified the
CDKI p21watl simultaneously[ 129-131]. p21wafl has subsequently been shown to

associate with cyclin/ CDK complexes with PCNA to form a quaternary complex in

vitro and in v/vo[130]. It is induced by p53- dependent and p53- independent
mechanisms and during cell quiescence and senescence. p21watl inhibits the kinase
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activity of CDKs implicated in the G1/ S transition and therefore results in the

accumulation of hypophosphorylated Rb and inhibition of cell cycle progression.
Induction of p21wa" inhibits PCNA- dependent DNA replication [132, 133] but not

PCNA- independent DNA repair [134, 135], an effect mediated via distinct cyclin/ CDK
and PCNA interaction sites and interaction with replication complexes at the DNA

replication fork. In the context of DNA damage, the cellular advantage of mediating cell

cycle arrest and inhibition of DNA replication, whilst permitting DNA repair, is to

prevent the propagation of potentially oncogenic mutations. Inhibition of DNA synthesis
but not repair and interactions with PCNA are not characteristics of other CDKIs. Thus,

p2Ua" is unique amongst CDKIs in coordinating cell cycle progression, DNA

replication and repair.

1.2.4 IFNy in Cell Cycle Arrest

IFNy has been shown to induce cell cycle arrest in a variety of cells and cell lines [136-

142], Inhibition of cell proliferation by IFNy is preceded by an increase in p53 [99, 137],

hypophosphorylation of Rb [138] and a decrease in c-myc mRNA expression [142]. In

primary murine hepatocytes IFNy induces p53- dependent p21WAF1 transcription and an

associated decrease in DNA synthesis [99]. Hepatocytes from p53 and IRF-1 deficient
animals are unable to Gl- arrest in response to IFNy, an effect associated with a smaller
and less sustained induction of p21WAI1 [99, 143], IRF-1 has been shown to fluctuate

during the cell cycle, with highest levels seen in serum starved cells and levels

decreasing upon serum stimulation[144]. Unlike IRF-1, IRF-2 remains constant

throughout the cell cycle. Thus the ratio of IRF-1/ IRF-2 may be an important mediator
of IFNy regulation of cell cycle progression. DNA damage- induced cell-cycle arrest

requires IRF-1 in MEFs and overexpression of IRF-1 inhibits cell cycle progression

[68], Of all the CDKIs examined, p21, p27, p 15, p 16, p 18, and p 19 only p21 levels were

decreased in IRF-1 null cells either in the resting state or in response to y- irradiation
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[145], Thus, p21WA11 is implicated as the major CDK1 involved in effecting IFNy-
mediated cell cycle arrest.

1.2.5 Apoptosis: An overview

In recent years a family of cysteine aspartases, termed caspases, have been identified as

critical regulators and effectors of apoptosis [ 146]. Caspases are constitutively expressed
in most cells as inactive zymogens, or proenzymes. These are activated by cleavage

adjacent to aspartate residues forming an a and p subunit and subsequent cleavage of the
N- terminal prodomain (reviewed [147]). These associate to form a heterotetrameric

complex- the active caspase- which is capable of cleaving and activating further

procaspases, generating a proteolytic cascade [146, 148, 149], Procaspases can be
classified according to the length of their N-terminal prodomains. Procaspases 3, 6, 7
and 9, have short prodomains are thought to function downstream in the caspase cascade
and are termed effector caspases. Procaspases 1,2, 4, 5, 8 and 10, however, have long

prodomains that may allow targeting and regulation of caspase activity. These have been
termed regulatory caspases (reviewed [146, 149]). Two interaction domains have been
identified that facilitate interaction with other molecules, either directly or via adapter
molecules. Procaspases 8 and 10- for example- contain two death effector domains
which can interact with molecules such as FADD- localising them to death receptors

such as TNF and CD95 [150]. Procaspases 1, 2, 4, 5 and 9 contain caspase recruitment
domains (CARDs) that bind adapter molecules such as RAID and RIP2.

1.2.5.1 Death Receptors

Death receptors belong to the TNF receptor superfamily and can induce proliferation
and differentiation in addition to apoptosis. The death receptor- signaling mechanism
has been well characterised (reviewed [151]). There are six known death receptors;

TNFR1, CD95, DR3, DR4 (TRAILR1), DR5 (TRAILR2) and DR6. In addition three

decoy receptors (DcRl-3), lacking intracellular effector domains, and thus unable to
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transduce apoptotic signaling which act to modulate cellular sensitivity to death receptor

mediated apoptosis in vivo [152], Binding of extracellular ligand induces receptor

trimerisation and recruitment of adapter molecules that aid molecular recruitment and

binding to form the death inducing signal complex (DISC). Fas- associated death
domain (FADD), TNF- receptor associated death domain (TRADD), receptor-

interacting protein kinase 1 (RIP 1) and death- associated protein (DAXX) contain death
domains (DD) that interact with DDs in the cytoplasmic tail of the death receptors.

Caspases 8 and 10 interact with FADD via death effector domains (DEDs). TRADD

additionally recruits further adaptor proteins including TNF- associated factor (TRAF),
FADD and RIP 1. RIP1 can bind caspase 2 and the MAPKKK, ASK1.

1.2.5.2 CD95

A seminal paper by Krammer and colleagues identified two CD95-signaling pathways

[153] (Figure 2). CD95 ligand binding induces CD95 trimerisation and FADD
recruitment via DD interaction. In type I cells, caspase 8 and 10 bind to FADD via
DEDs and are autoactivated by proteolytic cleavage, mediating aggregation of CD95

receptor trimers at the cell surface. In type II cells, formation of the DISC is impaired
and limited caspase 8 is activated. CD95- mediated apoptosis is impaired in caspase 8-
but not caspase 10 deficient cells suggesting that caspase 8 is the principal mediator of
CD95 DISC signaling. In type I cells, large scale activation of caspase 8 can directly
activate effector caspases, such as caspase 3. In type II cells, amplification of the

apoptotic signal occurs via caspase 8- mediated cleavage of the Bel- 2 family member,

Bid, to active tBid that mediates opening of the mitochondrial permeability transition

pore (PT) [154], This results in mitochondrial release of pro- apoptotic mediators such
as apoptosis inducing factor (AIF), Smac/ Diablo, endonuclease G and cytochrome c.

Cytochrome c associates with pro- caspase 9, Apaf-1 and ATP to form the apoptosome.

Dimerisation of this complex results in procaspase 9 autoactivation with subsequent

cleavage of effector procaspases. This is widely believed to amplify the apoptotic signal
via caspase 9 processing of caspase 8[ 155]. Anti- apoptotic Bcl-2 family members
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inhibit mitochondrial depolarisation and thus prevent signal amplification, attenuating
the apoptotic response. This confirms initial findings by Krammer that in type 1 cells

caspase 8 and caspase 3 were activated rapidly- within seconds and 30 minutes

respectively [153], Large amounts of DISC were formed in this cell type and Bcl-2 or

Bc1-xl did not inhibit apoptosis. In type II cells caspase 3 and 8 activation was delayed
and apoptosis was inhibited by Bcl-2 or BcI-xl- The kinetics of apoptosis and altered
mitochondrial transmembrane potential were similar in both cell types [153]. Recent

findings have confirmed the importance of mitochondria to apoptotic pathways[ 154,

156],

CD95R

Figure 2: CD95 Receptor Signalling. Binding of CD95 ligand induces receptor trimerisation.
Via binding of the adaptor protein FADD, caspases 8 and 10 associate with the receptor

complex to for the death inducing signal complex (DISC). Large- scale caspase 8 activation may

directly activate effector caspases. Lower levels of caspase 8 activity cleave, via Bid cleavage,
induce cytochrome c release from the mitochondria (*) and formation of the apoptosome,

resulting in caspase 9, and subsequently effector caspase activation.
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CD95- mediated apoptosis can be modulated by CD95 splice variants that generate

either soluble CD95R or a decoy receptor lacking an intracellular domain (reviewed

(157]). Further soluble CD95 ligand, generated via proteolytic cleavage of membrane-
bound ligand may act to activate or inhibit CD95R. Matrix metalloproteinase 7 (MMP7)
can cleave CD95L and generate soluble ligand that is less active than membrane bound
CD95L thus can compete for CD95R binding [157],

1.2.5.3 TNF Receptor

TNFa binding to TNFRl results activation of at least three signal transduction pathways

(reviewed [158]) (Figure 3). Firstly, TNF binding to TNFRl results in receptor

trimerisation, release of the inhibitory silencer of death domains (SODD) protein and

binding of TRADD. FADD mediates procaspase 8 binding to TRADD, resulting in

caspase autoactivation. Intrinsic and extrinsic caspase pathways can be activated as

described above. Secondly, TRADD bound TRAF2 is thought to activate JNK via
MAPKKK pathways [159], although the mechanism is currently unclear. Finally,
TNFRl induces NF-kB via phosphorylation- directed ubiquitin- mediated degradation of
1-kB. This is achieved by formation of an I-kB kinase complex (IKK) at the TNFRl,

facilitated by TRAF. Induction of NF-kB levels protects cells from TNF- mediated

apoptosis, and vice versa. Cells lacking NF-kB show greater activation of MAPKKK

pathways and JNK activation. Thus, TNF activated apoptotic pathways via caspase 8-

activation, but decreases the sensitivity of cell to death via NF-kB upregulation.
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Figure 3: TNF Receptor Signalling. Ligand binding induces receptor trimerisation and
association of adaptor proteins including TRADD, FADD, TRAF2 and RIP. TNF receptor 1

signalling can, via TRADD/ FADD binding, activate caspase 8 and thus intrinsic and extrinsic
effector pathways as detailed above. Via IKK, TNF receptor ligation directs the phosphorylation
and ubiquitin - mediated degradation of IkB, thus activating NFkB, and promoting cell survival.
JNK/ MAPKKK pathways may be activated via TRAF2.

1.2.6 The Role of IFNy in Apoptosis

As part of the antiviral response, IFNy can inhibit viral replication and, whilst

maintaining cellular integrity, sensitise these cells to apoptosis. The evolutionary

advantage of this mechanism affords the opportunity to clear the viral infection, but
induces apoptosis if the cell sustains further damage, decreasing the risk of cellular
transformation. In contrast to death receptors, there is no simple apoptotic induction

pathway, rather IFNy appears to modulate multiple apoptotic mechanisms, which are

likely to be species and cell lineage specific (reviewed [160]).
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IFNy sensitises cells to apoptosis mediated by the death receptors CD95 [161-165],

TNFa [101, 166, 167] and TRAIL [168, 169]. IFNy can induce CD95 receptor and
CD95 ligand expression in a STAT1- dependent manner[170]. STAT3 and JNK

negatively regulate CD95 receptor expression [171]. Further, CD95R expression can be

upregulated in response to p53 [172], known to be induced by IFNy [99]. IFNy can also

upregulate expression of TNFa, but not TRAIL receptors DR4 and DR5 [164, 173],
Potentiation of TRAIL- induced apoptosis required IRF-1 and may be effected via
down- regulation of inhibitor of apoptosis- 2 (IAP- 2) [168, 169],

IFNy- induced apoptosis occurs approximately 48-72 hours following initial stimulus
and is inhibited by transcriptional and translational inhibitors within the first 24 hours.

Thus, in contrast to death receptor activation, gene transcription is required. IFNy can

induce the expression of both regulatory and effector caspases in different cell types,

including caspases 3, 8 and 9[ 174-176]. In these diverse cell types IFNy- mediated

apoptosis can be- at least partially- protected from apoptosis by exogenous caspase

inhibitors [143, 177, 178]. Evidence also suggests that caspases can regulate IFNy
release. Caspase 1 is required to cleave pro-interferon gamma inducing factor (pro-IGIF)

which can induce IFNy release from Thl cells [179]. Kupfer cells from caspase mice
were unable cleave pro-IGIF to IGIF and animals demonstrate decreased serum IFNy

levels [179, 180]. IFNy can act on the intrinsic apoptotic pathway via expression of the
Bcl-2 protein family, by inducing bak and mcl-1 [181], but not bax[181] or Bcl-2 [163]

independent of p53.

The double-stranded RNA activated protein kinase p68 is induced by interferons. It is
activated by autophosphorylation when bound to dsRNA- for example in a virus-
infected cell. The activated kinase phosphorylates and inhibits the alpha subunit of the
initiation factor eIF2, thus inhibiting host and viral protein synthesis. p68 has been

implicated in IFN-mediated cell cycle arrest [182] and can induce apoptosis in HeLa
cells [183] and a promonocytic cell line [184], The effector mechanism is not clear. A
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second interferon-induced antiviral mechanism has been linked to apoptosis. Viral
dsRNA can activate oligoadenylate synthetases, which produce 2' 5' linked

oligoadenylates (2-5A). RNase L is activated by 2-5A and, when active, degrades
ssRNA. Expression and activation of RNase L induced apoptosis ofNIH3T3 fibroblasts
and death was prevented by inhibiting this RNase activity [185], RNase L -/- mice were

resistant to apoptosis in the thymus and spleen [186], suggesting that if this pathway is
an important effector of IFNy- mediated apoptosis it is likely to be cell lineage and
context- dependent.

The tumour suppressor promyelocytic leukaemia gene (PML) is required for apoptosis

induced by death receptors, IFNy and DNA damage in haemopoetic progenitor cells

[187]. PML is known to interact with p53, and can form nuclear bodies but the effector
mechanism is largely unknown. Thus, although essential for apoptosis induced by

mechanistically differing stimuli in haematological cells, the function of PML in a wider
context is doubtful.

Using a functional approach to gene cloning, Kimchi and colleagues identified seven

genes implicated in IFNy-mediated apoptosis of HeLa cells [188, 189]. Two of these,
thioredoxin and cathepsin D had been previously identified, but the role of the latter in

effecting IFNy, TNFa and Fas-induced apoptosis [190] was unknown. The five

remaining novel genes were termed DAPs- death associated proteins. DAP 1 is a

cytoplasmic proline-rich protein, which can be phosphorylated by CDKs and promoted

IFNy- induced apoptosis [191]. DAP 2, also termed DAP kinase (DAPk), is a pro-

apoptotic calmodulin-dependent serine/ threonine kinase implicated in IFNy, TNFa and

c-myc mediated death signalling [192]. DAPk contains a calcium- calmodulin (Ca/

CaM) binding domain, ankyrin repeats and a death domain and is associated with

cytoskeletal microfilaments [188], Four additional kinases that have been identified with
similar sequence homology (reviewed [193]). DRP-1, like DAPk, contains a calcium/
calmodulin (Ca/ CaM) binding domain and induced apoptosis when activated. The pro-
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apoptotic activity of both kinases is silenced in the resting cell via serine 308

autophosphorylation, which induces a conformational change, sequestering the Ca/ CaM

binding site. In addition, DRP-1 homodimerisation provides a further regulatory

mechanism[193], CD95 or TNFa signalling reduces DAPk and DRP-1 phosphorylation,
and increases DRP-1 dimerisation[194]. The putative phosphatase that mediates this
effect is unknown. Targets of DAPk and DRP-1 such as myosin light chain kinase
mediate subcellular apoptotic events, such as membrane blebbing[ 195]. Decreased
DAPk expression has been detected in haematological malignancies and transitional cell

carcinomas, and has been associated with increased metastatic potential of Lewis
carcinoma cells [188], DAP 3 is ubiquitously expressed, encodes a 46kD protein and can

induce apoptosis in HeLa cells [196], DAP 5 encodes a protein which is similar to

translation initiation factor 4G [188] and its role in apoptosis may be to direct translation
of pro-apoptotic proteins [189],

1.2.6.1 The Role of p21 in Apoptosis

Recent evidence demonstrates that p21 acts as an apoptotic inhibitor in many systems, in
addition to its role in cell cycle arrest (reviewed [197]). p21 transcription is regulated by
both p53- dependent and -independent mechanisms. DNA damage results in p53
stabilisation and either p21 - dependent cell cycle arrest or apoptosis. Accumulating data

suggest that high levels of p21 expression inhibit p53- dependent apoptosis that p21

repression favours cell cycle arrest in many cell types. Both TNFa and IFNy can induce

apoptosis and p21 independently of p53 [198]. STAT1 is required for p53- independent

p21 induction by IFNy, and increased p21 expression protects colonic adenocarcinoma
cell lines from IFNy- induced apoptosis [198, 199], TNFa induces both p21 expression,

via NFkB, and apoptosis in Ewing carcinoma cells via a p53- independent mechanism.

Overexpression of p21 protects and antisense p21 fragments sensitise these cells to

TNFa [200]. Therefore, p21 can inhibit apoptosis induced by different stimuli and in
different cell lines, and a number of underlying mechanisms are being elucidated.
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Caspase- dependent CDK2 activity is an important apoptotic effector and has been

implicated in chromatin condensation, loss of cell volume and detachment from
extracellular substrates [201], p21 can bind to and inactivate Cyclin A/ CDK2

complexes. Caspase 3 can cleave p21 and thus induce apoptosis in association with an

increase in CDK2 activity. Such a mechanism has been reported in endothelial cells in

response to diverse stimuli including growth factor withdrawal [202]. Thus, p21

regulation of CDK2 activity may mediate antiapoptotic effects. Further p21 has been
shown to interact with the amino terminus of procaspase 3, masking the serine

proteinase- cleavage site, and suppressing its activation and thus death receptor mediated

apoptosis [203, 204], Some reports have suggested a proapoptotic role for p21 in

thymocytes, hepatoma and colon carcinoma cell lines [205-207], Most of the systems

investigated lacked functional p53. The mechanism by which p21 may induce apoptosis
is unclear.

1.2.7 IFNy and Tumourigenesis

Chronic hepatic inflammation predisposes to HCC formation. While IFNy is a critical
mediator of inflammatory liver injury, by virtue of its cytostatic and apoptotic functions,
it also functions as an extrinsic tumour suppressor. IFNyR a- chain deficient mice or

STAT- 1 null animals show an increased rate of chemically induced tumour

formation[208]. When bred onto a p53- null background, IFNyR deficient mice develop
a higher rate of spontaneous tumours. In control mice, LPS induces rejection of an

implanted fibrosarcoma. This rejection is attenuated by neutralising IFNy mAb or by

disruption of IFNy signalling[209]. Therefore, IFNy functions to facilitate tumour

rejection and to prevent carcinogenesis. It has been hypothesised that IFNy- mediated
immune recognition of transformed cells underlies these findings[208], however, a

direct tumour suppressor effect cannot be excluded from these studies.
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IRF-1 is a regulator of IFNy- mediated apoptosis and cell cycle arrest thus suggesting a

role as a tumour suppressor. In vitro, oncogene transformed cell lines can be reverted to

a normal phenotype by IRF-1 [210], while introduction of a single oncogene can

transform IRF-1 deficient fibroblasts[211]. IRF-1 null mice show enhanced rates of

spontaneous tumour development only when bred on a p53- null or Fla- ras

background[62], Evidence also implicates IRF-1 in immune mediated tumour

surveillance[62].

1.3 Myc

The c-myc proto-oncogene is implicated in cell proliferation, growth, inhibition of
differentiation and induction of apoptosis. The gene encodes a transcription factor that,
after dimerising with max protein[212], binds specific DNA sequences and modulates

gene transcription. Deregulated expression of c-myc occurs in 90% of Burkitt's

lymphomas via a 8:14 translocation placing c-myc under the response of heavy chain

gene promoters on chromosome 14[213]. Increased or deregulated c-myc expression is
seen in many human malignancies, often associated with a poor prognosis, poor

differentiation and an aggressive phenotype[214],

1.3.1 c-Myc and the Cell Cycle

c-Myc is both necessary[215, 216] and sufficient for cell cycle progression[217, 218], In

quiescent cells, c-myc expression is low. It is an intermediate early gene and upon

mitogenic stimulation, transcript levels increase to a peak at Gl/ S transition, before

returning to a detectable steady state [219]. Myc- max heterodimers promote cell cycle

progression via gene induction and repression. Increased expression of CDK4 and cyclin
D sequesters the CDKI p27, which is subsequently degraded in a process involving
further myc- max induced genes[220, 221], As a result, the inhibition of cyclin E/ CDK2

complexes is removed which are phosphorylated by CAK and promote Gl/S

45



progression[221], Myc-max further inhibits the CDKIs p 15 and p21 via an interaction
with Miz and SP1[222].

1.3.2 The Role of c-Myc in Apoptosis

A landmark study by Evans and colleagues demonstrated that overexpression of c-myc

in fibroblasts resulted in loss of cell cycle arrest in low serum culture conditions, without
a concomitant increase in cell numbers, secondary to induction of apoptosis[2l 8], This
led to a 'dual signal' hypothesis of c-myc function, that the transcription factor both

promotes cell proliferation and primes the cell for apoptosis. Cell death occurs unless the

apoptotic pathway is specifically inhibited by survival factors, such as PDGF and IGF-1
in fibroblasts[223]. The evolutionary advantage of such a mechanism is clear.

Deregulated c-myc expression would not be sufficient for tumourigenesis, since

apoptosis would occur unless inhibited by appropriate extracellular cues or the

acquisition of a second mutation. This is supported by studies demonstrating synergistic
actions of c-myc overexpression and overexpression of antiapoptotic Bcl-2 family

members[224], or loss of tumour suppressors such as p53[225].

Specific characteristics of c-myc- induced apoptosis have been described. In conjunction
with diverse growth arrest stimuli, such as serum- deprivation, cycloheximide,

thymidine or IFNy treatement, c-myc over- expression induces apoptosis in fibroblasts,
which is inhibited by specific cytokines[218, 223]. c- Myc sensitises cells to a range of

mechanistically diverse insults such as genotoxic damage[218], virus infection[226],

interferons[218] and the death receptors TNFa[227], CD95[228] and TRAIL[229],
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Figure 4: c-Myc Mediated Apoptosis. c- Myc sensitises cells to apoptosis by inducing the
mitochondrial release of cytochrome c, possibly via Bax activation of the permeability transition

pore (PT). Via p19ARF, c-myc can stabilise p53 further inducing the transcription of p53-

dependent genes including Bax. Fibroblast apoptosis induced by c-myc required the cell surface
interaction of CD95 and its ligand. CD95 signalling triggers apoptosis by two predominant

pathways as previously described. Specific cytokines attenuate c-myc- induced apoptosis via
Ras and PKB/ Akt activation which can inhibit pro- apoptotic Bad. Anti- apoptotic members of the
Bcl-2 family act at the mitochondrial PT to limit c-myc driven cell death.
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Specific mechanisms have been implicated in c-myc- induced apoptosis, however the
relative importance of each may be cell lineage or cell context dependent Figure 4). Myc

potentiates cytochrome c- release from the mitochondria[230], possibly via Bax-
mediated alteration of the mitochondrial permeability transition pore (MPTP). Ligation
of death receptors, via the adapter protein FADD, results in autoactivation of caspase 8
which can activate mitochondrial cytochrome c release via Bid cleavage. Cytochrome c,

associates with APAF-1 and caspase 9 as describes previously to form the apoptosome.

Thus, myc can augment the mitochondrial pathway and thus a type II response to death

receptor ligation. The INK4a gene encodes two tumour suppressors, pl6INR4a and pl9ARF
by virtue of an alternate reading frame secondary to alternative splicing of exon 1 [231 ].

p 1 9arf binds to and inhibits MDM-2, a protein that directs p53 degradation[232], Myc
can induce p53 stabilisation via both pl9ARF dependent and independent mechanisms
and thus direct the transcription of Bax and further activate the mitochondrial pathway.

Survival signals attenuate the apoptotic response to c-myc. Anti- apoptotic members of
the Bcl-2 family inhibits cytochrome c release and thus limit c-myc- mediated

potentiation of apoptosis[233]. Further, phosphatidylinositol- 3- kinase (PI(3)K) is
involved in intracellular signal transduction of survival factors and can suppress c-myc-

mediated apoptosis via the activation of the serine- threonine kinase Akt which

phosphorylates and directs the sequestration and degradation of Bax via cytosolic 14- 3-
3 proteins[234].

48



1.4 Thyroid Hormones

Thyroxine (T4) and triiodothyronine (T3) are the principle thyroid hormones. They
are synthesised in thyroid follicular cells via intracellular proteolysis of

thyroglobulin- stored within thyroid follicles. T3 is considered to demonstrate

greatest biological activity when bound to the nuclear thyroid hormone receptor-

members of the nuclear hormone receptor superfamily. The structure of these

receptors is well conserved, comprising a carboxyl-terminal ligand binding domain
which also contains nuclear localisation and dimerisation sequences, a central DNA-

binding domain with two highly conserved zinc- finger motifs, and an amino
terminus which is highly variable between receptors.

The thyroid hormone receptor, TR-a2 (c-erb A-a2) is a splice variant of the TR-al

(c-erb A-al) gene[235] that is unable to bind thyroid hormone and acts in a

dominant- negative manner on T3 mediated transactivation of target genes. The
avian erythroblastosis virus (AEV) oncogene v-erb A, a variant of the cellular

thyroid hormone gene c-erb A-a, encodes a thyroid hormone receptor. V-erb A is
unable to bind T3 and acts, in most cases, as a dominant- negative allele binding to

TREs and thus inhibiting the transcriptional activation of target genes by ligand
bound TR-al and TR-[31[236]. Transcriptional activation by v-erb A, requiring
functional domains required for oncogenesis, has also been demonstrated and is

likely to be lineage and cellular context dependent. The dominant- negative effect of
v-erb A extends to other steroid receptors, including retinoic acid receptors and may,

in part, explain the neoplastic properties of the viral gene expression.

Increased expression of c-erb A-a2, secondary to mRNA stabilisation [237], has
been demonstrated in transformed cells [238], The association of AEV infection, and
v-erb A expression, in the development of erythroblastic leukaemia are well

reported. Increased c-erb A-a2 expression has been demonstrated in nasopharyngeal
carcinomas [239]. Transgenic mice expressing v-erb A develop hepatocellular
carcinoma. Further a high prevalence of thyroid hormone receptor mutations in HCC
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have been reported. Thus, both viral and cellular THR overexpression or mutations
have been associated transformation, carcinogenesis and with HCC development.

1.4.1 Thyroid Hormones in Carcinogenesis

The stepwise acquisition of genetic mutations with concomitant cellular phenotypic

changes conferring growth and survival advantages underpins the classical

hypotheses of carcinogenesis. Many mutations in neoplastic cells result in
constitutive activation of components of growth factor signaling pathways allowing
cell cycle progression or survival regardless of conflicting extracellular cues. T3 has
been shown to modulate growth factor signaling, including IGF and IGF-R and EGF-
R in many cell types and experimental systems. Further, studies have demonstrated

thyroid hormone regulation of the transformation efficiency of target cells[240, 241],

Physiological concentrations of T3 have been shown to augment optimal adenoviral
transformation of CREF cells and to enhance anchorage- independent growth of the
transformed phenotype. Mechanisms are unclear but may include enhanced
adenoviral uptake, viral DNA integration or expression of cellular genes required to

initiate or maintain the transformed phenotype. T3 was shown to be an absolute

requirement for x-ray- induced transformation of C3FI 10T1/2 mouse [242] and
hamster embryo cells [243] possibly via induction of a host protein essential in

mediating x-ray induced transformation.

The cellular Na/K ATPase activity is known to be induced by thyroid hormones and

may play a role in the thermogenic response to the hyperthyroid state. It has also
been implicated as an important mediator of the neoplastic state. Thyroid hormone

inducibility of the Na/K ATPase is lost in transformed cells regardless of the
mechanism of transformation, inferring that thyroid responsive processes may be

important mediators of carcinogenesis.

It has been hypothesised that cycles of cellular injury and repair predispose to

carcinogenesis. T3, in addition to being a known direct hepatic mitogen [244], has
been implicated in altering the susceptibility of the liver to injury. Male Wistar rats
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rendered hypothyroid by either chemical or surgical means are more resistant to the

development of cirrhosis and tumours in response to N-2-fluorenyldiacetamide[245].
In this experiment, tumour development is likely to have arisen via the direct effect
of the tumour promoter rather than from a background of chronic inflammation.

Chemically induced hypothyroidism decreased the development of inflammatory
liver injury- as judged by biochemical and histological markers- in response to

thioacetamide (TAA), an animal model of fulminant hepatic failure [246], In

contrast, hyperthyroid rats demonstrated rapid development of TAA- induced liver

damage. The liver has been shown to be particularly susceptible to damage in

hyperthyroidism [247-250], At a molecular level, thyroid hormones can induce a

hypermetabolic state in hepatocytes, including increased oxygen demand and
induction of Na/K ATPase- identical changes to those seen after chronic ethanol
administration [251]. This hypermetabolic state is greatly attenuated in animals

surgically rendered hypothyroid. In addition, the antimetabolite propylthiouracil

(PTU) used in the treatment of hyperthyroidism has also been shown to limit hepatic

injury in alcoholic liver disease [252, 253]. Thus, there is clear evidence that thyroid

hormones, in combination with a direct insult, potentiate hepatocellular injury. This
effect may be secondary to direct modulation of the state of the hepatocyte. To this

end, the long-term effect of thyroid hormones on hepatocytes in vivo has been
studied using portal transplantation of thyroid follicles in thyroidectomised Wistar
rats [254]. Increased cellular proliferation and rates of apoptosis were detected in
downstream liver acini in addition to biochemical and morphological changes

including increased basophilia, loss of glycogen, increased endoplasmic reticulum
and mitochondria. Such changes are characteristic of amphophilic preneoplastic liver
foci seen in animal models of hepatocarcinogenesis [255] and in human hepatic
cirrhosis [256]. This suggests that T3 may act as an inducer of HCC.

In vivo studies have demonstrated that thyroid hormones may affect the growth and
metastatic potential of experimental tumours [257], the carcinogenic induction of
liver tumours [245, 258-260] and the survival of tumour- bearing experimental

animals[261]. Experimentally induced hypothyroidism protects against chemically
induced liver cirrhosis and tumour formation in animal models [259]. The
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mechanism of action in vivo systems remains unclear but may involve alteration of
host immune reactions and cell- mediated tumour surveillance, modulation of

aberrant cell elimination, or direct effects on the phenotype of the target cell.

While data suggest that hypothyroidism limits, and hyperthyroidism accentuates,

liver cell injury both in vitro and in vivo, other tissues may exhibit a differing

response. Hypothyroidism has been associated with two case reports of complete
remission of neoplasia. The first described total spontaneous remission of metastatic,
non- small cell lung carcinoma (NSCLC) following a myxoedematous coma [262].
In the second, also a metatstatic NSCLC, total remission was achieved via a

combination of radiotherapy and chemically induced hypothyroidism [263], Other
small clinical reports suggest that hypothyroidism may be associated with increased

response rates, greater survival and decreased mortality in breast and renal cell
carcinomas [264] (reviewed [265]).

1.4.2 Retinoids

Retinoic acid receptors (RAR) form part of the steroid/ thyroid hormone receptor

superfamily. A second class of retinoid receptor has been identified which are highly

expressed in liver. Thyroid hormone and retinoic acid have been shown to induce

gene transcription through a common response element- the retinoic acid response

element (RARE) which is also a thyroid hormone response element (TRE). THR can

form heterodimers with RARa resulting in a modulation of transcriptional

activity[266, 267]. Retinoids have been shown to inhibit tumourigenesis[268] and the

growth of transformed cells in vitro [269]. Acute promyelocytic leukaemia (APL) is
associated with a t(l5; 17) translocation that involves the RARa gene locus and is
treated clinically with retinoic acid.
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1.4.3 The Non-Genomic Actions of Thyroid Hormone

The theory of steroid hormone action is classically thought to involve binding to a

nuclear steroid receptor prior to interaction with DNA that effects transcription,
translation and de novo protein synthesis. However, accumulating evidence points to

the existence of as yet uncloned cell surface steroid receptors that are thought to be

responsible for non-genomic effects of steroid action. These non- genomic actions
are characterised by a rapid onset, occurring in seconds or minutes, are independent
of protein synthesis and can be elicited by ligand coupled to a macromolecule

preventing the steroid entering the cell. Non- genomic effects may be specific,

postulated to involve interaction with a specific receptor, or non- specific which
occur at high concentrations and affect physicochemical properties such as lipid
membrane fluidity. Specific non- genomic effects often demonstrate criteria for

receptor interaction such as high affinity, low capacity binding that is ligand and

antagonist specific, can be saturated and inhibited by proteolysis of the extracellular

receptor. The genomic and non- genomic effects may be elicited simultaneously and

may co-mediate many steroid effects. Indeed, it has been postulated that secondary

messengers activated by the non- genomic pathway may modulate steroid

transcriptional processes [270], A characteristic of thyroid hormone non- genomic
effects is the efficacy of response induction by the two major hormones. The nuclear

receptor has a greater affinity for T3 compared to T4 while the latter is often more

active for non- genomic effects. In addition, other thyroid hormone analogues, such
as T2 and reverse T3 that do not activate nuclear thyroid hormone receptors, can

activate some non- genomic pathways.

Thyroid hormones may induce effects in target cells that are characteristic of non-

genomic actions. Thyroxine, and to a lesser extent T3, can induce rapid changes in

Ca2+/Mg2+ ATPase in a variety of tissues [271, 272] including erythrocytes [273,

274] which lack a nucleus and thus cannot generate genomic effects, and hepatocytes

[275]. Further, high affinity specific binding sites for thyroid hormone have been
isolated from several tissues [276], including rat liver plasma membrane [277].

53



1.4.4 Thyroid Hormone Potentiation of IFNy

Multiple studies have reported an interaction between thyroid hormone and cytokines

[278] and immune cells [279-281], More specifically thyroid hormones have been

shown to potentiate antiviral and immunomodulatory functions of interferon y,

independent of nuclear thyroid hormone receptor binding [282-285], HLA-DR is a

member of MHC class II antigens that are essential mediators of endogenous antigen

presentation. IFNy induction of HLA-DR expression is potentiated by T4 [282, 284],

Induction of the IFNy- induced antiviral state was potentiated by physiological doses
of T3 and T4 in human epithelial cells and fibroblasts [282], Subsequent research
revealed two pathways [283], In the first, termed the afferent pathway, preincubation
with T3, T4 and rT3 potentiates the IFN-y antiviral state- a process requiring protein

synthesis and that is inhibited by the thyroid hormone analogue tetrac. This pathway
is presumed to act via nuclear TRs. In the second 'efferent' or non-genomic pathway,

4 hour co-incubation of L-T3 or L-T4 -but not rT3- with IFNy potentiates the
antiviral effect independent of protein synthesis, not blocked by tetrac and sensitive
to inhibition of protein kinase, PKA, PKC and c-AMP activity [282, 283], In the
efferent pathway T4 was more potent that T3.

Thyroxine potentiated IFN-y mediated STAT la activation is an effect requiring
PKA and PKC [286] and occurs in a cell line lacking functional TRs [284],

suggesting that the effect is non- genomic. Potentiation was also observed with

agarose- bound T4 which is incapable of entering cells, but was competitively
inhibited by T4 analogues triac and tetrac. Reports suggest the existence of a G-

protein linked cell surface thyroid hormone receptor sensitive to pertussis toxin and

GTPyS [285] (Figure 5). Via this receptor l-T4 activates the Ras/ Raf/ MEK pathway,
via PKC, or MEK via PKA [283, 285]. Active MEK directs the phosphorylation of
STAT1 and MAPK and nuclear translocation of MAPK [287, 288] [285], Within the

nucleus MAPK complexes with, and phosphorylates, STATla at serine residue 727,

with a resulting enhancement of transcriptional activity. Thus, IFNy signaling and

non-genomic thyroid hormone pathways converge in the cytoplasm with MEK

54



activation of STAT and within the nucleus with MAPK/ STAT complex formation.

Furthermore, nuclear MAPK associates with functional nuclear thyroid hormone

receptor (TR) and via serine phosphorylation promotes dissociation of corepressors,

NcoR and SMRT, and binding of coactivators pi60 and TRAPs [287, 288], Thus,

Tyrosine 701 P insphorylalion

Nucleus
' 1 '

Serine 727 Phosphorylation

Figure 5: Non- Genomic Thyroid Hormone Signalling Activates STAT1. Via a putative
G- protein- coupled receptor, thyroid hormone activates PKC, Ras, Raf and MEK. MEK
directs the phosphorylation of STAHa on tyrosine 701 and the phosphorylation and nuclear
translocation of MAPK. In the nucleus, MAPK associates with STAHa homodimers and

mediates additional STAHa phosphorylation of serine 727, further enhancing transcriptional

activity. Further, MAPK promotes dissociation of functional repressors of nuclear thyroid
hormone receptor. (Adapted from [90])
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thyroid hormone may, via cell surface signaling and activation of MAPK, modulate
the cellular response to nuclear receptor bound thyroid hormone.

Thus, evidence indicates the existence of an as yet unidentified cell surface thyroid
hormone receptor that signals via PCA, PKC and MAPK to activate STATla via
serine 727 phosphorylation. Thus, one may hypothesise that thyroid hormones
modulate the hepatocellular response to IFNy.

1.5 Integration of Intracellular cellular signaling

In vivo, a cell receives stimuli from multiple extracellular cues including cytokines,

hormones, cell- cell interactions, extracellular matrix, osmolality and ion
concentrations concomitant with intracellular signaling detecting the current state of
the cell such as metabolic level, cell size or state of repair. Each stimulus will
activate one, perhaps multiple, signaling cascades. Integration of complex signal
transduction pathways ensures cellular responses occur in relation to the cellular
context.

In vitro studies allow an element of control over the cellular context facilitating

simple stimulus- response investigations. While this technique has contributed to the

rapid advances in molecular pathology, it should be recognised that simple linear

signaling pathways probably do not exist in biology [289]. Further, in efforts to

provide a controlled environment for in vitro studies we immediately limit the

interpretation of our data, since we are investigating the molecular genetic responses

in a specific cellular context.

Much early molecular research attempted to identify single gene that were necessary

and absolute for a process. Often as a corollary, a view was held that signaling
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pathways or gene responses acted a molecular 'switches' - being either 'on' or 'off.
While this binary logic of gene transcription is essentially correct, downstream-

translation, protein stabilisation and degradation- and upstream integration of

signaling pathways, transcription factors and gene regulatory elements combine to

facilitate complex sensing of a stimulus [290], The cellular response can therefore be
tailored not only to the simple binary sensing of a factor, that is its presence or

absence, but also to levels of exposure, the temporal association with other factors,

periodicity of stimulus. The cell response too may vary in intensity. Even in the
context of a response that is essentially binary such as apoptosis, within the context

of a cell population, the response may be variable.

1.6 Sequence Specific Gene Silencing

Expression of the cellular phenotype and maintenance of cellular homeostasis

requires gene transcription and mRNA translation. Investigation of cellular biology
and the molecular basis of disease often requires the dissection of moleculo-genetic

pathways. To this end, specific gene function is frequently investigated utilising

over-expression or loss of function techniques. The latter largely has, until recently,

comprised knockout strains or dominant negative genetic mutants, either those

occurring naturally or those engineered by homologous recombination. In recent

years, sequence specific gene silencing technology has facilitated loss of function

analysis in vitro and in vivo. Antisense gene silencing married the specificity of

genetic manipulation with the temporal control of pharmacological agents.

Antisense- based approaches to manipulation of gene expression have developed so

rapidly that may of the early methods have become largely obsolete. Antisense

technology formed the mainstay of specific gene silencing until the discovery of
RNA interference, which although incompletely understood provides the greatest

potential for further therapeutic strategies.
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1.6.1 Mechanisms of Gene Silencing

1.6.2.1 Antisense

Gene expression requires transcription of DNA to form mRNA, which may be

posttranscriptionally processed in the nucleus. The gene product is then translated
from the mRNA in the cytoplasm, and may undergo posttranslational modification.
Antisense technology utilises oligonucleotides, or oligos, to inhibit gene product
formation at the mRNA level [291]. By definition, the cellular mRNA is the 'sense'

strand, thus the complementary sequence is 'antisense'. Hydrogen bonds bind the
antisense oligo to the complementary mRNA sequence by Watson- Crick base

pairing [292], Oligonucleotide binding to non- homologous regions is not stable

enough to inhibit translation and therefore the technique may be used to silence

specific genes.

Antisense oligonucleotides were first described in 1978. A terminally modified
tridecamer was shown to inhibit the replication of Rous Sarcoma Virus (RSV) in
chick embryo fibroblasts (CEF) via specific inhibition of RSV RNA translation

[293], Further potential mechanisms of action included inhibition of proviral

circularisation, gene transcription, posttranscriptional splicing, or ribsosomal
association. Subsequently, antisense RNA has been implicated as a regulator of
bacterial gene expression in vivo [294, 295],

1.6.2.2 Mechanism of Action

Antisense oligonucleotides may inhibit gene expression by multiple mechanisms.

Firstly, oligonucleotides bound to the coding region of mRNA are thought to arrest

protein elongation secondary to a physical interruption of the ribosome. This is

supported by the finding that antisense strands inhibit specific protein synthesis with
no concomitant reduction in mRNA levels [296]. Secondly, antisense oligos targeted
to the promoter may inhibit formation of the ribosomal complex [297], Antisense
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strands targeted to splice junction have been shown to inhibit mRNA splicing [298],
RNase H has been shown to specifically cleave mRNA when hybridised to a DNA

oligonucleotide in vitro [291]. The significance of this mechanism in vivo is unclear,
but evidence suggests that it is unlikely to underpin the action of antisense

oligonucleotides in the majority of tissues in vivo. However, RNA cleavage is of
critical importance in RNA interference [299],

1.6.2.3 Antisense Design

The design of antisense fragments aims to optimise specificity, stability and cellular

uptake whilst minimising toxicity and non- specific effects. This may be achieved by

considering fragment length, internucleotide bonds and cellular delivery.

The minimum length of an antisense oligonucleotide is determined by the smallest
number of bases required to recognise a specific genomic sequence. This has been
determined mathematically as 12 base pairs (bp). Increasing the length of the

oligonucleotide does not necessarily improve specificity. Factors affecting
RNA/DNA hybridisation in vitro, such as temperature and ion concentration, are

regulated in vivo. Thus the oligo design must be adapted to the cellular conditions.

Adding bases to an oligo may be expected to increase sequence specificity. However,
above an optimal length of 14-25 bp decreased specificity is observed [300]. The
mechanism is two-fold. Firstly, additional bases increase the van der Waals bonds
and stacking energy of the hybrid. Therefore, antisense fragments may bind to a

mismatched sequence with sufficient force to exert and gene silencing effect.

Secondly, if a 15bp fragment is sufficient to interrupt gene product formation, a 20bp

fragment effectively comprises six 15bp oligos, thus increasing the potential for

binding to non- target sequences. Furthermore, RNA duplexes of greater than 30bp

may activate the ribosome associated double- stranded RNA- activated inhibitor

(DAI) and activate cellular antiviral responses, including abrogation of protein

synthesis [301],
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The base composition of an antisense fragment determines not only specific

hybridisation and thermodynamic characteristics, but also non- specific effects. U-G
wobble pairs, having similar stability of Watson- Crick base pairs, are important
determinants of mRNA secondary structure. If utilising RNA as an antisense

fragment, U rich sequences increase the likelihood of wobble pair formation rather
than the targeted U-T pairing. Further AACGTT sequences may activate [302], while
GT rich sequences inhibit [303] interferon gamma and a guanosine quartet has non¬

specific antiproliferative actions [304].

In vivo, nucleic acid bases are bound by phosphodiester bonds that impart solubility
and hybridisation characteristics whilst maintaining susceptibility to endo- and
exonucleases [305]. The latter facilitates regulation of gene expression in vivo, but
hinders the use of phosphodiester oligonucleotide sequences as antisense agents.

Modification of the internucleotide bond has been used to decrease susceptibility to

nucleases.

Phosphorothioates are the most frequently studied modified nucleic acid. A sulphur
atom substitutes one of the non- bridging oxygen atoms imparting greater stability
whilst maintaining the charge ratio and thus solubility [306], However,

phosphorothioates are diastereoisomers and thus have impaired hybridisation
characteristics when compared to phosphodiester oligos. In addition

phosphorothioates demonstrate increase protein binding and non- specific cellular

toxicity [306], Chimeric oligonucleotides, in which a phosphodiester nucleic acid

oligo contains a 5' and 3' phosphorothioate bond, attempt to combine the stability of

phosphorothioates with the duplex formation of unmodified nucleic acids.

Substitution of a methyl group in place of a non- binding oxygen atom forms a

methylphosphonate oligo that is stable but demonstrates poor solubility and

hybridisation characteristics [307]. Peptide nucleic acids exhibit great stability and

hybridisation characteristics [308] but their use is limited by poor solubility and the

manufacturing costs.
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Antisense oligonucleotides have been associated with non- specific cellular toxicity.
This has been attributed in part to inadequate purification following chemical

synthesis, non- specific hybridisation or increased protein interaction at high
concentrations. A greater frequency of non- specific actions may be observed with

phosphorothioates than unmodified diesters [306], Further, nuclease- mediated
breakdown of phosphodiesters generates mononucleotides that are known to have

cytotoxic effects. Cellular delivery of oligonucleotides is an important determinant of
non- specific toxicity. Single stranded oligonucleotides have been shown to cross the
cell membrane. Cationic lipids, such as lipofectin, have been shown to increase the
cellular uptake of oligonucleotides with a concomitant enhancement of gene

suppression, but may also increase cytotoxicity independent of non-specific nucleic
acid effects [309, 310].

1.6.3 Technical Knock Out

Technical Knock Out (TKO) is a method of functional gene cloning pioneered by
Kimchi and Deiss [311], although other similar systems have subsequently been
described. The technique aims to identify genes that, when inactivated, provide a

selective growth advantage in restrictive conditions [312], IFNy is known to cause

cell cycle arrest of HeLa cells. Therefore, an antisense cDNA library was generated

from cells stimulated with IFNy, thus inducing transcription of IFNy- responsive

genes. This cDNA library is cloned into an antisense expression vector, before
transfection into cell lines to generate stable transfectants. When these cells are

cultured in the presence of IFNy, antisense fragments are transcribed under the

control of an IFNy promoter. Antisense fragments will hybridise to complementary
mRNAs and inhibit translation as described above. Inactivation of any gene

mediating IFNy cell cycle arrest will confer a selective growth advantage in the
restrictive conditions, resulting in clonal expansion of the stable transfectant.

Recovery of the plasmid allows sequencing, gene identification and further
functional investigation. Kimschi and colleagues have identified five novel genes

using the TKO approach [188], although other groups have been less successful

[313],
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Although the TKO strategy utilised an antisense library in a functional gene trap, a

similar technique could be used with a candidate gene approach, cloning a single
antisense strand into an expression vector. Intracellular generation of antisense

fragment negates the need for stabilising backbone modifications and therefore
avoids the increased incidence of toxicity and non- specific effects. However,
additional considerations include the need for cellular delivery, either lipid or viral

based, each associated with non- specific cellular responses, maintenance of
antisense expression, and prevention of plasmid integration. In addition, the

possibility of endogenous oligonucleotide toxicity remains.

1.6.4 RNA Interference

The phenomenon of double- stranded RNA (dsRNA) mediated gene silencing has
been observed in viral studies. In 1998, Fire and colleagues demonstrated that
dsRNA was a more potent gene silencer than either sense or antisense strand alone

[314], This was termed RNA interference (RNAi) to differentiate it from classical
antisense mediated gene suppression and the dsRNA was termed the silencing

trigger.

A mechanism and biological relevance has been broadly elucidated for RNAi, which

may be triggered by both exogenous and endogenous RNA [299]. The dsRNA-

silencing trigger is cleaved to form 21-23 nucleotide (nt) duplexes with symmetrical
2nt 3' overhangs and a 5' phosphate and 3' hydroxyl group. These are termed short

interfering RNAs (siRNA) [315]. The Dicer family of enzyme complexes generate

the siRNAs [316], First identified in Drosophila, Dicer contains domain for dsRNA

binding, RNA unwinding and nuclease activity. The resulting siRNA then forms part

of a multiprotein RNA- induced silencing complex (RISC). This complex is targeted
to the complementary RNA species and drives the ATP- dependent cleavage of
dsRNA [299],
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Endogenously expressed short single- stranded RNA (ssRNA) species may be

similarly processed. Non- encoding small RNAs, known as microRNAs (miRNAs),
bind to the 3' untranslated region of mRNA and regulate transcription [317], These
miRNAs initially occur as hairpin precursors of approximately 70nt that are cleaved

by Dicer to form ssRNAs of approximately 2Int. These form part of a multiprotein

complex, miRNP, which is targeted to the complementary RNA and inhibits gene

expression by either translational inhibition or RNA cleavage.

Multiple biological roles exist, or have been postulated, for siRNA mediated gene

suppression. Firstly, RNAi is active in plant cells [318], and perhaps Drosophila, as

an antiviral defence, directing the silencing of viral RNAs [319]. As an adaptive

mechanism, some viruses have acquired viral suppressors of gene silencing [320],

Secondly, RNAi may play a role in maintaining genomic stability [321]. C. elegans
strains defective in RNAi exhibit increased mobility of mobile genetic elements,

transposons [322], Further, siRNAs are proposed to initiate systemic gene silencing
via DNA methylation in plants and chromatin remodeling in C. elegans. Finally,
miRNA appears to provide a mechanism to regulate endogenous gene expression in

plant, C. elegans, Drosophila and mammals [321], In short, RNAi is a rapidly

developing area of research that is revolutionising genetic studies and offers potential

gene- silencing therapeutic strategies.

1.7 Summary and Aims

In summary, liver inflammation, for example caused by hepatitis viruses, is a major
cause of morbidity and mortality worldwide. Interferon gamma (IFN-y) has been
identified as a critical mediator of inflammatory liver damage in clinical studies [94],

[323], [93] and in vivo [324], In vitro, IFN-y induces cell cycle arrest and apoptosis
of murine hepatocytes grown in primary culture [99], [100], However, in contrast to

death receptors, relatively little is known about pathways that modulate or effect

IFNy- mediated apoptosis. The initial aims of the research presented in this thesis
were twofold. Firstly, we sought to establish a primary cell culture model of IFNy-
mediated hepatocyte injury and to assess the importance of known genes, specifically
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p53, p21 and IRF-1, to IFNy- induced hepatocyte cell cycle arrest and apoptosis. We

hypothesised that extracellular cues are critical determinants of the cellular response

to IFNy in non- transformed hepatocytes and thus investigated the effect of

exogenous survival factors on IFNy- mediated apoptosis. Thyroid hormones
exacerbate liver injury in animal models. We therefore hypothesised that thyroid
hormones would potentiate IFNy- mediated hepatocyte apoptosis in vitro, via a non-

genomic pathway. Secondly, we sought to assess the feasibility of an antisense
functional gene trap in primary cells to identify genes that critically regulate the

hepatocyte response to IFNy.

In light of the results of initial studies, we further hypothesised that IFNy alters

susceptibility to apoptosis in the primary hepatocyte, and applied antisense

techniques in a candidate gene approach.
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2.0 Materials and Methods

Unless otherwise stated, manufacturers and suppliers are given in Appendix 1 and

composition of buffers and solutions given in Appendix 2.

2.1 Primary Hepatocyte Isolation and Culture

2.1.1 Primary hepatocyte isolation

Hepatocytes were obtained from male C3H mice or from p53[325], IRF-1[326] or

p21 [327] gene knockout mice between 8 and 12 weeks of age using a two-step

collagenase perfusion method adapted from the technique described[328]. Prior to

the perfusion procedure all equipment was sterilised using 70% ethanol and rinsed
with sterile H2O and all instruments were autoclave sterilised. Animals were

sacrificed by cervical dislocation and tested for loss of deep tendon reflexes. The
exterior of the abdomen was washed with 70% ethanol and the peritoneal cavity

opened in the midline. The ribcage was removed and the intestines reflected to

expose the hepatic portal vein. A polythene canula (o.d. 1.0mm, i.d. 0.5mm) was

inserted through an incision in the right atrium into the inferior vena cava. Using a

peristaltic pump liver perfusion media (Gibco) was perfused into the liver at a low
rate while the hepatic portal vein was transected. Media was maintained at 39.7°C to

ensure that the perfusate entering the liver was at 37°C. Following disruption of the

hepatic portal vein, the flow rate was increased to 8-9ml/min for 5 minutes. The
liver was then perfused with digestion media comprising F1BSS (Ca2+ and Mg2+ free)

supplemented with 0.05% collagenase type IV and 50pg/ml DNasel. Digestion was

observed by the spontaneous Assuring of the parenchyma and typically occurred after
7-12 minutes perfusion with digestion media. The digested liver, held intact by the
liver capsule, was removed from the abdominal cavity, to a petri dish containing

plating media at 37°C. All subsequent steps were performed in a sterile class II
laminar flow cabinet. Incision of the hepatic capsule and gentle mechanical

separation of hepatocytes from supporting fibrous tissue yielded a cell suspension.
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The hepatocyte suspension was passed through a wide bore pipette to disaggregate

clumps of cells then filtered through a 100pm nylon sieve into a fresh chilled petri
dish. The cells were then transferred to a chilled 50ml Falcon tube and ice cold

plating media (DMEM/F12) was added to a final volume on 50mls. The cells were

centrifuged at 50 x g for 5 minutes at 4°C to precipitate viable cells. The supernatant

was discarded. The pellet was resuspended in 43% Percoll/plating media and

centrifuged at 50 x g for 10 minutes at 4°C to separate viable from non- viable and
non- parenchymal cells. Following aspiration of the supernatant, cells were

resuspended in ice cold plating media in a final volume of 5mls

2.1.2 Assessment of Cell Yield and Viability

Cell viability was assessed using a trypan blue exclusion assay. A 20pl aliquot of

isolated cells was diluted in 80pl of 0.25% trypan blue in PBS. The suspension was

mixed well and one drop was allowed to spread under the coverslip of a Neubauer

haemocytometer with a chamber depth of 0.1cm. Live and dead cells were counted
across five 1mm squares on both sides of the haemocytometer and an average taken.
Cell yield to be calculated using the following formula.

Yield / ml = cell number in 5 squares x 104

Viability was calculated as a percentage of total cells and only preparations above
90% viability were used in experiments.

2.1.3 Primary hepatocyte culture

Primary hepatocytes were cultured in 2 or 4 well chamber slides unless otherwise

stated. The culture surfaces were coated with lOpg/ml fibronectin (Sigma) either

overnight at 4°C or for one hour at 37°C. Hepatocytes were seeded at a density of 2
xlO5 cells/ml in plating media and gently agitated to ensure even distribution of cells
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across the culture surface. Following incubation for 1 hour at 37°C under an

atmosphere of 5% CO2 to allow cell attachment to the substratum, culture media was

replaced with Chee's media or William's E media supplemented as outlined in

appendix 2. The culture media was changed every 24 hours. Reagents under

investigation were added at concentrations indicated in the main text. IFNy was used
at lOOU/ml unless otherwise stated.

2.2 Cell Line Characterisation and Culture

The TIB73 line was obtained from ATCC, V.A., USA. Cells were clonally expanded
in cell culture flasks. Assays were performed on cells cultured in 2 well chamber
slides or 12 or 24 well plates. All culture surfaces were coated with fibronectin as

described. TIB73 cells were initially grown in DMEM supplemented with 4.5g/L

glucose, 10% FBS and 50pg/ml gentamicin. Subsequent characterisation of the cell
line demonstrated improved cell viability, assessed using the MTT assay, following
culture in DMEM supplemented with 4.5g/L glucose, 500pl ITS, 0.04pg/ml

dexamethasone, 50pg/ml gentamicin and 2% FBS. These conditions were used for

subsequent experiments. Trypsinisation of cells was achieved with a 5- minute
incubation of monolayers with EDTA and 0.25% trypsin. Cells were seeded at 0.2
million / ml for use in experiments.

2.3 Assessment of Cell Responses

2.3.1 Analysis of Apoptosis by Feulgen Staining

Apoptosis was assessed by nuclear morphology using Feulgen's stain. Briefly,
cultured cells were fixed over night in modified Bouin's fixative (without picric

acid), treated with 5M HC1 for 45min, washed three times in tap water for 5min and
incubated with Schiff s reagent (Sigma) for lhr. Following thorough washing in tap

water the cytoplasm was counterstained with 1% light green. After drying in air the
slides were mounted in cedarwood oil (Sigma) and coverslips applied. Apoptosis
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was assessed by nuclear morphology under a light microscope. Results are shown as

percentage apoptotic cells from counts of at least 500 cells. Assessment of running
means and intra- observer variation is shown in appendix 3.

2.3.2 BrdU Immunohistochemistry

Hepatocytes were cultured on 2 or 4 well chamber slides. BrdU (lpl/ml) was added 3

hours prior to fixation in 80% ethanol. Slides were incubated in 5M hydrochloric
acid for 45 minutes at room temperature. Rat anti- BrdU antibody, diluted 1 in 100
with blocking solution (PBS, NRS 20%, Tween 20 0.05%) was added for 1 hour.

Negative controls omitted this antibody. Peroxidase- conjugated rabbit anti- rat

antibody was pre- absorbed with normal mouse serum (50%), diluted 1 in 100 with

blocking solution and incubated with cell monolayers for 30 minutes. Antibody

binding was visualised using DAB chromogen. Monolayers were counterstained with

haematoxylin and light green. Results are expressed as the percentage of BrdU

positive cells. A minimum of 500 cells were counted.

2.3.3 MTT Assay

The MTT assay was used to assess cell viability. It is based on the ability of
mitochondrial dehydrogenase to cleave tetrazolium rings to form dark blue formazan

crystals from MTT. Cells were cultured in 24 well plates. 20pl of MTT (5mg/ml)
was added to each well followed by incubation at 37°C for 3 hours. Following

aspiration of the supernatant, 200pl DMSO was used to dissolve the formazan

crystals. The resultant solution was assessed by colormetric analysis in an automated

plate reader with absorbance at 550nm.
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2.4 STAT1 Phosphoserine 727 Western Blotting

2.4.1 Protein Extraction

Cells were lysed in 70°C denaturing lysis buffer containing protease inhibitors

(Roche), mechanically detached from the culture surface using a cell scraper and
stored at -70°C until use. Prior to use cells were passed through a 23G needle and

protein concentration assessed by BCA assay (Pierce). The extract was diluted to

lmg/ml and 50pl was heated with an equal volume of LDS sample buffer (NuPAGE)

at 60°C for 10 min. Final amount of protein loaded was lOpg.

2.4.2 Western Blotting

Samples were run alongside a set of markers of known molecular weight (Magic
Mark Invitrogen) on pre-cast 10% Bis-Tris gels (Novex) in 3(N-morpholino)

propane sulphonic acid (MOPS) SDS running buffer (NuPAGE). The gel was run at

200V, 120mA, for 45min in an XCell II Mini-Cell (NOVEX). Proteins were

transferred onto a HyBond ECL Nitrocellulose membrane (Amersham Pharmacia

Biotech). The membrane, blotting pads and filter paper were pre-soaked in transfer
buffer and arranged, according to the manufacturer's instructions, in the blot module,
with the gel. The proteins were transferred at 25V, 160mA for 90min.

Following transfer to the nitrocellulose membrane, the membrane was washed three
times for lOmin in TBST. Non-specific binding sites were blocked using 10%
Marvel in TBST with shaking at room temperature for lhr. The primary antibody, a

rabbit anti- phosphostatl (phosphoserine 727) antibody (Sigma), was incubated with
the membrane in blocking solution at a concentration of 1 in 1000 for 1 hour at RTP.

Following three washes with TBST, the donkey anti- rabbit secondary antibody was

added to the membrane at a concentration of 1 in 2000 in blocking solution for 1
hour at RTP. Following thorough washing in TBST, excess liquid was decanted and
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the membrane was exposed to ECL Western blotting detection system (Amersham
Pharmacia Biotech) combined at the appropriate ratio for 1 minute according to the
manufacturer's instructions. Excess chemiluminescence reagents were removed; the
membrane was covered with a sheet of acetate and loaded into a developing cassette.

Under safe light illumination the membrane was exposed to photographic fdm, the
duration dependent upon the signal intensity, before being developed using an

Amersham Hyperprocessor.

2.5 Soluble Fas Ligand ELISA

Quantification of soluble murine CD95 ligand was performed using the Quantikine
Murine Fas Ligand Immunoassay Kit (R&D Systems) according to the
manufacturers instructions. Briefly, primary hepatocytes were cultured in the

presence or absence of IFNy (lOOU/ml). Culture media supernatants were collected
at 24- hour intervals for a total of 72 hours and stored at -20°C until required.

Supernatants from UV-irradiated primary hepatocytes were assayed as a control for
non- specific apoptotic effects. 50pl of supernatant or standardised control were

added to 50pl Assay Dilutent in the supplied microplate strips containing
immobilised antibody specific for murine CD95 ligand. Following incubation for two

hours at RTP on an orbital shaker to allow binding of CD95 ligand, unbound

substances were removed with five washes with 400pl of Wash Buffer. lOOp.1 of Fas

Ligand Conjugate, an enzyme- linked polyclonal antibody specific for murine CD95

ligand was added to each well and incubated for 2 hours. lOOpl of Substrate Solution
was incubated for 30 minutes following 5 further washes before addition of the Stop
Solution. Optical density of each well was determined using a plate reader at 450nm.
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2.6 Molecular Techniques

2.6.1 RNA Isolation

The working area was cleaned using RNA Zap wipes (Ambion) to remove RNases
and washed twice in sterile DEPC water. Cell monolayers on 60mm culture plates
were washed twice in PBS at 37°C before being lysed in a TRIzol (1 ml/cm2) (Life

Technologies) and mechanically disrupted using a cell scraper. Samples were

incubated for 5 minutes at room temperature before adding 0.2ml chloroform per 1ml

TRIzol, tubes were mixed by inversion for 15s before incubation at room

temperature for 2-3 minutes. Samples were centrifuged for 15 min at 4°C and 12 000
x g. The RNA in the aqueous phase was removed to a clean eppendorf tube. To

precipitate the RNA isopropanol was added at 50% volume of TRIzol used initially.

Samples were incubated for 10 minutes at room temperature then centrifuged for 10
minutes at 12 000 x g. The supernatant was removed, leaving a pellet of precipitated

RNA, which was washed in 1ml of 75% ethanol in DEPC water per 1ml TRIzol
used. The pellet was washed by gentle pipetting and centrifuged for 5 minutes at 4°C
and 7, 500 x g. Following centrifugation the ethanol was aspirated and the pellet air
dried for 10 minutes before dissolving the RNA in DEPC water for 10 minutes at

59°C. RNA concentration was assessed using a BioMate 3 (Thermo Spectronic)

spectrophotometer. RNA quality was assessed by visualisation under UV after

separation on 2% agarose (49mA, 96V), and ethidium bromide staining.

2.6.2 Subtractive Hybridisation

Subtractive hybridisation was to be performed on mRNA from treated and untreated

hepatocytes to enrich for IFNy- induced genes. A PCR- based subtractive technique

(Clontech PCR- Select cDNA Subtraction kit) had several advantages over

traditional hybridisation methods. Although this technique was not performed,
consideration of the methodology is required to understand the rationale of pPUR
vector modification and antisense directional fragment cloning. The mRNA from
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IFNy- induced cells is termed 'tester' transcripts, and control mRNA the 'driver'

transcripts. Briefly, tester and driver ds cDNA is prepared from the two mRNA

samples. Cleavage with Rsal forms shorter blunt- ended fragments. Two tester

populations are created and a different cDNA adapter is ligated to the 5' end of each

population. These adapters contain PCR and nested PCR primer sites. Hybridisation
of the tester and driver population leads to equalisation and enrichment of

differentially expressed sequences. After a further hybridisation stage, PCR and
nested PCR preferentially amplify differentially expressed sequences. The resultant
enriched cDNA fragments contain the adapter sequences at the 5' and 3' ends,

facilitating directional cloning.

2.6.3 Transfection of Competent E. coli

Supercompetent E. coli were thawed gently on ice. 10 - 50ng plasmid DNA, or lpl

control DNA, was added to a lOOp.1 aliquot of cells in a 1.5ml eppendorf tube.

Following incubation on ice for 30 minutes, the cells were heat pulsed at 42°C in a

water bath for 45 seconds. After a further 2 minutes incubation on ice, 0.9ml SOC

media was added and the cells incubated at 37°C for 1 hour on an orbital shaker.

200pl of the resultant cell suspension was plated on LB- ampicillin agar plates

overnight at 37°C.

2.6.4 Purification of Plasmid DNA from E. coli

Plasmid DNA was isolated from selected E. coli colonies cultured overnight in 5 mis
LB- ampicillin broth using a QIAprep Spin Mini Prep Kit (Qiagen) as per the
manufacturers instructions. Briefly, pelleted bacterial cells were resuspended in

250pl of buffer PI prior to alkaline lysis in an equal volume of NaOH/SDS buffer
P2. The lysis reaction was terminated after 5 minutes and adjusted to high- salt

binding conditions via the addition of 350pl of neutralising buffer N3. After gentle

agitation, the solution was centrifuged at 13,000 rpm for 10 minutes. The supernatant

was passed through a QIA prep spin column by centrifugation for 30 seconds to
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allow adsorption of the isolated plasmid. Following two wash cycles with buffers PB
and PE, the adsorbed plasmid was eluted from the miniprep columns using the
elution buffer, EB.

2.6.5 Modification of the pPUR Plasmid

The pPUR vector (Clontech) is a simple plasmid conferring puromycin resistance to

mammalian cells (Figure 6). The resistance cassette is cloned between the SV40

early promoter and polyadenylation signals to create a cassette that will be

expressed in mammalian cells. The plasmid contains the pBR322 origin of

replication and ampicillin resistance gene for propagation and selection in E.
coli. No commercially available plasmid met the required specifications for
use in the functional gene trap assay (Chapter 4). Thus, the pPUR vector was

modified as described below. Restriction digests were performed according to

the manufacturers instructions in an appropriate buffer. Visualisation of
resultant fragments was achieved following TBE- agarose gel electrophoresis
and ethidium bromide staining with visualisation under UV light.

Nde I Pvu II
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Figure 6: The Unmodified pPUR Vector. The vector contains a puromycin resistance gene

under the response of an SV40 promoter, an SV40 polyadenylation signal and a pBR322

origin of replication. Ampicillin resistance cassette facilitates bacterial selection.

2.6.5.1 Ligation of Directional Cloning Insert

The puromycin resistance gene was excised via Avrll and BsaBI cleavage at

nucleotides 325 and 1160 respectively, and the cleaved fragments dephosphorylated
with shrimp alkaline phosphatase as per the manufacturers instructions. A directional

cloning insert (Figure 7) was designed and manufactured as two complementary

oligonucleotide strands that were annealed by heating in buffer at 90°C and cooling
in a thermal cycler (Perkin Elmer). The four nucleotide 3' overhang resulting from
the Pvul digestion ensured directional insertion of the manufactured sequence.

Ligation was achieved using T4 ligase. Ndel and PvuII restriction digestion with
blunt- ending and ligation was planned to remove an Rsal site at nt 4223 and
insertion of manufactured sequences with a point mutation was to be used to remove

and Rsal site at nt 2658 while maintaining the codon specificity within the ampicillin
resistance gene.

5' CTA GGC TAT GTA CCT GAA GCT TAT CCG ATC ATA ATA ATC CCG CTT 3'

Rsal Hind HI

Figure 7: The Directional Cloning Insert. The sequence of the sense strand of the insert is
shown. Rsal and HindiII restriction sites are demonstrated. This allows directional cloning of
the subtractively hybridised cDNA fragments.

The output from the PCR- based subtractive hybridisation is depicted in Figure 8.
Rsal and Hindlll restriction sites contained within the primer sequences of these

fragments would allow insertion into the directional cloning insert of the modified

pPUR vector in an antisense orientation. Thus, we would generate an antisense
cDNA library with an enrichment of IFNy- induced gene fragments.

Qfljal Rsal Hindi II
ACAAGCTTT29NN

3'
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Figure 8: The product of PCR- based Subtractive Hybridisation. Subtractively Hybridised
cDNA contains a 5' Hindll and 3' Rsal Restriction Site to Allow Directional Insertion into

modified pPUR Vector.

2.6.5.2 Insertion of Interferon Response Sequence

Insertion of an interferon stimulated response element [329] distal to the SV40

polyadenylation signal has been shown to increase IFNy- induced transcript

expression in a similar study [311]. We thus planed to ligate a manufactured ISRE
hexamer following Ndel and PvuII cleavage at nt4208 and 4258 respectively. Again,
the 2 nucleotide 3' overhang ensures directional insertion. The sense strand of the

ISRE hexamer was;

5'TACGGGAAATGGAAACTCGGGAAATGGAAACTCGGGAAATGGAAACT

CGGGAAATGGAAACTCGGGAAATGGAAACTCGGGAAATGGAAACTCAG

3'

Construction of the modified pPUR plasmid was performed in parallel to work

assessing the feasibility of the gene trap assay in primary hepatocytes (Chapter 4).

Completion of this assessment suggested that the technique was not likely to succeed
in primary cells, thus construction of this plasmid was not completed. However,

many of the technical considerations informed further antisense studies.

2.7 c-myc Antisense Oligonucleotides

Initial experiments utilised custom manufactured oligonucleotide sequences. We
utilised a sequence known to effectively inhibit c-myc transcription in vitro[330, 331]
and a non- sense control with identical an A:T/ C:G ratio (Table 3)
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Nucleotide Sequence
Antisense Diester 5' CAC GTT GAG GGG CAT 3'

Non-sense Diester 5' CTG AAG TGG CAT GCG 3'

Antisense Thioate 5' ClC GTT GAG GGG ClT 3'

Non-sense Thioate 5' C|G AAG TGG CAT G§G 3'

Table 3: Nucleotide Sequences of Custom Manufactured Oligonucleotides. Diester

oligonucleotides are linked by phosphodiester bonds. Phosphorothioate oligonucleotides
contain a sulphur atom in place of a non- bridging oxygen atom. Those bases with such a

substitution are highlighted in red.

Subsequently, commercially manufactured phosphorothioate sequences became
available (Calbiochem). The antisense sequence was identical to that above, the
control sequence was 5' AGTGGCGGAGACTCT 3'. A fluorescein- labelled c-myc

antisense fragment was utilised to demonstrate adequate cellular uptake, visualised
under a fluorescent microscope (Zeiss) and image analysis performed using

MetaMorph software.

2.8 Statistical Analysis

GraphPad InStat Software was for statistical analysis of data. A two-tailed Mann-

Witney U Test was used to assess significance between apoptotic rates and levels or

BrdU uptake. Significance was taken as p<0.05. Throughout the text, means are

given +/- standard error of the mean (SEM). Unless otherwise stated, all experiments
were repeated in triplicate. Graphs represent data from one representative

experiment.
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3.0 The Hepatocyte Response to IFNy

3.1 Objectives

Liver disease is a major cause of morbidity and mortality worldwide. It is
characterised by hepatocyte injury and death, associated with an inflammatory
infiltrate. Repeated cycles of cellular injury, regeneration and repair lead to hepatic
fibrosis and eventually cirrhosis, which predisposes to the development of

hepatocellular carcinoma (HCC) [332], Interferon gamma (IFN-y) has been identified
as a critical mediator of inflammatory liver damage in clinical studies [94], [323],

[93] and in vivo [324], In vitro, IFN-y induces cell cycle arrest and apoptosis of
murine hepatocytes grown in primary culture [99], [100],

Binding of IFN-y to its cell surface receptor activates the STAT-1 transcription factor

by tyrosine phosphorylation as a result of sequential phosphorylation of the JAK

kinases [333, 334], STAT-1 is a critical proximal mediator of IFN-y signaling and
acts in part by inducing expression of Interferon Regulatory Factors (IRF) of which
IRF-1 has been identified as a positive regulator of cell cycle arrest and apoptotic

genes [335]. IRF-1 is a known tumour suppressor gene [66, 145] and has been

reported to mediate IFN-y induced cell cycle arrest in hepatocytes via p53, associated
with p21vvaf~' induction [143]. Loss of IRF-1 renders cells resistant to IFN-y mediated

cell cycle arrest and apoptosis [143]. IFN-y mediated apoptosis does not require

p53 [ 143]. Expression p21vvaf_1, a known p53 responsive gene, has been shown to

mediate cell cycle arrest and increase apoptotic susceptibility in one IFN-y treated
HCC cell line [336], However, p21waf~' may also be induced independently of p53 by
STAT responsive elements and IRF-1 binding sites identified in the p21vvat"1
promoter region [337, 338].

Accumulating evidence implicates IFN-y as a critical mediator of inflammatory

hepatocellular injury and the recent elucidation of genetic regulators of the IFN-y
mediated apoptotic and antiproliferative responses contributes to understanding of
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the molecular basis of inflammatory liver disease. Clinical hepatitis is more complex
than a single cytokine mediated disorder. Integration of both the cellular state and
extracellular cues such as inflammatory mediators, hormones and release of matrix
bound growth factors are also important determinants of cell fate.

We investigated the effect of IFN-y on primary hepatocyte cultures. We hypothesise
that extracellular cues are critical modulators of the cellular response in non-

transformed hepatocytes. We sought to determine the importance of known genes on

the cytostatic and apoptotic response to IFNy utilising hepatocytes from gene

targeted mice.

3.2 Results

3.2.1 Serum and EGF Modulate the Hepatocyte Apoptotic Response to

IFNy

Morphological characteristics of apoptosis were identified following Feulgen's

staining of monolayers. IFN-y induced dose- dependent apoptosis in primary

hepatocytes cultured in serum- depleted media (Figure 9A), in concordance with

previous reports [99]. IFN-y was used at lOOU/ml for all subsequent experiments.
When cultured in serum- depleted media hepatocytes exhibit a low level of apoptosis

(<3%) up to 5 days. With the addition of IFN-y increased levels of apoptosis are seen

at 90 hours, increasing to 53.5 +/- 3.5% at 120 hours (p=0.002) (Figure 9B). When
culture media is supplemented with 50ng/ml EGF and 2% NCS basal levels of

apoptosis are lower (0.6%). Under these conditions, the hepatocyte apoptotic

response to IFN-y is significantly attenuated compared to that in serum- deficient
media with apoptotic levels of 6 +/- 0.8% observed at 120 hours (p=0.002) (Figure

9B).
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Figure 9: Induction of Primary Hepatocyte Apoptosis by IFNy. Hepatocytes were

cultured as described with indicated dose of IFN-y for 120 hours. Apoptosis was assessed

morphologically. IFNy induces apoptosis in primary murine hepatocytes cultured in serum-

depleted media in a dose- dependent manner (A). Hepatocytes were further cultured in

presence or absence of 100U/ml IFNy with or without mitogenic stimulation (2% NCS and

50ng/ml EGF) for the indicated times. Key: Serum free (O), 2%NCS and 50ng/ml EGF (□),
Serum free + 100U/ml IFNy (#), 2%NCS and 50ng/ml EGF + 100U/ml IFNy (■). For data

presented, N=3 and means are charted +/- SEM.
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3.2.2 IFN-y induced cell cycle arrest.

IFN-y induces cell cycle arrest in wild type primary hepatocytes in vitro [99]. BrdU

incorporation was used to assess DNA synthesis and thus cell cycle activity. A small

proportion of wild-type hepatocytes cultured in serum- deprived media entered the
cell cycle (3.4 +/- 0.4% at 96 hours) (Figure 10A). In serum supplemented media
cells exhibited approximately three- fold increase basal levels of BrdU incorporation
when compared to control (Figure 10A). IFN-y induced cell cycle arrest, determined

by decreased levels of DNA synthesis, in both serum free and serum supplemented
media conditions (Figure 10A).

A greater proportion of hepatocytes from p53 null mice enter the cell cycle at 72
hours when cultured in serum containing as opposed to serum- depleted conditions,
and in both media conditions p53 null cells exhibit greater levels of cell cycle

activity compared to wild type cells (p=0.002) (Figure 10B). In p53- deficient cells

IFN-y does not significantly affect cell cycle activity in serum supplemented

conditions, consistent with previous reports (p=0.48) [99], However, in serum-

depleted media IFN-y significantly reduces the proportion of cells in the cell cycle

(p=0.007) (Figure 2B).

IRF-1 null hepatocytes show greater basal levels of DNA synthesis in serum

supplemented media conditions compared to serum- depleted conditions, and both
are greater than levels observed in wild type cells (Figure 10C). IFN-y mediates a

small but significant decrease in DNA synthesis in serum depleted but not serum

supplemented conditions (p=0.014) (Figure 10C).

A greater proportion of p21wat_1 null hepatocytes enter the cell cycle in both media
conditions when compared to wild type cells (Figure 10). In both media conditions,

IFN-y causes a decrease in cell cycle activity (Figure 10).
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Serum Free Media Serum and EGF Supplemented Media

Figure 10: Induction of Cell Cycle Arrest by IFNy. Hepatocytes isolated from wild-type (A),

p53- null (B), IRF-1- null (C) or p21 null (D) animals were cultured in presence or absence of
100U/ml IFNy with or without mitogenic stimulation (2% NCS and 50ng/ml EGF). Cell

proliferation was assessed via BrdU incorporation. Key: Serum free (O), 2%NCS and

50ng/ml EGF (□), Serum free + 100U/ml IFNy (#), 2%NCS and 50ng/ml EGF + 100U/ml

IFNy (W-For data presented, N=3 and means are charted +/- SEM.
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3.2.3 IFN-y mediated apoptosis requires IRF-1 but not p53

Hepatocytes were isolated from p53 null or IRF-1 null mice, cultured as described
and assessed for apoptosis. p53 null hepatocytes demonstrate similar kinetics and
levels of apoptosis to that seen in wild type cells when cultured in serum- depleted or

supplemented media (Figure 11A). In the presence of IFN-y in serum- depleted
conditions kinetics and levels of apoptosis are similar to wild type cells (51.6 +/-
3.4% apoptosis at 114 hours). In serum- supplemented conditions, IFN-y induces

slightly higher levels of apoptosis in p53- deficient hepatocytes (10.1 +/- 1.5% at 120

hours) when compared to wild type cells.

The apoptotic response of hepatocytes isolated from IRF-1 deficient mice was

largely attenuated (Figure 1 IB). Only when cultured the presence of IFN-y in serum-

depleted conditions were apoptotic rates seen to increase marginally above control
levels. This contrasts with previous studies [143].

3.2.4 p21waf1 is essential for growth factor mediated cytoprotection

Levels of IFNy- induced apoptosis are greater in hepatocytes from p21wal"' null mice
when cultured in serum- depleted media (67.4 +/- 3.95 at 96 hours) compared to wild

type cells. In the presence of IFNy, apoptosis is detected earlier with complete
destruction of the monolayer at 120 hours. The cytoprotective effect of 50ng/ml
EGF and 2% NCS is lost in p21waf"1 null hepatocytes (Figure 11C). While the rate of
increase of IFN-y induced apoptosis in supplemented and serum- depleted conditions
is similar, the levels of apoptosis of cells cultured in supplemented media are always
less that those in serum- depleted media (Figure 11C).
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A

Figure 11: Effect of Genotype on IFN-y Mediated Hepatocyte Apoptosis. Hepatocytes
isolated from p53 null (A), IRF-1 null (B) or p21 null mice (C) were cultured as previous. Key:
Serum free (O), 2%NCS and 50ng/ml EGF (□), Serum free + 100U/ml IFNy (#), 2%NCS
and 50ng/ml EGF + 100U/ml IFNy (■). Note, p21 null hepatocytes demonstrated almost
complete cell death at 120 hours. For data presented, N=3 and means are charted +/- SEM.
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3.3 Discussion

We demonstrate that IRF-1, but not p53, is required for IFNy- mediated hepatocyte

apoptosis in vitro. This apoptotic response can be attenuated by extracellular survival

factors, specifically co- incubation with EGF and 2% NCS. The loss of p21waf"' leads
to more rapid induction of apoptosis and loss of the cytoprotective effect of media

supplementation. IFNy induces cell cycle arrest in primary hepatocyte cultures. In
serum- depleted conditions, cell cycle arrest is independent of p53. In addition, minor
IRF-1 and p21wal~l independent G1 arrest pathways are identified.

IFN-y causes cell cycle arrest in primary wild- type hepatocytes, an effect

independent of serum supplementation. In the absence of p53, IFN-y induced cell

cycle arrest in serum- deprived but not serum- supplemented conditions. This finding

suggests that p53 contributes to the cytostatic response to IFNy, further the additional

mitogenic stimuli in supplemented media conditions are sufficient to overcome the

IFN-y induced cell cycle arrest in p53- null cells. IFN-y is known to induce p53 and

p21waf"1 and, in the absence of p53, fails to sustain prolonged p21waf_1 mRNA

expression [99]. The p21 promoter contains both STAT- responsive elements [337]
and IRF-1 binding sequences [338], Therefore, IFNy may induce p21 in the absence
of p53. We report a G1 arrest in p21wat"' -null hepatocytes in both media conditions.
Therefore p21, though a possible mediator in wild type or p53- null cells, is not

essential for IFN-y mediated cell cycle arrest and indicates a level of redundancy in

CDKI function. IRF-1 is required for IFN-y mediated cell cycle arrest in serum

conditions, with a small but significant IRF-1 independent Gi arrest identified in
serum- deprived conditions. This may reflect direct CDKI induction by STAT1

[337], The higher basal levels of DNA synthesis observed in IRF-1, p53 and p21waf"1
-null cells indicates an important role for these gene products in maintaining the

resting hepatocyte in Go-
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We demonstrate that IFN-y induced apoptosis in primary wild type murine

hepatocyte cultures, as previously reported [99, 100], The apoptotic response to IFN-

y is largely abrogated in IRF-1 null hepatocytes, suggesting that this transcription

factor is a critical mediator of IFN-y signaling. However, a small but significant level
of apoptosis can be detected in IRF-1 null cells in serum- deprived conditions in our

system. The identification of this response here reflects the sensitivities of

morphological apoptotic assessment over more crude measurements of cell death that
cannot distinguish apoptosis and necrosis. In our system, p53 was not required for

IFN-y mediated apoptosis, in line with previous studies [99, 339]. It has been

reported that IFN-y mediated apoptosis of p53 deficient hepatocytes occurs without
classical features of apoptotic body formation [99], We failed to detect any

difference in apoptotic morphology in any genotype studied.

p2iwaf-' kas k£en rep0rteci ^0 inhibit apoptosis in some studies [197, 200] and its

downregulation increases apoptosis of human HCC cell lines in response to IFN-y

[336], Here we report that, when compared to wild type cells, p2Fvat"' null primary

hepatocytes demonstrated a shorter time of induction and higher levels of apoptosis.
Previous studies have shown that IFN-y induces apoptosis in association with p53,
and thus p21wat"' upregulation in primary murine hepatocytes [99]. This is in

apparent conflict with our findings and those of others that p21waM down-regulation

potentiates IFN-y mediated hepatocyte apoptosis. Differing effects of IFN-y on the
cell cycle have been reported in different cell types. Isolation of primary hepatocytes
does not result in a homogeneous cell population and, in vivo, hepatocytes are known
to show functional variation by anatomical distribution^, 340]. Therefore, it is

possible that our system contains cells that respond in different ways to IFN-y.
Further work is required to determine whether a subset of apoptotic cells respond to

IFN-y via p21waf_1 down regulation while cells that cell cycle arrest respond via

p21wal"' induction.

Hepatocyte growth factor inhibits IFN-y mediated apoptosis in primary hepatocytes

[100], We show that epidermal growth factor or serum stimulation exhibit a similar

protective effect, in contrast to previous studies [99], EGF inhibits IFNy induction of
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p53 and p21 in a human cervical carcinoma cell line [341], In our study, the

cytoprotective effect of supplemented media was abrogated in p21waf_1 null

hepatocytes. This may indicate that p21wa1"' is required to mediate the protective
effect of EGF and 2% NCS, or that the cytoprotective effect is not able to overcome

the potentiation of IFN-y mediated apoptosis resulting from the loss of p21waf"'.

We have shown that loss of IRF-1 renders hepatocytes resistant to IFN-y induced

apoptosis and cell cycle arrest. This would confer a selective survival and growth

advantage on the cell in vivo and thus may be an important event in neoplastic

progression. Indeed IRF-1 is known to exhibit tumour suppressor functions [66, 145]
and IRF-1 mRNA is decreased in 75% of poorly differentiated HCC [342], Further,
STAT1- null mice, that exhibit impaired IRF-1 induction, are more sensitive to

tumour induction than control mice[208] and STAT1- deficient cells are resistant to

IFNy- mediated growth inhibition[337]. Loss of p21waf_1 has also been associated
with induced tumourigenesis [343]. We show that loss of p21 results in an increased

apoptotic response to IFN-y. Evidence suggest that p21waf"1 mutations in HCC are

associated with decreased expression of IRF-1 [342], which may disrupt apoptotic

signaling whilst maintaining a growth advantage.

Hepatitis is a major cause or morbidity and mortality worldwide. In severe acute

disease, hepatocyte injury and death may be extensive and developing with clinical

signs of hepatic insufficiency, termed fulminant hepatic failure (FHF), progressing to

death. Although the proportion of patients with hepatitis progressing to FHF is small,
the ability to influence hepatocyte survival in these cases may alter clinical outcome.

We have shown that growth factors can rescue hepatocytes from a simple in vitro
model of inflammatory mediator induced injury and thus may provide a potential

therapeutic strategy. Development of cirrhosis, progressive disruption of tissue
architecture and fibrosis, resulting from cycles of liver cell death and repair is a more

common long- term sequelae of persistent hepatic inflammation. Although the
mechanism is unclear, cirrhosis is known to predispose to development of HCC. A

greater understanding of the molecular basis of hepatocyte apoptosis may permit
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4.0 Assessing the Feasibility of a Functional Gene Trap in

Primary Hepatocytes

4.1 Objectives

Aberrations in apoptotic pathways are central to tumourigenesis. Transformed cells
in the cellular microenvironment are subject to selective pressures such as limited
nutrition and growth factors, hypoxia and toxic cytokines that can induce cell injury
and apoptosis. Mutations that inactivate apoptotic effector mechanisms or activate

antiapoptotic proteins confer a cellular survival advantage. IFNy is an essential
mediator of persistent hepatic inflammation, and chronic hepatitis is associated with
HCC development. We developed an in vitro approximation of inflammatory liver

injury and, in the preceding chapter, demonstrated the importance of known genes in

IFNy- mediated cell cycle arrest and apoptosis. While proximal mediators of IFNy

signaling, such as JAK and STAT, are well characterised, downstream apoptotic
effectors are less clearly defined.

The combination of classical genetic techniques with recombinant DNA technology
in yeast has proved a powerful method for the dissection of molecular pathways[344,

345], By virtue of their asexual, diploid nature, genetic manipulation of cultured
mammalian cells is limited in comparison to yeast, however function- based gene

isolation has been reported in mammalian cells[ 191, 313, 346-348], with all but

one[191] utilising retroviral vectors. No successful application of this technology to

primary cultured cells has been described to date. Although these reports differ in
technical detail, three basic steps underpin the technique. First, a cDNA library is

generated and inserted into an appropriate vector. This cDNA library may be
modified to improve the probability of identifying genes of interest. Expression of
the nucleic acid fragment acts as a virtual mutagen to reversibly alter gene expression
and thus the cellular phenotype. Secondly, cultured cells are transfected with the
cDNA library and grown in a selective medium that favours the growth or survival of
cells expressing the desired phenotype. Finally cDNA clones from the selected cell
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population are recovered and characterised. This technique allows the identification
of new genes on the basis of biological function, however it is a high- risk strategy.

The process has multiple technically challenging steps. Failure to appropriately
consider the technical approach both as a whole and at each step can result in failure
to achieve the desired outcome and prove inefficient use of time and resources.

Indeed, some large laboratories have developed functional cloning strategies but

have, as yet, failed to apply the technology to identify new genes[313]. Cell lines
have a greater replicative capacity, demonstrate greater transfection efficiency and

prolonged survival in culture and thus are more suitable than primary cells for

genetic manipulation studies. However, cell lines inherently harbour genetic
aberrations in multiple cellular pathways including cell death or survival signaling.

Thus, the use of primary hepatocytes, at least as a source of IFNy- induced transcripts
in a functional gene trap, favours the identification of biologically relevant genes in
the apoptotic process.

While functional gene cloning is a powerful technique, limitations exist in its

application to primary cells. We sought to assess the feasibility of this approach to

identify novel effectors of IFNy- induced apoptosis. The four critical steps requiring
assessment were transcript isolation, an antisense expression vector, the primary cell
culture system to be used for phenotypic selection and transcript recovery and
identification. Each will be considered in turn following an outline of the overall

strategy.

4.2 Results

4.2.1 Proposed Functional Gene Trap

The proposed functional gene cloning technique is outlined in Figure 12. Pools of

hepatocytes are exposed to IFNy at 1 OOU/ml and RNA isolated as described (Chapter

2) at 24, 48 and 72 hours. RNA is then subtractively hybridised (see Chapter 2)

against transcripts from untreated cells, thus enriching the transcript pool for IFNy-
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Figure 12: Schematic Representation of the Functional Gene Trap. Subtractive

hybridisation of isolated transcripts enriches to cDNA pool for IFNy- induced genes.

Directional cloning into an expression vector generates and antisense library under the
control of an interferon response element. Following transfection into primary hepatocytes,

IFNy- stimulation forms the selective environment. Antisense fragments corresponding to

genes critical for IFNy- mediated apoptosis will confer a survival advantage. The episomal

pool is harvested, and may by subject to further rounds of selection. Frequently occurring

transcripts identified by restriction digest are sequenced and identified.
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induced sequences. These fragments are subsequently directionally cloned into a

modified pPur expression vector in the antisense orientation. The pPUR vector is
modified to contain an interferon response sequence (IRS). This antisense cDNA

library was then to be transfected into primary hepatocyte monolayers, using a lipid-
based transfection technique. Transfected cells were then to be cultured in the

presence of IFNy, providing not only selection pressure via induction of apoptosis,
but also driving transcription of the cloned antisense fragment via the IRS. Those

cells containing a cDNA fragment antisense to a gene critical for IFNy- mediated

apoptosis will interfere with gene transcription or translation and thus confer a

survival advantage. Those cells either containing no vector, or a vector with an

antisense fragment corresponding to a non- critical gene will, in theory, gain no

survival advantage. Thus, in the presence of IFNy, cells resistant to apoptosis would
be phenotypically selected. After a predetermined time in the selective environment,
the vectors in surviving cells can be recovered from the entire monolayer as an

episomal pool. These are then expanded via transfection in E.coli and may either be
utilised for a further round of phenotypic selection or subject to restriction digest and

frequently occurring fragments could be sequenced.

4.2.2 Technical Considerations For Functional Gene Trapping

Utilisation of primary mammalian cell cultures in functional gene cloning poses

numerous technical challenges when compared to the use of cell lines. The principle
considerations are the relative resistance of primary cells to transfection with cDNA

libraries, increased susceptibility to injury and the limited replicative capacity of

primary cells combined with a short survival time in vitro. This chapter considers the

feasibility of the gene trap technique at each stage of the process with particular
reference to the challenges and potential solutions.
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4.2.2.1 Preparation of cDNA library

In order to increase the probability of isolating biologically relevant effectors of

IFNy- mediated apoptosis, RNA was isolated as described from hepatocytes at 24, 48

and 72 hours post- treatment with IFNy. Total RNA was also isolated from untreated

hepatocytes. Following reverse transcription, we aimed to enrich the cDNA pool for

transcripts induced by IFNy using a commercial PCR- based cDNA subtractive

hybridisation tool (Chapter 2). Traditional subtractive hybridisation requires several
rounds of hybridisation and may not enhance the proportional abundance of rare

messages. This PCR based technique is based on the selective amplification of

differentially expressed sequences by PCR and nested PCR, and, in addition, acts to

normalise low- abundance species in the initial hybridisation stage.

4.2.2.2 Expression Vector.

The ideal characteristics of an antisense expression vector for use in functional gene

cloning are minimal genomic integration, multiple stable copies per cell and high

transcription levels of antisense fragments[312]. The EBV- based self- replicating

episomal vector fulfils these criteria and has been used by previous researchers[311]
however these are not suited for use in murine cells. No candidate vector fulfilled the

desired criteria for use in primary murine hepatocytes. Genetic cloning in cultured
cells is impeded by the relatively primitive expression vectors currently

available[313]. We considered a modified pPur vector (Clontech) that contains an

SV40 early promoter (Figure 13). We proposed to replace the puromycin resistance
cassette with a directional cloning insert and to incorporate an interferon stimulated

response element (ISRE). This has been shown to increase transcript expression

during the phenotypic selection and decreases the chances of cloning genes critical in
the proximal IFNy signaling pathway[311], Directional antisense cloning of the
cDNA library would be achieved by Hindlll/ Afal digestion of the cDNA pool and

ligation into the modified vector (Chapter 2). Thus, the modifications aimed to
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achieve increased expression and directional cloning with minimal integration, but
we were not able to obtain a self- replicating vector.

MI
SV40 !*«#>•-A

Airfl KraS ttimttll BrvBI

SV40 IWA ISRE

Figure 13: Proposed Modifications of the pPUR Plasmid. The unmodified vector is
shown (A). The puromycin resistance gene is removed via Avrll and BsaBI digestion and a

short manufactured nucleotide sequence inserted to allow directional cloning of subtractively

hybridised fragments between Rsal and Hindlll restriction sites (B). An ISRE is inserted
downstream of the poly adenylation signal to maximise transcript expression in the selective
environment.

4.2.2.3 Transfection and Cell Culture System

High transfection efficiency and low transfection related toxicity are desirable cell
characteristics for use in this gene trap system. Electroporation and calcium

phosphate- DNA coprecipitation have been used to transfect cell lines, however use

of these techniques in primary cells is limited by toxicity. Cationic lipids have been
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used successfully to transiently transfect primary hepatocytes with varying efficiency
0.05- 1.7% to 40%[349-351 ]. Viral- mediated plasmid delivery systems are more

efficient[313, 352], infecting up to 95% of primary hepatocytes with minimal

toxicity, but pose an increased risk when working with antisense cDNA libraries.
Studies within the department have achieved transfection efficiencies of up to 40%
with minimal toxicity using lipid- based methods, although a significant intersample

variability was observed (0-40%) (S. Sheehan, personal communication). Although
EGF stimulation of primary cultures increases transfection efficiency[349], in our

system exogenous growth factor stimulation attenuates IFNy- mediated apoptosis

(Chapter 5) and thus decreases efficiency of the selective environment. Further
characteristics of primary cells that pose challenges to plasmid- mediated gene

silencing are lack of clonogenicity, short- term survival and rapid dedifferentiation in
culture. In pilot studies, hepatocytes were maintained at up to 7 days, although is
associated with lack of liver- specific gene expression[353, 354], In the proposed
functional gene cloning technique the recovery of episomal vectors from all

surviving cells followed by amplification in bacteria overcomes the limited

replicative capacity of primary hepatocytes. Further short- term survival and
dedifferentiation do not impact on our proposed IFNy selective environment in which

peak levels of apoptosis occur at 120 hours.

Screening of a large antisense cDNA library in large numbers of primary hepatocyte
cultures requires efficient and predictable transfection rates. The rates obtained in

pilot studies and ongoing works within the department were insufficient to allow

comprehensive phenotypic screening of the cDNA library. With the best transfection

efficiency 60% of transcript would be lost in each selection cycle. Further, the

phenotypic selection system, IFNy- mediated apoptosis, achieved 60-70% apoptosis
at 120 hours (Chapter 3). Thus, assuming a transfection efficiency of 40% and that
30% of hepatocytes survive the selective environment without critical antisense

transcripts, only 28% of the initial episomal pool would be subject to the selective

pressure. This would greatly limit the probability of isolating critical antisense

transcripts. Multiple rounds of selection would improve specificity but, with the
variable and low transfection efficiency, at the expense of sensitivity.
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We therefore investigated the possibility of developing a model of IFNy- mediated

apoptosis in a murine hepatocyte cell line. Our aim was to utilise mRNA from

primary hepatocytes to generate an antisense subtractively hybridised cDNA library
as described above (section 5.2.1). Phenotypic selection would then proceed in a cell

line, overcoming the limitations of primary cell culture at this stage.

4.2.2.4 Assessment of IFNy- Induced Apoptosis in a Murine Hepatocyte

Cell Line

Time (hours)

Figure 14: IFNy Decreases Viability of the TIB-73 Murine Hepatocyte Cell Line. Cells

were cultured as described in the presence or absence of IFNy at 100U/ml. The MTT assay

was used as an assessment of cell viability. Results are shown as percentages of control.
For data presented, N=3 and means are charted +/- SEM.

The TIB-73 cell line is derived from normal murine liver and IFNy has been shown
to inhibit the intracellular multiplication of Listeria monocytogenes in these cells,

suggesting an intact IFNy receptor and signaling cascade [355]. The cells were

cultured and characterised as described (Chapter 2). IFNy, at lOOU/ml, decreased cell
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viability, assessed using an MTT assay, by between 42 to 54% of control at 48, 96

and 144 hours (Figure 14). However, this decrease in viability was not associated
with a significant increase in apoptosis (data not shown) thus is likely to be

secondary to cell cycle arrest. Although TIB-73 cells are responsive to IFNy as

demonstrated by a significant decrease in cell viability and previous reports[355], the
lack of apoptotic response renders the cell line inappropriate for use as a phenotypic
selection model in the function gene trap strategy.

4.3 Discussion

4.3.1 A Plasmid- Based Functional Gene Trap is not Feasible in Primary

Cells

We conclude that application of a functional gene trap in primary murine hepatocytes

using a plasmid expression vector is not feasible. The predominant limiting factors
are the low efficiency and poor reproducibility of DNA transfer in primary cells and
the levels of hepatocyte apoptosis induced by IFNy. These factors would impede

comprehensive screening of a cDNA library and thus limits the isolation of potential

IFNy- induced apoptotic effectors. Secondarily, adequate levels of transcript

expression may not have been achieved within the cells using the pPur vector, which
is not self- replicating. Insertion of the ISRE has been shown to increase gene

expression in a similar plasmid- based system and thus may have overcome this

potential problem. However, the combination of poor transfection efficiency and lack
of an ideal vector for use in murine cells, limits the feasibility of this technique in

primary cells. However, the theoretical considerations here further informed the
future direction of this body of research.

Researchers in Israel have described a method of functional gene cloning in
mammalian cell lines, termed Technical Knock Out (TKO), which utilised a plasmid-

based cDNA library (reviewed [188, 189]). This technique has led to the
identification of five death associated protein (DAP) genes. An EBV based, self-
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replicating vector in a human cell line fulfilled the ideal characteristics of self-

replication and non- integration. Further, the insertion of an IRSE ensured that
selection was dependent upon activation of the specific enhancer element thus

increasing the probability of cloning relevant effector genes. Extrapolation of the
TKO method to other in vitro systems, specifically primary cells, is limited by
transfection efficiency. However, almost all cell lines and many primary cell types

can be infected by retroviruses [348].

4.3.2 Alternative Methods for Novel Gene Identification

Many reports have utilised retroviruses to express cDNAs libraries conferring
selectable phenotypes in mammalian cells [347, 348, 356]. Advantages of this

approach include high levels of transfection, and thus the ability to screen large
numbers of cDNA clones on fewer cells, and increased transcript expression

compared to plasmid based systems [348], overcoming the difficulties faced in

primary cells. However, genomic integration and the requirement for cycling cells
would have rendered this approach difficult in primary hepatocytes.

Microarray allows the identification of thousands of differentially expressed genes

simultaneously[357], providing a 'snap shot' of gene expression with reference to a

control cell population or tissue. However, interpreting the results of microarray is

challenging and determining the biological relevance of altered gene expression is
limited. Thus, the power of functional gene cloning over microarray analysis is the
identification of genes that are rate- limiting in a biological process as opposed to

identification of genes on the basis of induction or repression of transcript

expression.
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5.0 IFNy- Induced Hepatocyte Apoptosis is Inhibited by

Specific Cytokines

5.1 Objectives

Inflammatory liver injury is characterised by hepatocyte injury, death and

regeneration, Kupfer cell activation, an influx of leucocytes and increased cellular
metabolic demands. A complex cytokine network generates and sustains the cellular

response to the initial stimulus[39]. Reorganisation of extracellular matrix (ECM)

components occurs rapidly following hepatic injury[358]. Growth factors are bound
to the hepatic extracellular matrix and are released or activated via proteolytic

degradation of the substratum[359]. Resident and migrant cells produce further

growth factors. These factors act as survival signals for immune cells and mediate

hepatocyte regeneration. Epidermal growth factor (EGF) and hepatocyte growth
factor (HGF) are potent hepatic mitogens and are rapidly activated in partial

hepatectomy models of hepatocyte regeneration[360]. EGF binds to the EGF

receptor (EGFR), while HGF binds the proto-oncogene c-met. Accumulating
evidence suggests that EGFR may mediate the hepatocyte response to HGF, possibly
via TGFa release[361].

Our initial studies demonstrate that, in the context of serum- deprivation, IFNy

induces primary hepatocyte apoptosis. This response is attenuated in the presence of
2% NCS and EGF. This finding is reminiscent of early studies of c-myc function.

Overexpression of c-myc in Rat-1 fibroblasts induces apoptosis in the context of
serum withdrawal[218], Myc- induced fibroblast apoptosis is inhibited by a restricted

group of cytokines, namely insulin- like growth factors I and II (IGF-I and -II) and

platelet derived growth factor (PDGF) [223]. Following liver injury hepatic stellate
cells (HSC) produce, and are activated by, PDGF and following differentiation into

myofibroblasts, produce extracellular matrix and contribute to hepatic fibrosis[362],
IGF-I is produced by hepatocytes. IGF-I and II have been implicated in

hepatocarcinogenesis (reviewed [363]). Many growth factors activate
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phosphatidylinositol 3 kinase (PI(3)K) and protein kinase B/ Akt signaling pathways
that are key effectors of survival signals in many cell types [364, 365]. Suppression
of c-myc- induced fibroblast apoptosis occurs via activation of PI(3)K and

PKB/Akt[234], a pathway active in hepatocytes[361, 366, 367],

Specific growth factors protect hepatocytes in experimental models of liver injury

both in vivo and in vitro. EGF inhibits TGF[3 apoptosis in rat hepatocytes[368] while

HGF, but not other hepatic mitogens such as EGF or basic fibroblast growth factor

(bFGF), suppresses IFNy- induced apoptosis in the primary murine hepatocyte[100],
EGF and HGF activate both MAP kinase and PI(3)K pathways in hepatocytes[369].
PDGF activates both pathways in HSCs[362], Inhibition of PI(3)K abrogated the

antiapoptotic effect of EGF and HGF in a partial hepatectomy model[369].

The following work assessed the antiapoptotic effect of growth factors implicated in

hepatic regeneration or those that abrogate c-myc- induced apoptosis in fibroblasts.
We test the hypothesis that the cytoprotective effect of growth factors in our system

is mediated by the PI(3)K pathway.

5.2 Results

5.2.1 HGF and EGF Partially Inhibit IFNy- Mediated Hepatocyte

Apoptosis

Hepatocytes were isolated and cultured in serum- depleted media. The effect of

growth factors or 2%NCS on IFNy- induced apoptosis was assessed

morphologically. The growth factors, detailed in table 4, were used at concentrations

reported to be effective in previous studies. EGF, HGF and 2%NCS reduced IFNy-
mediated apoptosis (Figure 15). PDGF and the insulin- like growth factors
demonstrated a lesser effect at the concentrations tested. Addition of growth factors

or serum to monolayers in the absence of IFNy demonstrated no significant effect on

apoptotic rates (data not shown).
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Growth Factor Concentration Reference

EGF lOng/ml [223] [361,369]

HGF lOOng/ml [100] [361,369]

PDGF lOng/ml [223]

IGF-I lOOng/ml [223]

IGF-II lOng/ml [223]

Table 4: Concentration of Growth Factors to Assess Effect of IFNy- Mediated

Apoptosis. In our initial screen assessing the effect of known growth factors of IFNy
mediated apoptosis, concentrations were based on previous studies demonstrating a

biological effect.
40

SFM IFN EGF NCS HGF PDGF IGFI IGFII

IFN (100U/ml)

Condition

Figure 15: The Effects of Various Growth Factors on IFNy- Induced Apoptosis in
Primary Hepatocytes. Primary hepatocytes from wild- type mice were cultured in the

presence of IFNy and either epidermal growth factor (EGF) at 10ng/ml, hepatocyte growth
factor (HGF) at 100ng/ml, platelet- derived growth factor (PDGF) at 10ng/ml, insulin- like

growth factor I or II (IGF I or II) at 100ng/ml or 10ng/ml respectively or 2% normal calf serum

(NCS). Apoptosis was assessed morphologically. Cells cultured with each growth factor
alone demonstrated no increase in apoptotic rates above that observed in untreated cells

(data not shown). For data presented, N=3 and means are charted +/- SEM.
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5.2.2 The PI(3)K inhibitor, LY249002, Attenuates IFNy- Mediated

Apoptosis.

PI(3)K mediates cellular survival signals in many cells. LY294002 is a specific

PI(3)K inhibitor[370]. Incubation of primary hepatocyte cultures with 50nM

LY294002 for 30 minutes has been shown to inhibit the phosphorylation of a PI(3)K
downstream effector PKB/Akt[371, 372], Hepatocytes, isolated and cultured as

described, were maintained in serum- free media for 3 hours. LY294002 was added

to the culture media at a concentration of 50pM for 1 hour prior to addition of IFNy,

EGF or both for 72 hours. LY294002 was maintained in culture media for the

duration of the experiment. As previously described, hepatocytes cultured in serum-

free media, or in the presence of EGF alone exhibited basal levels of apoptosis

(Figure 16). IFNy in serum- depleted conditions induced apoptosis (34.5 +/- 2.3%)
and EGF conferred a survival advantage (24.8 +/- 1.6%). LY294002 induced a small
but significant rise in apoptotic rates over background levels in serum- free media,
but not in EGF supplemented conditions. (p=0.044). Unexpectedly, the PI(3)K
inhibitor decreased apoptotic rates in IFNy- treated hepatocytes when compared to

IFNy alone (21.2 +/- 2.8 vs. 34.5 +/- 2.3%) (p=0.0007). Further, rather than

abrogating the protective effect of EGF on IFNy- mediated apoptosis as

hypothesised; LY294002 conferred a greater protective effect compared to IFNy and

EGF alone (18.9 +/- 2.3 vs. 24.8 +/- 1.6%) (p=0.0004).
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Figure 16: The PI(3)K Inhibitor LY249002 Inhibited IFNy- Induced Hepatocyte

Apoptosis. Isolated hepatocytes were cultured in the presence of EGF (10ng/ml), IFNy, both
or neither. The effect of the PI(3)K inhibitor LY294002 was assessed by pre-treating cells
with 50nM of inhibitor for 1 hour prior to application of the test condition as indicated.
LY294002 remained in the test media for the duration of the experiment. Apoptosis was

assessed morphologically at 72 hours. Asterisks indicate significant differences between two
conditions identified, * p=0.0007, ** p=0.0004. For data presented, N=3 and means are

charted +/- SEM.

5.3 Discussion

Having demonstrated that IFNy- induced apoptosis is greatly attenuated by a

combination EGF and 2%NCS (Chapter 3), we sought to determine whether specific

growth factors conferred a survival advantage. We examined a range of cytokines
that limit hepatocyte apoptosis in vitro and in vivo. Overexpression of c-myc induces

apoptosis in serum- deprived fibroblasts. Given that IFNy induced greater levels of

apoptosis in concert with serum deprivation we also assessed those cytokines that
inhibited c-myc- induced apoptosis in fibroblasts. We show that EGF, at 10 ng/ml,
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and HGF, at 100 ng/ml, significantly inhibit IFNy- induced murine hepatocyte

apoptosis. This is in keeping with published data reporting the cytoprotective effect
of HGF on IFNy- induced hepatocyte apoptosis in vitro[100] and on endotoxin-
induced murine hepatic failure[373], EGF protects hepatocytes from Fas- induced

apoptosis in vitro via Bc1-xl and Bid upregulation and downregulation respectively

[374, 375]. However, one study reported that the presence EGF or 5% serum had no

effect on hepatocyte death induced by IFNy in vitro[99]. The reasons for this

discrepancy are unclear but are likely to reflect variations in isolation and cell culture

methodology that can significantly affect the cellular phenotypic response[376].

Although both HGF and EGF effectively suppress apoptosis in our system, by 52%
and 31% of control levels respectively, neither factor completely abolishes cell death.

Further, the combination of EGF and 2%NCS limited IFNy- induced apoptosis to 6

.+/- 0.8% (Chapter 3), which is greater than either factor alone (Figure 15). This may

indicate that combinations of growth factors act synergistically to maximally

suppress apoptosis in our system, or that cytokines added to serum- free media are

depleted within 24 hours by receptor uptake, degradation or adherence to tissue
culture plastic. The protection conferred by NCS is likely to be due, in part, to the

presence of growth factors. However, the nutritional effects of serum-

supplementation of culture media may also promote cell survival. Accumulating
evidence suggests a link between cell nutrition and apoptosis. Increased cellular

glucose utilisation, induced by Akt, can prevent activation of Bax and thus

apoptosis[377], Hexokinase is known to associate with the mitochondrial outer

membrane, possibly by binding VDAC which may subsequently interfere with the

pro- apoptotic effects of Bax, which are postulated to occur via interaction with

VDAC[378], Although nutritional supplementation may account for the observed
effect of NCS, both alone and in combination with EGF, in our system both EGF and

HGF partially protected hepatocyte from IFNy- induced apoptosis in the absence of

any nutritional supplementation. This suggests the induction of a growth factor

specific survival signal.

We found that cytokines reported to protect fibroblasts from c-myc- induced

apoptosis conferred no significant survival advantage in our system. This may reflect
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tissue and cell specific growth factor effects. Alternatively, these growth factors may

demonstrate an effect at greater concentrations than those investigated here.

Alternatively, our observation that IFNy- induction of apoptosis in the context of
serum deprivation mirrors c-myc- induced apoptosis may be coincidental and c-myc

may have no role in IFNy- induced hepatocyte apoptosis.

The PI(3)K pathway is one of the major cellular anti-apoptotic pathways (reviewed

[379-381]) and in known to be activated by many growth factors including

EGF[369], HGF[369], IGF-1[382] and PDGF[383], The Akt family of protein serine/
threonine kinases is an important, although not exclusive, mediator of the cellular
survival signal. Downstream effectors of Akt include BAD, caspase 9, transcription
factors such as p53, p73 and the Forkhead family of transcription factors. Many
studies have utilised LY294002, a specific inhibitor of PI(3)K, to investigate the

importance of this pathway in cellular responses[171, 369, 384, 385]. Having
demonstrated that, at least in part, EGF and HGF protected hepatocytes from IFNy-
induced apoptosis and published data reporting that both cytokines activate the

PI(3)K pathway in regenerating liver in vivo[369], we hypothesised that inhibition of
this pathway would abrogate the cytoprotective effect of EGF. Our results
demonstrate that in the presence of LY294002, IFNy- mediated hepatocyte apoptosis
is attenuated by approximately 40% (Figure 16). Rather than abrogation of the

protective effect of EGF by the PI(3)K inhibitor, we demonstrated an additional

protective effect (Figure 16). These finding are consistent with a component of pro-

apoptotic IFNy signaling in the primary hepatocyte occurring via the PI(3)K

pathway. While this is initially unappealing given the importance of PI(3)K in
survival signaling, IFNy has been shown to activate PI(3)K and Akt in a variety of
cell lines. Maximal transcriptional activation of STAT1 requires phosphorylation at

serine 727 in addition to phosphorylation at tyrosine 701. Serine 727 STAT

phosphorylation occurs in response to multiple stimuli, including IFNy. Inhibition of

PI(3)K and thus Akt activation abrogates IFNy- induced serine phosphorylation of
STAT with a concomitant decrease in transcriptional activity of a reporter gene. We

therefore hypothesise that in the primary hepatocyte IFNy induces tyrosine 701
STAT phosphorylation via the action of Janus- kinases, and in concert, directs
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phosphorylation of the transcription factor at serine 727 via a PI(3)K/ Akt dependent

pathway. LY294002 attenuates IFNy- mediated apoptosis in the low micromolar

range, thus conforming to the published potency of this compound for PI 3-kinase

inhibition[370], but there remains a possibility that other intracellular targets for
LY294002 inhibition may exist. Therefore, further studies are required to completely
test this hypothesis including the demonstration of effective inhibition of PI(3)K

activity and the phosphorylation status of STAT. In addition, we cannot exclude the

possibility that LY294002 interrupts the cell surface interaction between IFNy and
the IFNyR, or specifically inactivates IFNy, which would also explain our findings.

However, there are no published reports to support these speculations.

Our findings raise specific questions regarding the PI(3)K pathway in the primary

hepatocyte. Growth factors promote cell survival via PI(3)K/ Akt in many cell types

including hepatocytes. Our data suggest that IFNy activates the same pathway, which
enhances apoptosis in primary hepatocytes. Thus, in this system the PI(3)K pathway

acts to enhance IFNy- mediated apoptosis and, we assume, mediate survival

signaling by growth factors. Thus, does IFNy trigger a survival-signaling pathway in
addition to the STAT potentiation effect? In corollary, does growth factor activation
of Akt enhance the transcriptional activity of STAT via serine 727- phosphorylation?
If so, the balance of activation of both effector pathways must be different in

response to each stimulus. If IFNy induces both pathways, we would infer from our

observations that the balance is in favour of STAT phosphorylation and the

potentitation of apoptosis. EGF and HGF, therefore, would preferentially activate
survival- signaling pathways. Preferential activation of different effectors at the level
of the cell surface receptor or alternative targets of PI(3)K activation, of which Akt is

only one would explain these observations. The pathways downstream of Akt are not

currently well defined and provide a further level of signal regulation. Further work
is required to clarify these questions. The answer is likely to lie in integration of

multiple signaling pathways specifically activated by each ligand.

These findings have implications for hepatocarcinogenesis. Persistent liver
inflammation is associated with the development of hepatocellular carcinoma. We
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report an in vitro model of inflammatory liver cell injury, mediated by IFNy, in
which specific growth factors confer a survival advantage. In the context of

tumourigenesis, either the acquisition of activating mutations of survival signaling

pathway effectors or interruption of apoptotic pathways or effector molecules would
confer a survival advantage. Both EGFR and c-Met have been implicated in a variety
of human tumours. We would expect, therefore, to observe increased EGF or HGF

receptor expression in HCC compared to normal hepatocytes, or activating mutations
of these receptors or their downstream effectors. Seventy percent of HCC expressed

c-Met, which correlated with poor to moderate differentiation in one study [386],

High expression of c-Met is associated with decreased survival at 5 years [387],

Further, HGF induces an invasive phenotype in many tumours (reviewed [388]),

including HCC cell lines in vitro[389] which may be inhibited by HGF- antagonists

[388]. However mutations of the c-Met pathway were not detected in HCCs of
adulthood [390]. Increased expression and persistent activation of the EGFR family
of receptors has been associated with HCC development [391-393], although this

finding is not universal [394], Further, expression of EGFR- related protein (ERRP),
a negative regulator or EGFR, in significantly decreased in HCC [268], Therefore,
our findings concur with expression studies to suggest that HGF and EGF signaling
confer a cellular survival advantage which, in the context of inflammation, may

promote tumourigenesis.

106



Chapter 6: IFNy Sensitises the Hepatocyte to Apoptosis

6.1 Objectives

Multiple cell signaling pathways have been implicated as mediators of hepatocellular

damage both in vivo and in vitro. Death receptors are members of the TNF receptor

super- family and include TNFR1, Fas, the TRAIL receptors DR4 and DR5, and
DR6. All are characterised by a cytoplasmic death domain that interacts with adapter
molecules resulting in activation of signaling and ultimately effector caspases that
mediate apoptosis (Reviewed [150]). Death receptor induced apoptosis has been

implicated in the pathogenesis of inflammatory liver disease. CD95 induces

hepatocyte apoptosis in vitro [395, 396] and in vivo resulting in fulminant hepatic
failure [397]. TNFa has been implicated as an effector of liver injury in animal
models of hepatitis [398, 399]. In vivo, an interaction of this complex cytokine
network effects cell injury and repair.

We have demonstrated that IFNy induces primary hepatocyte apoptosis in the context

of serum deprivation (Chapter 3) and that specific growth factors suppress the

apoptotic response (Chapter 5). Both findings are characteristic of c-myc- induced

apoptosis. C-myc sensitises cells to mechanistically different stimuli including serum

deprivation, hypoxia, IFNy, death receptors CD95 and TNFa and genotoxic

agents[218, 223], IFNy has been shown to sensitise multiple cell lineages to cytokine
and death receptor- mediated apoptosis[223, 229, 400], We have demonstrated that

hepatocyte apoptosis induced by IFNy required IRF-1. Sensitisation of TRAIL-
induced apoptosis occurs via an IRF-1- dependent mechanism[169].

We sought to assess whether, in our system, IFNy sensitised the primary hepatocyte
to apoptosis induced by death receptors, namely CD95 and TNFaR. Further, we

investigated the ability of IFNy to modulate apoptosis induced by UV- irradiation, a

distinct apoptotic induction mechanism. Given the critical role of IRF-1 in IFNy-
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mediated gene induction, apoptosis and, in one study, sensitisation, we hypothesised
that IRF-1 is required for IFNy- mediated hepatocyte sensitisation to apoptosis.

6.2 Results

6.2.1 IFNy Sensitises the Primary Hepatocytes to CD95- Mediated

Apoptosis.

■ SFM
■ IFN

anti- Fas (ng/ml)

Figure 17: IFNy Sensitises the Primary Hepatocyte to CD95- Triggered Apoptosis.

Primary hepatocytes, isolated as described, were cultured in serum- depleted media with
anti- CD95 antibody, Jo-2, at the concentrations indicated. Apoptosis was assessed

morphologically at 48 hours. Incubation with a class- control antibody had no effect on

apoptotic levels (data not shown). IFNy sensitises the hepatocyte to apoptosis induced by

100ng/ml anti CD95 antibody (p=0.0217). For data presented, N=3 and means are charted
+/- SEM.

CD95 induces apoptosis in primary hepatocytes only in the presence of an additional

stimulus, such as translational inhibition[395, 396], Primary hepatocytes were
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cultured in serum- free media in the presence or absence of IFNy and anti- CD95

antibody at the concentrations indicated for 48 hours (Figure 17). Previous data
demonstrate that IFNy does not induce significant levels of apoptosis at 48 hours

(Chapter 3). At anti- CD95 antibody concentrations of 50ng/ml and below, no

significant difference was observed between serum- free and IFN- containing
conditions. At lOOng/ml, anti- CD95 antibody induced significantly higher levels of

hepatocyte apoptosis when co-cultured with IFNy compared to control conditions

(6.5 +/- 0.9 vs. 2.0 +/- 0.5) (p=0.0217). This experiment was performed in
collaboration with Ben Tura.

6.2.2 IFNy Potentiates TNFa- Mediated Hepatocyte Apoptosis

■ SFM
■ TNF
■ IFN

Timo (Hours)

Figure 18: IFNy Sensitises the Primary Hepatocyte to TNFa- Induced Apoptosis.

Primary hepatocytes were cultured in serum- free media for 24 or 48 hours in the presence

or absence of IFNy, TNFa at 100 U/ml, neither or both. Apoptosis was assessed

morphologically. For data presented, N=3 and means are charted +/- SEM.
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TNFa has been implicated as an effector of liver injury in animal models of hepatitis

[398, 399]. In vitro, IFNy and TNFa act synergistically to induce apoptosis in

hepatocytes [101, 166]. Primary hepatocytes isolates were cultured in serum- free

media with IFNy, TNFa at lOOU/ml, both or neither for 24 or 48 hours. Hepatocytes

in serum- deprived media and those cultured with TNFa exhibit basal levels of

apoptosis at both time points (Figure 18). A small but significant increase in

apoptosis is detected in hepatocytes cultured with IFNy alone at 48 hours compared
to untreated cells. At both 24 and 48 hours, IFNy and TNFa induce significant levels
of apoptosis compared to controls (7.8 +/- 0.5% vs. 2.2 +/-0.4% at 24 hours and 21.2
+/- 1.5% vs. 1.9 +/- 0.3% at 48 hours) (p<0.05).

6.2.3 IFNy Sensitises the Hepatocyte to UV- Irradiation Induced

Apoptosis

UV- Irradiation induces apoptosis in primary hepatocyte cultures. Isolated

hepatocytes were cultured in serum- depleted media for 2 hours. Culture media was
2 •then aspirated from the monolayers and cells subject to 50J/M UV- irradiation as

described. Control cells were identically treated omitting the UV- irradiation.

Monolayers were subsequently cultured in serum -free media with or without IFNy
for 24 or 48 hours. At 24 hours, basal levels of apoptosis are observed in hepatocytes
cultured in serum- free media, media supplemented with IFNy and those subject to

UV- irradiation alone. Compared to untreated cells, significantly increased levels of

apoptosis are observed in hepatocytes exposed to 50J/M UV -irradiation and

subsequently cultured with IFNy (21.3 +/- 0.5 vs. 2.8 +/-0.6%) (p=0.0048). At 48

hours, basal apoptotic rates are observed in serum- free and IFNy conditions (Figure

19). Significant apoptotic induction is observed in hepatocytes treated with UV alone

compared to untreated cells (33.05 +/- 1.3% vs. 3 +/- 0.2%) (p=0.0018). Hepatocytes

subject to both UV- irradiation and subsequent culture in IFNy- containing media
exhibit the greatest levels of apoptosis (66.1 +/- 2.5%) (p=0.0007).
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Figure 19: IFNy Synergises with UV- irradiation to Induce Hepatocyte Apoptosis.

Hepatocyte monolayers were cultured in serum- depleted media, in the presence or absence
of IFNy, following 50J/M2 UV- irradiation, or mock treatment. A statistically significant

synergistic effect of UV- irradiation and IFNy is observed at 24 and 48 hours. For data

presented, N=3 and means are charted +/- SEM.

6.2.4 Potentiation of the Hepatocyte Apoptotic Response to TNFa and

UV- Irradiation Requires IRF-1

We have demonstrated that IRF-1 is required for IFNy- induced hepatocyte apoptosis

(Chapter 3). To assess the importance of IRF-1 in the IFNy- mediated sensitisation of

hepatocytes to apoptotic stimuli, we isolated primary hepatocyte from IRF-1
deficient mice as described. Cells were maintained in a serum- depleted media and

exposed to TNFa or UV- irradiation in the presence or absence of IFNy. At 24 and
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48 hours minimal rates of apoptosis are detected in IFNy- treated or UV-irradiated

cells or untreated controls (Figure 20). Although stimulation with both IFNy and
TNFa induces a detectable but non- significant, increase in apoptosis compared to

controls at both 24 and 48 hours (p>0.05), the overall apoptotic levels are greatly
reduced when compared to the response in wild- type cells (Figure 18). At 48 hours,
UV- irradiation alone induced apoptosis in 11.2 +/- 0.8% of hepatocytes (Figure 20)

(p=0.0292). This is lower than that observed in wild- type cells (Figure 19). The

potentiating effect of IFNy on UV- induced apoptosis is entirely abrogated at 48

hours.

IFN + + + + + +

24 48

Time (Hours)

Figure 20: The Importance of IRF-1 on IFNy- Mediated Potentiation of TNFa and UV-
Irradiation- Induced Hepatocyte Apoptosis. Hepatocytes isolated from IRF-1- deficient
animals were treated with TNFa (100 U/ml) or UV- irradiation (50J/M2) in the presence or

absence of IFNy. Apoptosis was assessed morphologically at 24 and 48 hours. Sensitisation
to apoptosis by IFNy is abrogated in IRF-1 deficient cells. For data presented, N=3 and
means are charted +/- SEM.
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6.3 Discussion

6.3.1 IFNy Potentiates Apoptosis Induced By Mechanistically Different

Stimuli

Here we demonstrate that co- treatment with IFNy potentiated primary hepatocyte

apoptosis induced by the death receptors CD95 and TNFa, in keeping with previous

reports[101, 162, 164, 166], and by UV- irradiation, which is a novel finding.

6.3.1.1 Potentiation of Death Receptor Triggered Apoptosis

CD95, expressed at low levels in normal human[402] and murine[403] hepatocytes,
is upregulated in specific inflammatory liver diseases[402]. CD95L is predominantly
detected in infiltrating lymphoid cells, although is expressed in hepatocytes in
alcoholic liver disease. Antibody- mediated ligation of CD95 receptors, induced low
levels of apoptosis in primary murine hepatocyte cultures[395, 396], Inhibitors of

transcription, translation or PKC activation enhance this CD95- induced apoptosis
with complete destruction of the monolayer at 24- 30 hours[395, 396], In vivo,

intraperitoneal injection of anti- CD95 antibody induces hepatocyte apoptosis,
fulminant hepatic failure and death[397], a response dependent upon intracellular

glutathione status[404] and requiring Bid[405] but abrogated in Bcl-2 transgenic
mice [406]. Thus, CD95 mediates hepatocyte apoptosis in vivo and in vitro.

Expression of CD95 and its ligand are increased in whole liver isolates from

transgenic mice expressing IFNy under a liver specific promoter[407]. This is likely
to represent an influx of lymphocytes in this animal model of hepatitis. However,

IFNy induces CD95 expression in a variety of tissues [407-409], Furthermore, IFNy
has been shown to enhance susceptibility to CD95- mediated apoptosis in

113



conjunctival cells[ 161], multiple myeloma[163], osteosarcoma[162], lung cancer,

gastric cancer[165] and hepatocellular carcinoma[164] cell lines. Here it is shown
that anti- CD95 antibody in combination with IFNy induces apoptosis in primary

hepatocytes at 48 hours, with no detected effect of antibody alone (Figure 17). It is

interesting to note that the levels of apoptosis are relatively low, 6.5 +/- 0.9% at 48

hours, compared to previous reports. The reasons for this are unclear, but may reflect
differences in isolation and culture technique, or species- specific variations.

TNFa has also been implicated as an effector of liver injury in animal models of

hepatitis [398, 399], In vitro, IFNy and TNFa act synergistically to induce apoptosis
in primary rat hepatocytes[101] and a murine hepatoma cell line [166], Further,

TNFa and IFNy synergistically inhibit Listeria proliferation in a hepatocyte cell line

[355], We demonstrate that while TNFa alone has no significant effect on murine

hepatocyte apoptosis, IFNy in combination with TNFa have a synergistic effect on

hepatocyte apoptosis (Figure 18), in keeping with previous reports[101].

6.3.1.2 Potential Mechanisms of IFNy and Death Receptor Synergy

The death receptor- signaling pathway has been reviewed in Chapter 1. Briefly, two

major pathways of caspase activation in response to death receptor signaling were

initially identified in B- cell lines[ 153]. The extrinsic pathway involves death

receptor trimerisation in response to ligand binding (reviewed [151]). Death domain
interactions mediate FADD binding to the intracellular portion of the receptor

directly, or indirectly to TNFR1 via TRADD. Pro- caspase 8 binds FADD via a

death effector domain (DED), to form the death- inducing signal complex (DISC).
Auto- cleavage of the pro- caspase forms active caspase 8 which activates effector

caspases such as caspase 3. The intrinsic pathway involves mitochondrial release of

pro- apoptotic mediators such as apoptosis inducing factor (AIF), Smac/ Diablo,
endonuclease G and cytochrome c. Cytochrome c associated with pro- caspase 9,

Apaf-1 and ATP to form the apoptosome. Dimerisation of this complex results in

pro- caspase auto-activation with subsequent cleavage of effector pro- caspases. The
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intrinsic pathway, activated by caspase 8- mediated cleavage of Bid, is widely
believed to amplify the apoptotic signal via caspase 9 processing of caspase 8[ 155].

We have demonstrated that IFNy potentiates apoptosis induced by two death

receptors, CD95 and TNFa, in primary murine hepatocytes. Multiple mechanisms

may effect this synergy including modulating the expression of receptor or ligands,

caspases, pro- apoptotic proteins such as p53 or anti- apoptotic mediators such as

Bcl-2. Previous studies have identified or implicated each mechanism in specific cell

types. It is likely that multiple pathways act in concert and that tissue and species
variations exist. Each mechanism will be considered in turn.

IFNy has been shown to upregulate expression of CD95 and TNFa in various cell

lines has thus been suggested as a mechanism for IFNy- mediated cell sensitisation to

death receptors [164, 173], TRAIL, a member of the TNF family of cytokines,
interacts with death receptors 4 and 5 (DR4 and DR5). IFNy enhances TRAIL -

induced apoptosis in multiple cell lineages, including hepatocytes but does not affect
DR4 or DR5 expression[169]. Thus while modulation of receptor levels have been
associated with IFNy- induced sensitisation, a causative link has not been
established. Further, potentiation of TRAIL- mediated apoptosis with failure to

upregulate TRAIL receptors suggests that receptor modulation is not a universal
mechanism for IFNy sentisation of death receptor apoptosis and that additional

potentiating mechanisms exist.

Accumulating evidence implicates modulation of caspase expression as a mechanism
for IFNy- induced apoptotic sensitisation. IFNy sensitised Ewing tumour,

neuroblastoma and medulloblastoma cells to apoptosis induced by death receptors

CD95, TNFa and TRAIL, and cytotoxic drugs via the STAT1/ IRF1- dependent

upregulation of caspase 8[174]. This effect was abrogated by the caspase 8- specific
inhibitor zIETD.fmk. Colonic and lung epithelial cell lines treated with IFNy were

sensitised to CD95- induced apoptosis, an effect associated with caspase 1, 3, 4, 7, 8
and 9 upregulation and activation of caspases 3 and 8[ 175, 176], Specific inhibition
of caspase 8 partially attenuated the IFNy- induced sensitisation [175]. These
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pathways are active in hepatocytes. Inhibition of caspase 3 protects hepatocytes from
CD95- induced apoptosis both in vitro[410] and in vivo[411], Caspase 3 is required
for proteolytic inactivation of Bcl2, BcIxl, and activation of caspase 8 and 9,

suggesting the existence of a caspase 3- dependent positive feedback loop[412].
These studies suggest that IFNy sensitises cells to death receptor- mediated apoptosis

by caspase upregulation, although the specific caspases upregulated may be tissue or

cell- context specific. Partial inhibition of sensitisation by caspase 8- inhibition

suggests that other sensitising pathways may also be active.

Expression of p53 has been shown to sensitise cells to apoptotic stimuli such as X-

irradiation. Further, p53 has been shown to induce expression of death receptors Fas

[413] and DR4 [414] in vitro. Further, mutant p53 directly repressed CD95

expression, thus conferring a cellular survival advantage [415], While p53 is not

required for IFNy- induced apoptosis (Chapter 3) it may contribute to, or may be an

absolute requirement for, IFNy- mediated sensitisation of apoptosis. Further work,

utilising p53 gene- targeted mice would be required to test this hypothesis.

Modulation of anti- apoptotic proteins may effect cellular sensitisation. TRAIL
induction of HeLa cell apoptosis is associated with upregulation of the inhibitor of

apoptosis- 2 (IAP-2) [168]. IFNy potentiates TRAIL- mediated apoptosis associated

with a decrease in IAP-2 expression [168], IFNy sensitises leukaemia cells to CD95
and was associated with Bcl2 down- regulation [416], and down- regulated survivin
in colon carcinoma cells [417],

Death receptors also induce MAP kinase signaling. MAP kinases p42/p44, and in
one study p38, can enhance STAT1 phosphorylation on serine 727, which is
associated with increased transcriptional activity and an enhancement of IFNy-
mediated effects. In chapter 7 we report that serine phosphorylation of STAT1 is
associated with potentiation of IFNy- induced apoptosis. Here it is shown that

enhancement of death receptor- induced apoptosis occurs at 48 hours, while IFNy

alone first induces apoptosis at 72 hours. Thus, unless MAPK- mediated serine

phosphorylation shortens the time- course of IFNy- induced apoptosis, the suggestion
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that death receptor mediated STAT1 phosphorylation potentiates IFNy- induced

apoptosis does not explain our observations. However, one study demonstrates that

p38, but not p42/ p44- mediated serine 727 phosphorylation of STAT1 enhanced
CD95 expression in cardiac ischaemia- reperfusion injury [418]. Thus, serine

phosphorylation of STAT1 may enhance IFNy- directed gene transcription and Fas

expression, which is compatible with our findings. In summary, the enhancement of
cellular susceptibility of death receptor triggered apoptosis may be mediated via
several mechanisms in concert, and may vary between cell types, species and in
different cell contexts.

6.3.1.3 IFNy Potentiates UV- Induced Hepatocyte Apoptosis

UV- irradiation is known to induce apoptosis in primary hepatocytes. Three
mechanisms are thought to contribute to UV- mediated apoptosis. Firstly, UV-
irradiation induces DNA damage, specifically cyclobutane pyrimidine dimers[419],
that activate p53[420] and induce acetylation of lysine- 382 residues[421], inducing
cell cycle arrest and DNA excision repair, or apoptosis. Secondly, UV- irradiation
induces ligand- independent clustering of CD95 in keratinocytes[422] and a breast
carcinoma cell line[423], with subsequent binding of FADD to the CD95 death

domain[422]. Similar cell surface clustering and activation of TNFa and EGF

receptors has been reported[424] [425], Thirdly, UV increases cellular oxidative
stress via the formation of reactive oxygen species (ROS) [426, 427]. Much of the
dissection of the effector pathway of UV- mediated apoptosis has been performed in

keratinocytes rather than hepatocytes. We demonstrate that 50J/M2 of UV-
irradiation induces hepatocyte apoptosis at 48 hours and that this effect is potentiated

by IFNy (Figure 19). The cellular mechanism underlying this potentiation is unclear,
but IFNy- and UV- induced apoptotic pathways may interact at several points. The
death receptors CD95 and TNFa aggregate in response to UV- irradiation, and

interruption of the CD95 interaction with its ligand partially inhibits UV- induced

apoptosis in keratinocytes, suggesting an effector role for CD95 [423, 428, 429]. We

report here that IFNy potentiates death receptor induced apoptosis and that induced
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by UV- irradiation. Further, UV activated bax, via p53 induction, and bid, via

caspase 8 activation. Both induce mitochondrial cytochrome c release and

subsequent activation of caspase 9 (Reviewed [430, 431]). Collaborative work in this

department has demonstrated that IFNy induces mitochondrial depolarisation and

caspase 9 activation in primary hepatocytes (Ben Tura, personal communication).

Thus, both UV and IFNy pathways converge at cell surface death receptor pathways
and potentiate the intrinsic apoptotic pathway, which thus may act as a cell signal

integration point. ROS have been implicated in inflammatory liver injury and

contribute to, but are alone are not sufficient mediators of, IFNy- induced hepatocyte

apoptosis[432]. Thus, the generation of ROS by both UV and IFNy provides another

potential mechanism of apoptotic signal integration. Both IFNy[99] and UV-

irradiation[401] induce p53 in hepatocytes. Although not required for IFNy-
mediated apoptosis (Chapter 3), p53 could conceivably contribute to apoptotic

synergy between these two stimuli. Finally, UV- irradiation activates the MAPK

signaling pathway and specific p38 MAPK inhibitors protect keratinocytes from UV-
induced injury[433], MEK activation leads to serine 727 phosphorylation of STAT1,

enhancing its transcriptional activity. We later demonstrate that activation of the
MAPK pathway in hepatocytes by thyroid hormone is associated with STAT1

phosphorylation at serine 727 and potentiation of IFNy- mediated apoptosis. Thus, a

similar pathway may effect the synergistic effect of IFNy and UV on apoptosis in our

system. UV activates the PI(3)K pathway in keratinocytes via EGFR activation[425].
Inhibition of EFGR signaling following UV- irradiation results in an induction of

apoptosis[434], suggesting that cellular UV exposure activates both pro- and anti-

apoptotic pathways.

6.3.2 IRF-1 is Required for IFNy Potentiation of TNFa and UV- Induced

Apoptosis

We show that IFNy does not potentiate TNFa- or UV- induced apoptosis in

hepatocytes from IRF-1- deficient mice (Figure 20). This supports our hypothesis
that IRF-1 is required for IFNy- induced potentiation of apoptosis. A recent study

118



utilising antisense techniques demonstrated that IFNy sensitised multiple cell lines to

TRAIL- induced apoptosis and that this required IRF-1 [169]. It is interesting to note

that, when compared to wild type cells (Figure 19), UV- irradiation alone induced
less apoptosis at 48 hours (11.2 +/- 0.4% vs. 33.1 +/- 1.3%). This suggests either that
UV- irradiation induced apoptosis utilises IRF-1 as a component of pro- apoptotic

signaling, or that in our culture system the susceptibility of primary cells is raised in
our control conditions via a basal level of IRF-1 expression. There are no reports of
direct IRF-1 involvement in UV- mediated apoptosis although UV- induced primary

hepatocyte apoptosis has been reported to be independent of IRF-1 [435]. Findings

presented here are compatible with the theory that IRF-1 modulates the cellular

susceptibility to death independent of direct apoptosis induction.

6.3.3 IFNy Priming of Hepatocyte Apoptosis, a role for c-myc?

Protein synthesis inhibitors, such as cycloheximide, suppress IFNy- induced

hepatocyte apoptosis within 24 hours of cytokine stimulation[99]. After 24 hours,

hepatocytes become refractory to protein synthesis inhibition, suggesting that IFNy-
induction of the apoptotic pathway occurs within this time frame. Data presented

here demonstrate that IFNy potentiates apoptosis induced by mechanistically
different stimuli. These data are also compatible with the hypothesis that IFNy may

prime the cell for death, decreasing the apoptotic threshold. Given the translation
inhibition studies of IFNy- induced apoptosis[99], we suggest that this may occur in
the initial 24 hours after IFNy exposure. Further studies would be required to test this

hypothesis. Such investigations would include pretreatment of hepatocytes as

opposed to co- treatment, as performed here.

Over- expression of c-myc, like IFNy signaling, potentiates apoptosis induced by

mechanistically different stimuli[218, 230]. Mitochondrial cytochrome c release is

required, but not sufficient, for this effect [230], More recently c-myc- mediated

repression of FLIP has been proposed as the effector of death receptor

sensitisation[229]. Findings reported in this chapter are again consistent with the
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hypothesis that IFNy mediates it effects, at least in part, via a c-myc mediated
mechanism.
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7.0 Thyroid Hormone Potentiates IFNy- Mediated Hepatocyte

Apoptosis

7.1 Objectives

In vitro, IFNy, via JAK mediated STAT1 tyrosine 701 phosphorylation, induces cell

cycle arrest and apoptosis of primary hepatocyte cultures [99, 100, 143], Maximal

transcriptional activity of STAT1 function requires further serine 727

phosphorylation [436], mediated by MAPK [437],

Conventional theory of steroid/ thyroid hormone action involves ligand binding
intracellular receptors and subsequent modulation of nuclear transcription. However,

accumulating evidence demonstrates that steroid/ thyroid hormones may also bind

putative cell surface receptors and activate second messengers and intracellular

signaling cascades, termed non-genomic hormone action. Thyroid hormone is known
to potentiate the antiviral and immunomodulatory effects of IFNy, independent of
nuclear thyroid hormone receptor binding [282, 284-286], It is generally accepted
that thyroid hormone can affect cell function by both receptor-specific nuclear

(genomic) and extra nuclear (non-genomic) actions [438], Reports suggest the
existence of a G-protein linked cell surface thyroid hormone receptor sensitive to

pertussis toxin and GTPyS [285], Via this receptor L-T4 activates the Ras/ Raf/ MEK

pathway, via PKC, or MEK via PKA [283, 285]. Active MEK directs the

phosphorylation of STAT1 and MAPK and nuclear translocation of MAPK [287,

288] [285], Within the nucleus MAPK complexes with, and phosphorylates,
STAT la at serine residue 727, with a resulting enhancement of transcriptional

activity. Thus, IFNy signaling and non-genomic thyroid hormone pathways converge

in the cytoplasm with MEK activation of STAT and within the nucleus with MAPK/
STAT complex formation.
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Accumulating evidence implicates thyroid hormones directly in the modulation of
liver injury and hepatocarcinogenesis. Hyperthyroidism accentuates [246, 439], and

hypothyroidism abrogates, inflammatory liver injury in animal models [246]. Long
term exposure to thyroid hormone induces pre- neoplastic foci in rat liver [254],

suggesting that T3 may act as an inducer of HCC. In vitro, thyroid hormones can

modulate cellular transformation [240-243], In vivo studies have demonstrated that

thyroid hormones may affect the growth and metastatic potential of experimental
tumours [257], the carcinogenic induction of liver tumours [245, 258-260] and the
survival of tumour- bearing experimental animals [261].

We hypothesised that thyroid hormone potentiates IFNy- mediated hepatocyte

apoptosis, a mechanism involving a non- genomic pathway.

7.2 Results

7.2.1 Effect of triiodothyronine on IFNy- induced primary hepatocyte

apoptosis

Primary hepatocytes were isolated as described and cultured in serum- depleted
media in the presence or absence of lOOU/ml IFNy (Figure 21 A). The effect of

triiodothyronine was assessed at physiological, 1.5nM, and supraphysiological
concentrations, over a 100- fold range. Morphological characteristics of apoptosis
were assessed following fixation and Feulgen's staining of monolayers. Cells
cultured in control media or containing triiodothyronine alone at any concentration
tested demonstrated basal levels of apoptosis (Figure 21 A). IFNy induced apoptosis
in 13 +/- 0.8% of cells at 72 hours. Apoptosis was potentiated by 1.5nM and 15nM to

22.2 +/- 0.2% and 32 +/- 2.4% respectively (Figure 21 A). At the supraphysiological
concentration of 150nM no significant apoptotic potentiation was observed

(p=0.333).
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Having demonstrated that apoptotic levels at 72 hours post plating were greater in the

presence of triiodothyronine at 1.5nM or 15nM, we sought to assess whether this

finding was secondary to potentiation of the IFNy effect or simply due to an altered
time- course of apoptotic induction. Primary hepatocyte isolates were cultured in the

presence of either triiodothyronine at 15nM, 1 OOU/ml of IFNy or both. Apoptosis
was assessed at 24- hour intervals (Figure 21B). IFNy- induced apoptosis was first
detected at 48 hours in line with previous data. Triiodothyronine potentiated

apoptotic rates in the presence of IFNy at 48 and 72 hours, but did not induce

significant apoptosis at 24 hours. Hepatocytes cultured in the presence of T3 alone
showed no significant difference in apoptosis above baseline (p=0.10). Thus,

triiodothyronine potentiated the apoptotic effect if IFNy without altering time course

of apoptotic induction.

IFNy signaling requires STATla activation via phosphorylation at tyrosine 701.

Additional phosphorylation of STATla at serine 727 further increases

transcriptional activity and the biological effect of IFNy[436], MAPK dependent

STATla 727 phosphorylation is essential for thyroid hormone potentiation of the

antiviral effect of IFNy in HeLa cells[282]. We hypothesised that the same pathway

is active in primary hepatocytes exposed simultaneously to IFNy and

triiodothyronine. Phosphoserine 727 STATla is detected at 20 minutes in whole cell

lysates cultured either in control media, IFNy containing- or triiodothyronine

containing media (Figure 21C). Increased levels of phosphoserine 727 STATla are

detected when hepatocytes are stimulated with both IFNy and triiodothyronine.
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Figure 21: Triiodothyronine (T3) potentiates IFNy induced hepatocyte apoptosis in
association with STATla serine 727 phosphorylation. Hepatocytes were cultured, as

described, in the presence or absence of IFNy or T3 at the concentrations indicated.

Apoptosis was assessed morphologically at 72 hours (A), or at 24 (white bar), 48 (black bar)
or 72 hours (stippled bar) (B). For data presented, N=3 and means are charted +/- SEM.
Total cell lysates of hepatocytes exposed for 20 mins to IFNy, T3, both or neither at the
concentrations indicated were separated by gel electrophoresis and immunoblotted with anti
727 phospho- STATla antibody (C).
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7.2.2 Non- genomic action of thyroxine

Thyroid hormone potentiates IFNy antiviral activity via a non-genomic mechanism

requiring interaction with an unidentified cell surface receptor and activation of
intracellular signaling[282], The hallmarks of non-genomic steroid action are a rapid
induction of effect, independent of protein synthesis and activated by

macromolecule- bound ligands unable to enter the cell. We postulated that IFNy-
induced apoptosis is potentiated by a non- genomic mechanism in primary

hepatocytes. Given that our biological outcome of interest, apoptosis, is first
observed at 48 hours and requires protein synthesis, agarose- bound thyroxine (T4-

agarose) was used as a molecule unable to enter the cell. Thus, any biological effect
must be secondary to interaction with ligand- receptor interaction at the cell surface.
T4- agarose alone did not induce apoptosis in primary hepatocytes while potentiation
of the IFNy- mediated apoptotic response was observed at physiological and

supraphysiological concentrations tested (Figure 22A). There was no significant
difference in apoptotic potentiation over a 100- fold range of T4- agarose

concentrations (p=0.42). Protein A- agarose had no effect either on basal apoptosis or

IFNy- induced apoptosis (data not shown). Western analysis of whole cell lysates

(Figure 22B) demonstrates increases levels of phosphoserine 727 STATla in

response to T4- agarose and IFNy, with basal levels observed in response to IFNy or

T4- agarose alone, or in control conditions.
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Figure 22: Non- genomic potentiation of IFNy mediated hepatocyte apoptosis by thyroxine in
association with serine 727 phospho STAHa accumulation. Hepatocytes were cultured, as

described, in the presence or absence of IFNy or agarose- T4 at the concentrations
indicated. Apoptosis was assessed morphologically at 72 hours (A). For data presented, N=3
and means are charted +/- SEM. Total cell lysates of hepatocytes exposed for 20 mins to

IFNy, 10nM agarose- T4, both or neither at the concentrations indicated were separated by

gel electrophoresis and immunoblotted with anti 727 phospho- STAHa antibody (B).
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7.2.3 Involvement of the MAPK pathway

Having shown that both triiodothyronine and T4- agarose potentiate IFNy- induced

primary hepatocyte apoptosis and phosphorylation of STAT la at serine 727, we

sought to investigate the role of the MAPK pathway in this process. MAPK

activation is required for STATla 727 phosphorylation, nuclear translocation and

potentiation of IFNy antiviral state by thyroid hormone[285], PD98059 is a specific
inhibitor of the MAPK- kinase, MEK. PD98059 completely inhibited T4- agarose

potentiation of apoptosis in IFNy treated primary hepatocytes (Figure 23).
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Figure 23: The MEK inhibitor, PD98059, attenuates the non- genomic potentiation of

IFNy- mediated apoptosis. Hepatocytes were cultured, as described, in the presence or

absence of IFNy, T3 and PD98059 at the concentrations indicated. Apoptosis was assessed

morphologically at 72 hours. For data presented, N=3 and means are charted +/- SEM.

7.3 Discussion

Condition

We have demonstrated that thyroid hormone potentiates IFNy- induced apoptosis in
the primary hepatocyte via interaction with a cell surface receptor. This process

required MAPK activation and was associated with STATla 727 phosphorylation.
We show that triiodothyronine potentiated apoptosis in combination with IFNy at



normal and slightly greater than normal physiological concentrations- 1.5nM and

15nM (normal plasma range in humans 1.2nM- 3.0 nM) but not at

supraphysiological concentrations. A similar dose- response pattern, with

augmentation of a biological response at low levels and loss of augmentation at

higher levels, has been observed in previous studies of the effect of triiodothyronine
on hepatic enzyme induction and x-irradiation induced transformation [251, 440],

Agarose- bound thyroxine, utilised as a ligand incapable of crossing the plasma-

membrane, also potentiated IFNy- mediated hepatocyte apoptosis indicating the

presence of a cell surface thyroid hormone receptor. Interestingly, induction of

apoptosis by agarose- bound T4 was observed equally at ah concentrations studied,

with no failure to augment the IFNy response at high dose (Figure 22A). We

postulate that triiodothyronine will activate both genomic and non-genomic

pathways, while agarose- bound T4 will only activate the non-genomic pathway.

Thus, activation of the cell surface receptor potentiates apoptosis at all concentration,
while co- activation of both pathways results in attenuation of the biological response

at higher concentrations. These findings would be consistent with saturation of the
non- genomic pathway at lowest dose studied with a resultant failure to elicit a

greater biological response at higher doses. The ability of triiodothyronine but not

T4- agarose to attenuate the IFNy apoptotic response may be secondary to interaction
of non- genomic and inhibitory genomic pathways. Thyroid hormone potentiation of

IFNy antiviral activity has been shown to include both genomic and non- genomic

pathways [283]. At physiological concentrations of T3, preferential activation of the

non-genomic pathway, or agonist thyroid hormone receptors may occur. At higher

concentrations, it is feasible that dominant negative nuclear thyroid hormone

receptors may be activated. We therefore hypothesise that the attenuation of
induction at high doses of T3 reflects an interplay between genomic and non-

genomic pathways, while the apparent saturation of the non- genomic effect is
consistent with a cell surface receptor mediated action. Further studies are required to

elucidate the underlying mechanism.

We show that exposure of the primary hepatocyte to IFNy in concert with

triiodothyronine (Figure 21C) or T4- agarose rapidly results in increased levels of
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serine 727 phosphorylated STAT la. Further, activation of MAPK was required for

apoptotic potentiation by macromolecule- bound T4. This supports our hypothesis
that non- genomic pathway forms at least a component of the hepatocyte response to

IFNy and thyroid hormones. Our results demonstrate relatively high basal levels of

serine 727 phosphorylated STATla compared to other studies [285], Several factors

may account for this finding. Firstly, we are working with fresh primary hepatocyte
cultures isolated via retrograde collagenase perfusion. This isolation technique is
known to activate hepatocytes from GO to Gl, release matrix bound cytokines, and as

a result of exposure to isolate solutions may activate many intracellular signaling

pathways. Although cultures were maintained in serum- depleted media for 4 hours

prior to use, these results may reflect artifacts of primary culture. Secondly, previous
studies have used cell lines lacking functional nuclear thyroid hormone receptor

(TR). Thus, the presence of active nuclear TR in our primary isolates may account

for higher basal levels of 727 STATla phosphorylation. Further, in contrast to

previous reports we failed to detect any significant induction of phosphoserine
STATla in response to IFNy or triiodothyronine/ T4- agarose alone. This may

reflect insensitivities of our system secondary to increased basal expression or the

protein of interest, or our use of western analysis of total cell isolates as opposed to

immunoprecipitation of nuclear fraction [285],

Flyperthyroid states exacerbate liver injury in animal models[248, 250]. Out with the

setting of acute thyroid dysfunction, serum thyroid hormone levels are closely

regulated in vivo. We suggest that under physiological conditions, thyroid hormones

subtly alter the susceptibility of hepatocytes to inflammatory injury. Thyroid
hormones increase the generation of oxygen free radicals, and thus oxidative stress,

in hepatocyte mitochondria. Cytochrome c is released from mitochondria subject to

oxidative stress, activating caspase 9 and apoptosis. Thus thyroid hormone signalling

may act as a rheostat, altering the level of hepatocyte oxidative stress and thus the

general cellular susceptibility to inflammatory injury. Further understanding of this

pathway may provide novel therapeutic interventions to protect hepatocytes in acute

hepatic injury, or modulate clinical outcome in the setting of ongoing hepatic
inflammation.
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8.0 c-myc Partially Mediates the Hepatocyte Response to IFNy

8.1 Objectives

We have shown that IFNy induces cell cycle arrest of murine hepatocytes in primary
culture and, in the context of serum deprivation, induces apoptosis (Chapter 3),

findings that are reminiscent of early studies of c-myc function. Evan and colleagues
demonstrated that c- myc expression induces apoptosis in serum- deprived
fibroblasts. This led to the dual signal hypothesis of myc function, hypothesising that

myc drives both cell cycle progression and apoptosis with successful proliferation

requiring the active suppression of programmed cell death. Not only does primary

hepatocytc isolation induce c-myc expression[219], but c-myc may also be

transiently and rapidly induced by IFNy in a STAT1 independent manner requiring
Ras/ Raf signaling[441]. Suppression of myc- induced apoptosis is mediated by

specific cytokines, IGF-1 and PDGF in fibroblasts, and is not necessarily related to

mitogenic activity[223]. We have shown that specific cytokines, notably EGF and

HGF, confer protection from IFNy- mediated apoptosis in hepatocytes (Chapter 5).

Myc expression sensitises cells to apoptosis induced by a wide range of

mechanistically distinct insults including serum deprivation, hypoxia, cytotoxic

agents, IFNy, TNF and CD95/ Fas, an effect mediated by cytochrome c release[230].
We show that IFNy potentiates apoptosis induced by mechanistically different

stimuli, specifically TNF, UV irradiation, CD95 and thyroid hormone (Chapters 6
and 7) and collaborative work has shown that IFNy mediates mitochondrial

depolarization and cytochrome c release in the hepatocyte (Ben Tura, personal

communication). Effective killing by c- Myc requires the cell surface interaction of
CD95 and CD95L[228], Thus, we hypothesised that IFNy sensitises the hepatocyte
to apoptosis via c-Myc mediated- mechanism and that this requires the interaction of
cell surface CD95 and its ligand.

In testing this hypothesis, many of the technical considerations outlined in Chapter 4
remained relevant. We utilised antisense technology in a candidate gene approach.

131



We assessed the feasibility of antisense oligonucleotide fragment use in hepatocyte

primary culture, and the effect of internucleotide backbone modification.

8.2 Results

8.2.1 Requirement for the CD95 Receptor Ligand Pathway in IFNy

Induced Hepatocyte Apoptosis

30

25 -

SFM Condition IFNy

Figure 24: Anti CD95 Ligand Antibody Abrogates IFNy- Induced Apoptosis in Primary
Murine Hepatocytes. Monolayers were cultured in serum- depleted media with or without

IFNy (100U/ml). Cells were co-incubated with anti CD95L antibody, MFL-3 at 2pg/ml or

10pg/ml or a class controlled antibody, anti- CD3 at 10pg/ml, for 72 hours. The anti- CD95L

antibody, MFL-3, completely abrogates the hepatocyte apoptotic response to IFNy. For data

presented, N=3 and means are charted +/- SEM.

132



Primary hepatocytes were cultured in serum free media in the presence of absence of

IFNy (lOOU/ml), an anti CD95L antibody (MFL-3) or a class control antibody, anti-
CD3 for 72 hours. Basal levels of apoptosis were observed in control cells cultured in

serum- depleted media and in those incubated with antibodies MFL-3 and anti- CD3

(Figure 24). In the presence of IFNy, apoptosis was observed at 72 hours (13.8 +/-

2.1%). Anti- CD3 antibody and MFL-3 at 2pg/ml induced a non- significant increase
in apoptotic rates (19.8 +/- 2.46 (p=0.112) and 19.0 +/-1.16 (p=0.2) respectively).

However, at 10pg/ml the anti- CD95L antibody completely inhibited IFNy- induced

bepatocyte apoptosis (p=0.02). Thus, IFNy- induced hepatocyte apoptosis requires
the cell surface interaction of CD95 and its ligand CD95L in vitro. This work was

carried out in conjunction with Ben Tura.

8.2.2 IFNy Induces the Release of Soluble Fas Ligand In Primary

Hepatocyte Cultures

In normal liver, hepatocytes express CD95 but not CD95L. Enhanced expression of
CD95 and CD95L is observed in inflammatory liver disease and IFNy transgenic

mouse liver[407, 442], We therefore hypothesised that IFNy induces CD95-
mediated apoptosis in an autocrine and paracrine mechanism via induction of soluble
CD95L production by the hepatocyte. Hepatocytes were cultures in serum- depleted
media in the presence or absence of IFNy (lOOU/ml) for 72 hours. Media was

collected from six monolayers per condition at 24- hour intervals and soluble CD95L
detected using a CD95L ELISA. A significant increase in soluble CD95L production
was detected between 24- 48 hours in hepatocytes treated with IFNy (p=0.009). No

such increase was detected in UV- induced hepatocyte apoptosis, suggesting that
soluble CD95L release is a specific IFNy- related cell death response (Figure 25).
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Figure 25: IFNy- Induces the Release of Soluble CD95L in Primary Hepatocyte

Cultures. Apoptosis was induced in hepatocyte monolayers with IFNy or UV- irradiation as

previously described. Supernatant media was collected from 6 monolayers at 24 hour
intervals and stored at -70°C. Samples were analysed using a commercially available
soluble CD95 ligand ELISA. Significant induction of soluble Fas ligand is detected in

supernatants of IFNy- treated cells at 24- 48 hours (p=0.009). This is an effect specific to

IFNy- mediated apoptosis. Data presented here represent hepatocytes from one perfusion,
with supernatants isolated from six monolayers for each condition.

8.2.3 Uptake of Antisense Phosphorothioate Oligonucleotides in

Primary Hepatocyte Cultures

Having demonstrated the importance of the CD95/ CD95L pathway in IFNy-

mediated hepatocyte apoptosis, we sought to test our hypothesis that c-myc was

central to the hepatocyte response to IFNy. Further to considerations in chapter 4, we

sought to use oligonucleotide fragments in a candidate gene approach. Fluorescein-
labelled c-myc antisense phosphorothioate oligonucleotides were used to assess the
cellular uptake of antisense fragment in our culture system. Antisense fragments
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Figure 26: Intracellular Accumulation of Fluorescent Antisense c-myc Fragments.

Hepatocytes were cultured as described with 30pM fluorescein- labeled phosphorothioate c-

myc antisense fragments. Cells were fixed at time points indicated and subject to light and
fluorescent microscopy. Perinuclear localisation of the antisense fragments is detected at 1 hr
and remains at 24 hours.
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were added to cell culture media at a final concentration of 30pM. Cells fixed at time

points indicated were subject to light and fluorescent microscopy. Apoptotic cells
and cell debris fluoresce at 490nm (Figure 26). Intracellular accumulation was

detected within 1 hour and remained at 24 hours. The fragments were predominantly
noted in the perinuclear region. In all subsequent experiments, antisense strands were

reapplied every 24 hours to coincide with culture media replacement.

8.2.4 C-myc Antisense Phosphorothioate Oligonucleotides Attenuate

IFNy- Induced Apoptosis

Time (hrs)

Figure 27: Initial comparison of diester and phosphorothioate c-myc antisense

oligonucleotide effect on IFNy- mediated hepatocyte apoptosis. Hepatocytes were

cultured, as described, in the presence of IFNy (100U/ml) and either a control or anti- c- myc

diester antisense fragment or a phosphorothioate modified c-myc antisense strand all at a

final concentration of 30pM in modified Chee's medium. Apoptosis was assessed

morphologically.

Modified antisense strands are more resistant to endo- and exonuclease activity but

may induce non- specific effects. In an initial experiment, the effect of diester and

phosphorothioate c-myc antisense strands on IFNy mediated hepatocyte apoptosis
were assessed against a diester non- sense control (Figure 27). At a concentration of

30pM, c-myc antisense diester oligonucleotides had no effect on apoptotic rates over

control at 72 hours (19.6% vs. 16.4%) or 92 hours (32.6% vs. 33.2%). The non-
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sense diester control fragment inhibited apoptosis compared to untreated cells

(16.4% vs. 23% at 72 hours, 33.2% vs. 47% at 96 hours). C-myc phosphorothioate
antisense fragments decreased proportion of apoptotic hepatocytes by 48.7- 50.2% or

28- 29.5% compared to untreated or controlled cells respectively.

Following this pilot experiment, we assessed a commercially obtained

phosphorothioate modified c-myc antisense strand against a control fragment (Figure

28). At 72 hours, a significant increase in apoptosis is observed in the control, non¬

sense (NS) treated hepatocyte population (12.2 +/- 0.2% v.'s 5.8 +/- 0.2%) but not in
the control antisense (AS) treated cells (7.0 +/- 0.8%). However, antisense

phosphorothioate strands decreased the observed levels of apoptosis by 32.8% (19.9
+/- 1.3% v.'s 29.6 +/- 0.6%) at 72 hours. The non- sense fragments were associated
with a small increase in apoptotic rates of IFNy treated cells (33.8 +/- 1.2% v.'s 29.6
+/- 0.6%). 40
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Figure 28: Phosphorothioate c-myc antisense oligonucleotides partially attenuate

IFNy- mediated hepatocyte apoptosis. Hepatocytes were cultured, as described, in the

presence or absence of IFNy (100U/ml) with either an antisense phosphorothioate modified

c-myc antisense strand (AS) or a control, non- sense (NS) fragment, all at a final
concentration of 30pM in modified Chee's medium. Apoptosis was assessed

morphologically. SFM= Serum free media, NS= Non- sense, AS= Antisense, IFN= Serum
free media with IFNy (100U/ml). For data presented, N=3 and means are charted +/- SEM.
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8.3 Discussion

8.3.1 The Requirement for CD95 Receptor- Ligand Interaction in IFNy-

Mediated Hepatocyte Apoptosis

We, and others, have shown that IFNy potentiates death receptor induced apoptosis,

specifically here TNF and CD95, and others, TRAIL[169, 173, 175] and

LIGHT[443], in many cell types. A small number of studies have directly implicated
death receptors as mediators of the apoptotic response to IFNy. In a neuroblastoma

cell line, IFNy upregulated CD95 and CD95L expression and induced apoptosis
which was partially inhibited by antibodies that disrupted the interaction of CD95

with its ligand[444], IFNy augmentation of TRAIL- induced apoptosis was inhibited

by the TRAIL pathway inhibitor, DR4- Fc fusion protein, in a human hepatoma cell

line [173]. Here we show that CD95 interaction with its ligand is essential for IFNy-

induced apoptosis in the primary hepatocyte. These results are compatible with IFNy

acting upstream of the cell surface interaction of CD95/ CD95L. Our findings that

exogenous ligation of CD95 receptors augments IFNy- apoptosis (Chapter 6) suggest

that in the presence of IFNy alone, the CD95 autocrine loop is not maximally
activated. Thus we may postulate that a low level of CD95 autocrine stimulation
occurs in the resting hepatocyte in our culture system. We suggest that IFNy acts to

increase the cellular susceptibility to apoptosis and thus may equally act downstream
of this intrinsic background CD95 signaling to lower the apoptotic threshold and

trigger hepatocyte apoptosis. Our findings are compatible with the evolution of

higher eukaryotic apoptotic mechanisms around evolutionarily more primitive death

receptors.

These results are also relevant to hepatocarcinogenesis. IFNy receptor a chain
knockout mice developed induced tumours more rapidly and with greater frequency
than wild type animals when bred onto a background strain lacking the p53 gene and
in response to chemical carcinogens[208]. Expression of IFNyR in HCC was
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correlated with increased tumour size, poorer differentiation and a higher frequency
of intra- and extra- hepatic metastases[445]. Thus IFNy can act as an extrinsic

tumour suppressor and IFNyR status is associated with more aggressive hepatic

malignancy. In addition, a study of 22 HCCs reported partial or complete loss of
CD95 expression in all tumours studied[446]. Another reported CD95/ CD95L co-

expression in 88% of HCCs, all of which exhibited aberration of the Fas signaling

pathway[447]. Our results suggest that aberrations in CD95 signaling may confer a

survival advantage by disrupting the immune surveillance and tumour suppressor

functions of IFNy in hepatic tumour formation.

Hepatocytes constitutively express CD95 at low levels, which is increased in HBV-
related cirrhosis, chronic active hepatitis and acute liver failure, but not alcoholic

cirrhosis[402, 448], Enhanced hepatocyte expression of CD95L is observed in
alcoholic hepatitis [402], Fulminant hepatitis can be induced in murine models via

intraperitoneal administration of anti-Fas antibody indicating that the CD95 pathway
is a mediator of acute liver injury. Soluble CD95 ligand (sCD95L) is generated by
alternative splicing of CD95L mRNA, or by proteolytic cleavage of the membrane
bound form. There is limited data available on the production of sCD95L by

hepatocytes. Soluble CD95L can induce hepatocyte apoptosis in animal models and
is significantly elevated in serum from patients with acute hepatic failure[442, 449],
We demonstrate that sCD95L is detectable in supernatants of primary hepatocyte

cultures exposed to IFNy at 24-48 hours. No such increase in seen in supernatants

from UV- induced apoptotic hepatocytes, indicating that sCD95L release is a specific

response to IFNy. This is the first report of IFNy- induced sCD95L production in

primary hepatocyte cultures. Although we assume that sCD95L is produce by the

hepatocytes, we cannot exclude the possibility that contaminant Kupfer cells or

lymphocytes are the source of sCD95L in our model. We believe this is unlikely for
two reasons. Firstly, daily microscopic inspection on monolayers failed to identify
contaminant cells and secondly hepatocytes were maintained in arginine- free media
to limit the survival of non- parenchymal cells.
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The timing of sCD95L production is noteworthy. Ligand detection is maximal
between 24 and 48 hours, although hepatocyte apoptosis is not detected until 72

hours (Chapter 3). CD95 induced hepatocyte apoptosis, in the presence of a co-

stimulant such as a translation or protein kinase inhibitor, is detectable at 4 hours and
maximal by 24-30 hours[395, 396]. Soluble CD95L is known to interact with

extracellular matrix proteins, and specifically binds fibronectin[450], the substratum
in our cell culture model. The retention of sCD95L on the fibronectin layer may

conceivably contribute to concentration of the ligand in the cellular
microenvironment and subsequently achieving the threshold of CD95 signaling, thus
in part explaining the delay between sCD95L production and the triggering of

apoptosis.

8.3.2 c-myc Antisense Oligonucleotides Attenuate IFNy- Mediated

Hepatocyte Apoptosis

Antisense oligodeoxynucleotides (ODN) are short nucleotide sequences designed to

interrupt the generation of gene product from the genetic coding sequence. ODNs
can accumulate in cultured cells without the use of delivery systems such as cationic

lipids or liposomes that may generate non- specific cellular responses. The
mechanism of action of ODNs and technical considerations for design of antisense

oligonucleotide fragments are outlined in Chapter 1. C-myc has been widely studied
and previous investigators have utilised antisense vectors and ODNs to inhibit c-myc

function. The most common antisense sequence used is 5' AACGTTGAGGGGCAT
3' which targets the initiation codon (AUG) and the subsequent four codons of the c-

myc gene. Such an antisense fragment, at 30pM, reduced c-myc protein expression

following PHA- stimulation of peripheral blood lymphocytes [216], This sequence

was utilised in our experiments. We show perinuclear localisation of fluorescein
labelled antisense fragments in primary hepatocytes with 1 hour of addition to

culture media and these remain detectable at 24 hours. In our pilot experiment,

phosphorothioate c-myc antisense oligonucleotide inhibited IFNy- induced

hepatocyte apoptosis by approximately 30% compared to control fragments. Diester
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non- sense oligonucleotides demonstrated a non- specific protective effect and
diester antisense c-myc fragments demonstrated no effect on apoptosis compared to

controls. The lack of biological response to unmodified oligonucleotides may be

explained by their susceptibility to endo- and exonucleases, with a half- life of

approximately 5 minutes in the presence of 10% fetal calf serum[451],

Phosphorothioate non- sense oligonucleotide fragments induced an increase in

hepatocyte apoptosis in both IFNy treated and untreated cells (Figure 28). The c-myc

antisense fragment decreased IFNy- induced apoptosis by approximately 30%

compared to controls. These results suggest a role for c-myc in IFNy- induced

hepatocyte apoptosis. The lack of complete attenuation of the apoptotic response

suggests either that c-myc contributes partially to apoptosis in this system or a lack
of complete suppression of c-myc expression by the oligonucleotide fragments.
Antisense oligonucleotides can induce non- specific effects. The palindromic

sequence AACGTTA, present in the c-myc antisense fragment, has been shown to

induce IFN production in splenocytes, but only in fragments greater than 16

nucleotides in length[302]. One specific GT rich fragment inhibited IFNy binding at

the cell surface[303], while a guanosine quartet, also present in the antisense c-myc

fragment has been associated with non- specific antiproliferative action[304]. Further
work is needed to demonstrate inhibition of c-myc protein levels or cell proliferation
as a marker of c-myc function and dose- response of apoptotic inhibition. As
discussed previously (Chapter 4), loss- of- function studies are limited in primary
cells due to poor transfection efficiency, transfection related toxicity and the inability
to generate stable transfectants. Therefore, in primary cells oligonucleotides or small

interfering RNAs offer a technical alternative in gene silencing.

8.3.3 IFNy and c-myc

The initial aim of this body of research was to characterise the hepatocyte apoptotic

response to IFNy and assess the feasibility of utilising a gene trap assay to identify
novel genetic mediators. As the research progressed, and assessment of the
functional gene trap highlighted that primary cell culture was not a competent system
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for this approach, c-myc was identified as a candidate gene. This was based on the

characteristics of IFNy- induced hepatocyte apoptosis which mirrors that induced by

c-myc including; apoptosis in association with serum withdrawal, inhibition by

specific cytokines and cell sensitisation to apoptotic stimuli. The work in this chapter
demonstrates the requirement for the cell surface interaction of CD95 and its ligand
and the protective effect of c-myc antisense phosphorothioate fragments. As a whole,
this work implicates c-myc as a component of the hepatocyte apoptotic response to

IFNy.

Isolation and culture of primary hepatocytes is associated with c-myc induction

comparable to that observed in mitogen treated cells[219]. This may be an adaptive

response to culture conditions, secondary to connective tissue- bound growth factor
release during the enzymatic digestion of the extracellular matrix[452] or a result of
increased portal flow during liver perfusion[453]. Nonetheless, hepatocyte primary
culture offers a model of c-myc induction whilst the majority of previous studies

have utilised gene overexpression. However, IFNy suppresses c-myc in various cell

types, an effect requiring STAT1 which binds to a gamma activation site (GAS) in
the c-myc promoter[441, 454], In STAT1- deficient cells, IFNy induces c-myc

transcripts[441, 454], via Raf-1. Thus, has a dual effect of inhibition and induction of

c-myc transcription. While IRF-1 can revert c-myc- induced transformation, there is
no evidence to suggest direct modulation of transcript levels. Specific IFNy

modulation of c-myc expression in hepatocytes has never been reported. These

finding are in apparent conflict with the evidence here that supports a role of c-myc

in IFNy- induced apoptosis. However, IFNy activates both c-myc inducing and

inhibiting pathways thus in the in vitro model described here, the balance may be in
favour of c-myc induction. Alternatively, hepatocytes may have a tissue specific

response of c-myc expression to IFNy stimulation. Further work is needed to

characterise c-myc expression in this system.
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9.0 General Discussion

9.1 IFNy in the Primary Hepatocyte

This thesis characterises the apoptotic and cytostatic response of the primary

hepatocyte to IFNy. The most significant findings are that IFNy- induces hepatocyte

apoptosis mediated by a cell surface interaction of CD95 and its ligand, associated
with release of soluble CD95L in cultured monolayers, and evidence to suggest a

role for c-myc. Results demonstrate the importance of thyroid hormone in the
modulation of hepatocellular injury, and present evidence to support the role of non-

nuclear thyroid hormone receptors in this response. It is demonstrated that IFNy

potentiates hepatocyte apoptosis in response to diverse apoptotic stimuli, consistent

with the hypothesis that IFNy acts as a rheostat, sensitising the hepatocyte to

apoptosis. This thesis identifies of key effectors and modulators of the apoptotic

response. Specific growth factors attenuate levels of apoptosis, and unexpectedly the

PI(3)K inhibitor LY294002 conferred a survival advantage. Interruption of the cell
surface interaction of CD95 and its ligand, and c-myc antisense oligonucleotides
both promoted hepatocyte survival in this system.

Acute liver failure is a clinical syndrome in which the liver fails within days to weeks
on initial onset. Classified on the speed of onset- hyperacute, acute and subacute- the
best prognosis is seen in patients with hyperacute injury[33]. Outwith supportive

measures, orthotopic liver transplantation remain the final treatment option. With the
limited supply or organ donors, other therapeutic options must be investigated.

Antiapoptotic interventions have been identified as among the most promising
interventions in acute liver failure, in combination with research into induced

hypothermia, haemofiltration and bioartifical liver support (reviewed [455]). Thus
areas identified in this thesis may provide a focus for the development of therapeutic
interventions to influence hepatocyte survival in acute liver failure, or to break the

cycle of hepatocyte death, regeneration and repair in chronic hepatitis the sequelae of
which include cirrhosis and tumour formation.
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9.2. IFNy: Rheostat or Switch?

IFNy induces cell context dependent cell cycle arrest and apoptosis in the primary

hepatocyte (Chapter 3) both of which are all- or- nothing phenotypic responses to

ligand binding. In cultured hepatocytes, apoptotic rates are increased by co-

stimulation with IFNy and death receptor ligands, UV- irradiation (Chapter 6) or

thyroid hormone (Chapter 7). We postulate that IFNy acts as a rheostat, altering the

hepatocellular susceptibility to apoptosis. Although in a single cell the measurable
outcome in this model is binary, that is either survival or apoptosis; within the

population of cultured hepatocytes the response is continuous. For example,

antibody- mediated CD95 receptor activation results apoptosis in 2% of hepatocytes,

while 6.5% of hepatocytes are apoptotic when co- stimulated with IFNy. Thus a

higher proportion of cells reaches an apoptotic threshold and this generates a binary

response, while other cells in the same culture environment remain viable. This

implies that a subset of hepatocytes is more prone to apoptosis, or has a lower

apoptotic threshold. We suggest that IFNy lowers this threshold, increasing the

probability of apoptotic induction in an individual cell, and thus increasing the
observed rates in the experimental hepatocyte population.

Biological rheostats exist in other areas of cell signaling. The preceding discussion
demonstrates that a cellular binary response can result in a continuous, or variable,

response in the cell population. Ligand binding may also elicit a graded outcome at

cell level, such as variable protein expression. The balance of activators and

repressors can mediate a graded cellular response. For example, the ratio of pro-

apoptotic Bax and anti- apoptotic Bcl-2 may modulate the apoptotic susceptibility of
cells, including transformed hepatocytes [456-458]. Transcription factors have been
shown to act as both rheostat and on/ off switches at the level of gene

transcription[459] and are a critical sites of signal integration [290], In an elegant

study, it was demonstrated that individual transcriptional activators or repressors

yield a graded response in gene expression while in combination these factors act as

an on/ off transcriptional switch. We have shown that MAPK- mediated
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phosphorylation of STAT1 on serine 727 is associated with a potentiated phenotypic

response (Chapter 7). Previous studies have demonstrated that transcriptional activity
of STAT1 is increased as a result of this serine phosphorylation [436], Therefore the

binary action of STAT1 serine phosphorylation, can induce a graded response in
terms of gene transcription which increases the probability of a binary outcome, that
is apoptosis, in an individual cell. Thus, the reductionist approach of analysing a

single phenotypic response to ligand binding oversimplifies the complexities of cell

signaling. Results presented here suggest that extracellular factors, cell state and

genetic composition act in concert to determine the probability of a response in a

single cell.

9.3 Dual signaling; a biological paradigm?

Early work on c-myc function in fibroblasts revealed that this oncogene induced two

apparently contradictory processes, namely apoptosis and cell divisional8], From
this developed the 'dual signal' hypothesis; that c-myc was necessary and sufficient
to promote cell division and in concert primed cells to undergo apoptosis. Thus,

successful, and biologically appropriate proliferation, would only occur if apoptosis
was actively suppressed, for example by growth factors[223]. This theory largely

replaced the cell conflict hypothesis that suggested a cell receiving two conflicting

signals, such as cell division driven by c-myc overexpression and cell cycle arrest- a

result of serum- deprivation, would induce apoptosis. The dual signal hypothesis is
consistent with an evolutionary protective mechanism in which cell division and
survival is dependent upon the appropriate extracellular context. This mechanism
must necessarily be circumvented in tumourigenesis by one of three mechanisms;

acquisition of a gain- of- function mutation in cell survival signaling pathways,
inactivation of apoptotic effectors or persistent external growth signals, for example
in chronic inflammatory states such as chronic hepatitis.

Evidence presented here suggests that IFNy activates PI(3)K in hepatocytes and that
this contributes to the apoptotic response (Chapter 5). However, PI(3)K is a potent

survival signal in many cell types. Thus, IFNy may activate survival- signaling
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pathways in association with apoptosis. The principal biological functions of IFNy
are immunomodulatory and antiviral. Thus, what is the biological advantage of

inducing cell death? In the setting of viral infection or persistent inflammation

hepatocytes will be exposed to multiple inflammatory cytokines including IFNy,

TNFa and CD95. We suggest that IFNy acts as a rheostat, sensitising the hepatocyte
to apoptotic stimuli, such as death receptor signaling. Further, hepatocytes harboring
DNA damage (Chapter 6), or dsRNA[460] show an increased susceptibility to IFNy.

Therefore, in line with the dual signal hypothesis, one may postulate that activation

of both apoptotic and survival signaling pathways by IFNy facilitates a context-

appropriate hepatocyte response. Chronic inflammatory states are associated with

tumourigenesis, possibly a result of persistent cytokine signals promoting the
survival of cells harboring gene defects, such as c-myc deregulation. Thus, the logic
of associating a critical inflammatory mediator, IFNy, with induction of apoptosis in

potentially genetically labile hepatocytes, such as those DNA damaged or are virally

infected, is to remove these cells rather than expose them to a survival- pervasive
environment. This proximal activation of both survival and apoptotic signaling may

underpin the postulated rheostat response to IFNy, with the balance of concomitant
survival or death signals, in cell- context, affecting the probability of cellular fate.

Research presented here suggests that c-myc, at least in part, mediates the hepatocyte

response to IFNy. C-myc is both necessary and required for cell division, and yet

IFNy induces cell cycle arrest in primary hepatocytes (Chapter 3). Thus, by inference

IFNy induces both cell division and cell cycle arrest pathways. This is supported by a

finding that IFNy induces STAT-1- dependent cell cycle arrest in an IL3-dependent

pro- B cell line[454]. In concert with STAT1 inhibition, IFNy promotes cell division
via c-myc induction and is able to replace IL3 as the essential growth factor in this

system. Thus, IFNy also activates conflicting cell cycle pathways. Again, one may

postulate that the relative balance of positive and negative signals processed in cell-
context determines the probability of entering the cell cycle.

146



The induction of dual, conflicting signals has been reported in many biological

pathways. Accumulating evidence suggests that death receptors may induce cell

growth or differentiation (reviewed [461]). TNFa signaling can result in T cell

growth and death[462], CD95 can promote growth in T- cells[463], fibroblasts[462],

tumours[464] and hepatocytes[465]. While anti- CD95 antibodies induce rapid

hepatocyte apoptosis in vivo[397], the same stimulus promotes regeneration after

partial hepatectomy[465]. It has been postulated that increased levels of the Fas

inhibitor FLIP, expressed in proliferating hepatocytes, may divert signals from an

apoptotic to a growth response via its interaction with Raf-1 and subsequent
activation of the MAPK, ERK (reviewed [461]).A similar mechanism has been

proposed for diversion of the cellular response to TNFa being dependent upon levels
of pro-apoptotic molecule RIP[462], There is some logic in associating death

receptors with cell proliferation. Apoptosis requires degradation and reorganisation
of the cytoskeleton and other cell proteins such as the nuclear membrane, many of
which are also remodeled in cell division. Caspase cleavage has been detected in

proliferating T-cell population depleted of apoptotic cells[466, 467], Further, the
association of death induction and cell cycle may reflect the evolutionary advantage
of priming dividing cells to die, inhibiting tumour formation and ensuring that cell

growth is context- dependent.

Considered together, the above observations and postulations suggest that IFNy

stimulates both cell cycle arrest and cell proliferation signals, the latter via c-myc. In

addition to immunomodulatory functions, IFNy sensitises the hepatocyte to

apoptosis, in part via c-myc. The induction of apparently conflicting cellular

responses may be a biological paradigm and, in the context of persistent hepatic

inflammation, may facilitate clearance of potentially tumourigenic cells which are

expected to show deregulated c-myc expression and enhanced proliferative potential.
This provides the organism with an elegant protective mechanism in which
mediation of the inflammatory state by IFNy, which predisposes to tumourigenesis,
is linked with a tumour suppressive potentiation of apoptosis in the liver.
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9.4 Context Dependent Cell Signaling

Molecular research tends to focus on the identification of critical components of
molecular pathways. As in this thesis, the approach investigates a single biological
outcome in response to an exogenous stimulus. Frequently, the aim of such research
is to identify a single molecule that is an essential component of the underlying
molecular pathway such that when the molecule is inactivated or absent, the normal

phenotypic response is abrogated. This reductionist approach is both beneficial and

limiting. Cell signaling is more complex than ligand- specific activation of a single
linear pathway and, at a single time point in a single cell, multiple intracellular

signaling pathways will be active, transducing both extra- and intracellular signals
and maintaining a cellular homeostasis. Thus, reducing a complex signaling

pathways to a simple stimulus- response coupling approach renders investigation of

signaling pathways more amenable to molecular investigation. This is the approach
taken to investigate the hepatocyte response to IFNy (Chapter 3). IRF-1 was

identified as a factor necessary for IFNy- mediated hepatocyte apoptosis. However,

implicit in the hypothesis that 'extracellular cues are critical modulators of the
cellular response in non- transformed hepatocytes' was a recognition that multiple

signaling pathways change the phenotypic response to a given stimuli. Indeed, it was

shown that the hepatocyte response to IFNy is dependent upon the availability of

specific growth factors or serum in the extracellular environment. Further, the work

presented here demonstrates that multiple pathways contribute to IFNy- mediated

apoptosis and that factors, such as thyroid hormone, act as rheostats, modulating the
cellular response. Thus, the limitations of the reductionist approach lies in the

interpretation of findings. The biological significance of cellular pathways cannot be
understood in isolation. The phenotypic response to a ligand must be interpreted in
the context of the cellular state, which is determined by multiple factors such as

nutritional or oxidative status, concomitant activation of intracellular signaling

pathways, cell cycle, intercellular interactions and extracellular matrix binding [289].
While studies of single pathways has and will continue to advance knowledge of cell
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biology, investigating the integration of cellular signaling will facilitate the

understanding of cellular physiological and pathological responses in vivo.

9.5 Artefacts of Cell Culture

Cell culture lends itself to assessing the cellular response to a known stimulus in an

otherwise constant culture environment. As discussed above, multiple factors trigger

signaling cascades in a 'resting' cell in vitro including temperature, mechanical

stress, nutrition and culture substratum. Thus, in vitro studies such as those reported

here, aim to study the effects of a stimulus- response in the context of an, albeit

controlled, complex steady- state of intracellular signaling. Further, the choice of
culture media or culture matrix may define basal levels of cell division,
differentiation and death in the in vitro system[376]. Indeed it has been suggested
that 'individual components of the medium and their concentration may need to be

manipulated... to obtain the desired response' [376], While this approach facilitates

investigation of a specific cellular response, the biological relevance of such findings
is difficult to interpret and perhaps supports the misgivings of George Bernard Shaw
when he stated; "I mistrust laboratory methods because what happens in a laboratory
is contrived and dictated."

That minor changes in the composition of culture media can profoundly affect
cellular phenotype renders comparison of in vitro studies difficult. We demonstrate
that IFNy induces hepatocyte apoptosis in serum- depleted media, an effect
attenuated in serum and growth factor supplemented conditions. Other groups have

reported that serum supplementation did not affect observed levels of murine

hepatocyte apoptosis [99]. We demonstrate that HGF and EGF are cytoprotective in
our system, while others found only HGF to be effective in attenuating IFNy-

mediated apoptosis [100]. Such inconsistencies in the characteristics of IFNy-
mediated rodent primary hepatocyte apoptosis may be explained by minor variations
in culture conditions or animal strain.
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Primary cells are often considered to be more physiologically relevant for molecular

studies, offering genetic stability and lacking the gene mutations inherent in cell
lines. However, primary cell culture is not a biological paradigm. Cell isolation

necessarily exposes the cells to non- physiological media containing enzymes, such
as collagenase in hepatocyte isolation described herein, that facilitate removal of the

cell from a physiological cellular and matrix framework to an artificial culture
environment. In hepatocytes, primary cell isolation is known to activate many

immediate early genes and signaling pathways as a result of the perfusion process.

Further, non- parenchymal cells may contaminate cultures. This can be limited, as

here, with the use of arginine- free media, although the effects of these cell- cell
interactions or paracrine pathways is unknown and uncontrolled in this system.

Further, the cell culture substratum may fundamentally affect the hepatocellular

phenotype. Fibronectin, utilised in this study, is associated with higher levels of

hepatocyte proliferation. Pilot data suggest that IFNy- induced apoptosis is greater in

hepatocytes cultured on fibronectin compared to collagen (data not shown).

Furthermore, hepatocytes lose liver specific functions in vitro, which may limit

biological relevance. Thus, variations in isolation technique and initial culture
conditions may fundamentally affect the cellular phenotype or 'resting' state of the
cell again rendering comparison of apparently similar studies difficult.

In summary, while primary cell culture has distinct advantages over the use of cell
lines consideration of the limitations of this approach must precede any attempt to

extrapolate in vitro findings to physiological or pathological states in vivo.

9.6 Apoptosis and Necrosis; a cell death continuum?

Apoptosis and necrosis are two extremes of a spectrum of cellular death responses.

Accumulating evidence suggests that apoptosis and necrosis may occur in the same

cell type in response to a single stimulus and both may contribute to death of a single
cell [468-470], Apoptosis is commonly effected by sequential activation of signaling
and effector caspases. In type I cells, activation of death receptors activates caspase 8
which directly activates effector caspases 3 and 7[ 153]. In type II cells, caspase 8
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activates Bid which mediates loss of mitochondrial membrane potential, release of

cytochrome c, formation of the apoptosome and activation of caspase 9 and

subsequently caspases 3 and 7[153], Ligation of death receptors does not necessarily

trigger apoptosis. Activation of the TNF receptor can enhance production of reactive

oxygen species by mitochondria and induce caspase independent cellular necrosis.

Although, TNF- induced mitochondrial oxidative stress also leads to the release of

cytochrome c and activation of the intrinsic apoptotic pathway. While the signaling

pathways that effect cellular necrosis are unclear, the above suggests that apoptosis
and necrosis pathways are not mutually exclusive. Indeed, evidence from a number
of studies suggest that these pathways co- exist in many cells and that caspase

inhibition shift the cellular phenotype from apoptosis or necrosis without affecting
the outcome of cell death (reviewed [471]). Activation of caspase 8 in L292 or Jurkat
cells results in characteristic apoptosis. In the presence of caspase inhibitors,

apoptosis was inhibited but cells died by necrosis [472, 473]. IFNy sensitises cells to

dsRNA- induced cell death. Interruption of the apoptotic pathway using FADD or

caspase 8 deficient cells or caspase inhibitors promotes necrosis, while antioxidants
block necrosis and promote apoptosis[460]. Other studies confirm that inhibition of
necrosis can generate an apoptotic response [474],

In vivo, inhibition of murine interdigital cell apoptosis, utilising apaf- null animals or

caspase inhibitors, resulted in a shift from apoptotic to necrotic cell clearance but
demonstrated no detrimental effect on web space formation [475]. However, caspase

inhibition does not universally induce necrosis. Caspase- independent apoptosis has
been reported[476-478]. Intracellular ATP has been implicated as a potential switch

determining the cellular progression to apoptosis or necrosis [479]. Depletion of ATP
results in cessation of apoptosis and progression to necrosis [480, 481], It has been

proposed that the level of mitochondrial damage is a critical determinant of cell fate;
with limited mitochondrial damage, cytochrome c is released, ATP levels maintained
and apoptosis results, while extensive mitochondrial injury depletes cellular ATP and
necrosis ensues [482], Thus, apoptotic and necrotic pathways co- exist in some cell

types and the cellular death phenotype is dependent an array of critical intracellular
molecules.
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Therefore, death in a cell population is a spectrum or apoptosis and necrosis. As with
the majority of recent research into hepatocellular injury, the studies described here
focused on apoptosis. Although necrosis was not formally investigated or assessed, a

pilot study demonstrated that, in addition to potentiation of IFNy- induced apoptosis,
TNFa induced necrosis in this system- in keeping with published reports [100]. In

vivo, the aetiology of acute liver injury determines the predominant form of cell
death. Apoptosis is seen in viral hepatitis and Wilsons disease, necrosis in

paracetamol overdose and both in viral hepatitis, ischaemic and autoimmune injury

(Reviewed [455]). However, the relative contributions of apoptosis and necrosis to

liver cell injury and death can differ in vitro and in vivo [482], While some bile acids,

acetaminophen and troglitazone induce hepatocyte apoptosis in cell culture systems,

necrosis is the predominant form of cell death in vivo [482], Given the evidence
above that apoptosis and necrosis have common proximal pathways, it would seem

prudent to assess both forms of cell death in cellular studies. However, besides

morphology no assay reliably distinguishes these forms of cell death.

9.7 Antisense Technology

Until the discovery of RNA interference (RNAi)[314] and demonstration of its use in

targeted gene suppression in vz'/ro[315], antisense oligonucleotides were the mainstay
of sequence specific gene silencing (reviewed [291, 483]). The differing molecular
mechanisms of RNAi and antisense techniques been discussed in Chapter 1. While

rapid development of RNAi has occurred in recent years, its use in primary cells

presents similar challenges to the use of antisense such as sequence selection,

stability, toxicity and cellular delivery. As with antisense fragments, cellular delivery
of small interfering RNAs (siRNA) can be facilitated using cationic or non- charged

lipid carriers [309], or electroporation [484], Adenoviral delivered siRNA expression
vector systems have also been developed that express short hairpin RNA (shRNA)
that is subsequently processed by DICER complexes[485-487]. The obstacles to

cellular delivery in primary cells are similar for both gene- silencing strategies. Both

techniques may induce non- specific responses. Phosphorothioate antisense
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fragments can bind cellular proteins[488, 489] and may inhibit RNase H at high

concentrations[483], while double stranded RNA greater than 30bps induces an

interferon antiviral response resulting in general translational inhibition and RNA

degradation[490, 491]. Further, high levels of siRNA may saturate RNA- induced

signaling complexes (RISC) processing pathways leading to non- specific

effects[291, 492]. Design considerations for siRNAs have been outlined[493], and
differ to those for antisense oligonucleotides and thus direct comparison of gene

silencing efficacy is difficult. Although RNA interference was initially reported as a

more potent mechanism of gene silencing, multiple studies have shown that similar
levels of transcript inhibition can be achieved with either approach[305, 494, 495]. In

addition, combination of both silencing techniques results in more efficient down-

regulation than either alone[496]. However, siRNAs have some advantages over

oligonucleotides. siRNAs are more stable in culture, with a half life of approximately
24 hours[305] and the effect of RNA interference may last for 3-5 days[291]. siRNA
is less toxic when compared to phosphorothioate antisense[497] and intracellular

expression of siRNA enables the selection of stable gene suppressed clones in cell

lines[496]. This latter approach has resulted in the generation of transgenic animal
with stable specific gene silencing[498, 499]. Further siRNA techniques allow

temporal, reversible[485] and partial transcriptional inhibition [500], rather than

complete inactivation, which may more accurately reflect pathophysiology in vivo.

RNA interference has been used to silence specific genes in vitro including k- Ras

[501], HIV-1 ref[502], the gene product of the Philadelphia chromosome[503] and

c-myc[492\ (reviewed [487]). In vivo the technique holds the possibility of

therapeutic gene silencing. Single hydrodynamic tail vein delivery of siRNA to

hepatocytes results in transfection of 15-70% of hepatocytes[504], with rates of up to

86% with multiple dosing[505]. Pretreatment of mice with siRNA directed against
Fas decreased hepatic transcript levels and attenuated liver damage in an

experiemental model of liver injury[505], Caspase 8 siRNA specifically inhibited

gene expression an reduced hepatic injury in CD95- mediated and adenoviral models
of liver damage [504], Thus, siRNA has therapeutic potential without severe side
effects associated with antisense oligonucleotides.
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9.7.1 Functional Gene Cloning Using siRNA

Multiple DNA vectors have been reported that express substrates that are

subsequently converted into siRNAs. Two approaches utilised in plasmid vectors are

expression of two RNA species from tandem promoters that associate to form siRNA
with 2nt 3' overhangs [502, 506], or the expression of short hairpin loops that are

processed by Dicer. Some evidence suggests that the latter may result in more

efficient gene silencing [317]. The limitations of plasmid- based expression vectors

has led to the development of retroviral delivery systems based on oncoretroviruses
or lentiviruses.

RNAi has been used to functionally probe all open reading frames on C. elegans
chromosome III [507], While successful, the technique described required the
individual manufacture and cellular injection of each siRNA, and thus is hugely
labour intensive. Development of an RNAi library for 86% of the nearly 20,000 C.

elegans genes identified mutant phenotypes for nearly 20%[508], demonstrating the

power of the approach. The combination of species- specific RNAi libraries and
shRNA expressing vectors is likely to allow development of highly successful
function gene identification in mammalian cells, dwarfing the achievements of

attempts to date[509-512]. The first study of such a screen in human cells has

recently been reported[513]. Thus, RNA interference offers tremendous potential not

only the in silencing of known genes, but also in reverse- genetic approaches to

identify novel genes of the basis of function. However, it is unlikely to be a panacea.

Data presented here suggest that a balance of signalling pathways processed in cell-
context determine the ultimate fate of the hepatocyte in response to IFNy. Selection
of cells in functional gene trap techniques requires that a single antisense sequence

alter the cellular phenotype. Thus, in the case of IFNy- mediated apoptosis such

approaches are likely to identify proximal mediators of IFNy signalling or generic
distal effectors of apoptosis, rather than intermediate modulatory pathways.
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9.8 Further Work

The research presented here has assessed the importance of known genes to, and
identified critical regulators of, the hepatocyte response to IFNy. As discussed above,
the biological significance of these pathways cannot be understood in isolation.

Having identified potential modulatory and effector pathways in vitro, further work
is required to assess their relevance in vivo and in human disease. This approach may

identify potential therapeutic strategies in liver disease. Rescuing hepatocytes from

apoptosis in the setting of acute liver inflammation may improve clinical outcome

and obviate the need for OLT in some patients. Further, breaking the cycle of

hepatocyte injury, death, regeneration and repair may prevent cirrhosis and diminish
the risk of HCC formation.

155



10.0 Acknowledgements

I would like to express my sincere thanks to my supervisor, David Harrison, for his

encouragement, guidance and insight throughout my PhD research and during my

BSc studies 10 years ago. He has inspired my research interests and taught me a

great deal over the years. This research would not have been possible without his

support. My thanks to Sandrine Prost for the time she spent supervising my initial

work, and to Scott Bader for stepping in at later stages. Thank you to Kate Harris for
her assistance in arranging meeting with the Boss and for relaying e-mails when I
returned to clinical practice.

I would like to thank all of my colleagues in the lab who, over the years, provided

support, guidance and friendship. Specifically, Ben Tura for his motivation when
mine was flagging, and being a constant source of light relief. To Gareth Clegg for

introducing me the world of Macs and demonstrating that it is possible to remain
enthusiastic about clinical medicine. To Stuart McKechnie for inspiring an interest in
triathlon. I might even do one now that I've submitted. To those who I shared an

office with, I apologise for my untidiness and lack of organisation. To Nick
Wheelhouse for being always willing to offer advice and assistance when my

research didn't seem to make sense. Nicola Martin with whom I collaborated on cell

size studies. I would like to thank Duane Guernsey, an inspiring scientist who, while

visiting our labs from Canada, shared an office with me, Ben, Gareth and Stuart. He
was influential in the work described here on thyroid hormone, and also sparked my

interest in Milk Thistle. Thank toy to Bob Morris for being a constant source of

knowledge and advice from my BSc days to the present, Thank you to everyone in
the department who made these years of research memorable in their own way,

including (in no particular order) Helen Caldwell, Sharon Sheehan, Dominic Rannie,
Chris Armitt, Jason, Eleanor, Sheona Gilles, Kerry Bunyan, Chris Bellamy, Angus

McGregor, Elaine, Anca, Morag (thanks for the dances), Nathalie Sphyris and

anyone else who I have forgotten to mention. I have had the opportunity to work

closely with many BSc students over the years, but worthy of a specific mention is
Ben Carrick. He survived a year of supervision by me and Ben, and in concert, we

learnt much from the experience.

156



I am grateful to the Medical Faculty at the University of Edinburgh who awarded me

the Gordon Research Fellowship, and to the Scottish Hospitals Endowment Research
Trust for consumables funding.

I would like to thank my Aunty Claire. She has supported and encouraged me when I
needed it most. I can truly say that without her I would not have achieved all that I

have. To my parents I express my thanks for their unique motivation. My thanks to

Nina, from whom I learnt lots over the years. Thank you to all my friends who have
been there for me, encouraged me and who, no doubt, will be pleased that they no

longer need to listen to me talk about writing up my PhD. Specifically, Stephen and
Russell Kelly for teaching me not to take life too seriously and Caroline Bates for

being a great friend. Finally, thank you to Stephen and Lucy for making me feel part

of their family and a proud Godfather to their daughter, Emily.

157



11.0 Appendices

APPENDIX 1: Manufacturers and Suppliers

Ambion, Cambridgeshire, UK
RNA Zap
DEPC treated water

Amersham Pharmacia Biotech, Little Chalfont, UK

BrdU

Hybond ECL

Hyperprocessor
Nitrocellulose membrane

Percoll

ATCC, VA, USA

TIB73 cell line

Becton Dickinson, Oxford, UK

40pM filters (for hepatocyte isolation)

Clontech, CA, USA

PCR- Select cDNA Subtraction kit

pPUR vector

Calbiochem, CA, USA

c-myc phosphorothioate antisense

c-myc phosphorothioate nonsense control fragments
fluorescent phosphorothioate c-myc antisense

Graph Pad Software Inc., CA, USA

GraphPad InStat Software



Invitrogen, CA, USA
NuPAGE MOPS running buffer
NOVEX Bis Tris precast gels

Magic Mark protein standard
Restriction enzymes

Supercompetent E. coli

Life Technologies, Paisley, UK
2 and 4 well chamber slides

Tissue culture plates
Cell scrapers

DNAse I

DMEMF12

Gentamicin

L- Glutamine

HBSS (lOx)

IFNy
Liver perfusion medium

Oligonucleotides- custom primer/ diester and phosphorothioate manufacture
PBS

Merck, Lutterworth, UK

Light green

NBL, Gene Sciences, Cramlington, UK

Agarose

Pharmingen, CA, USA
MFL-3 antibody
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Pierce Biotechnology, IL, USA
BCA protein assay

Qiagen, CA, USA

QIAPrep Spin Mini Prep Kit

R&D Systems, MN, USA
Murine Fas Ligand Immunoassay Kit

Roche Applied Science, East Sussex, UK

Complete, mini protease inhibitor tablets

Santa Cruz Biotechnology Inc., CA, USA

Donkey anti- rabbit secondary antibody

Sainsbury, Edinburgh, UK
Marvel powered milk

Sigma, Poole, UK

Ampicillin
Anti- phosphostatl (phosphoserine 727) antibody

Collagenase type IV
Chee's modified medium

Chloroform

Dexamethasone

DMSO

EDTA

EGF

Fibronectin

HGF

IGF-I

IGF-II
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Isopropanol
ITS

LY249002

MTT

NCS

PD98059

PDGF

Phenol

Schiff s reagent

TRIMZA base (Tris)
TRIzol

Trypan Blue

Trypsin 0.25%
Tween 20

William's E Media



APPENDIX 2: Buffers and Solutions

Tissue Culture:

Dexamethasone

DNase type I

EGF

HGF

IGF-I

IGF-II

PDGF

Percoll

Triiodothyronine

Dissolve lmg in 1ml absolute ethanol and 1ml PBS (0.04

mg/ml). Store at -20°C in 500pl aliquots.
Dissolve lOOmg in 5ml sterile water (20mg/ml). Store at -

20°C in 500pl aliquots.

Dissolve lOOqg in 4ml media (25p.g/ml). Store at -20°C in

500(j,l aliquots.

Dissolve in media to 20qg/ml. Store at -70°C.

Dissolve in media to 500pg/ml. Store at -70°C.

Dissolve in media to 500pg/ml. Store at -70°C.

Reconstituted to 10pg/ml. Store at -70°C.
Add 2.2ml HBSS to 20ml Percoll.

Dissolve in 1-propanol to final concentration 100pg/ml.

Media:

Fiver Perfusion Media

Gentamicin 0.1 mg/ml

Digestion Media (HBSS)
Gentamicin O.lmg/ml

Plating Media (DMEM/ F12)
Gentamicin

L- Glutamine

Dexamethasone

ITS

lMNaOH

O.lmg/ml
10ml/ 4mM

500jal/ 0.04p.g/ml

500pl

lml
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Culture Media (Chee's Modified Medium)
Gentamicin

L- Glutamine

Dexamethasone

ITS

EGF

O.lmg/ml
10ml/4mM

500|al/ 0.04|ag/ml

500(j.l

0.025jag/ml



APPENDIX 3:

Running Means and Intra- Observer Variation in Counting

Running Means:

Running means were established by counting apoptotic hepatocytes in monolayer
cultures. Each count was repeated twice.

Running Means

Intra- observer variability:

Intra- observer variability was assessed by linear regression analysis of two
independent counts of monolayers from an individual experiment. 500 cells were
counted in triplicate for each condition.

Linear Regression Analysis of Intra- Observer Variation in
Counts of Apoptotic Rates

y = 0.27519 + 0.87868x R= 0.99388

"A

A

A

A

A

A

AA

0 5 10 15 20 25 30 35 40

Porcontago Apoptosis (Count 2)

Correlation Coefficient = 0.9939, Coefficient of determination (r2)= 0.9878
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